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Abstract

Longterm mechanical properties are critical parameters for the desigd performance of thermoset
Curedin-Place Pipe (CIPBjavity and pressuréiners Theseliners have ben used extensively across
North America however their longterm performance has not been extensively studied. The purpose of
this research is tdetter understandCIPP liners by experimentally quantifying thechanical response
of the liner under flexure, tension and internal pressure loading conditiondNon-reinforced and
reinforced CIPP longerm (50year) flexural modulystensile modulus and flexural strengthwere
estimated and the Creep Retention Factors (C&f#f) Strength Retention Fac®fSHE)to be applied to
the shortterm flexural and tensile mechanical properti@gere determined .t alsoprovidesCIPP shott
term hydrostatic burstresponsefor a 150mm and 200-mm |-Main composite pressure CIPP lindr
estimatesthe Pressure RatingP@ using the wellestablishedHydrostatic Design BasisliPB design
approach.For flat platetesting, 10,00Ghour flexural and tensile creep tests were conducted -dsiain
test couponsunder a stress levéhat is 25% of the liner yield strength, and 3,8@8ur plus flexural creep
rupture tests were performeccompleted onvariousnon-reinforced and reinforced CIPfat coupon
specimensA customized burst facility was designed, constructed, and commissioned fecdlel pipe
testingto obtain uniqgue CIPP HDBst data to develo@ CIPRHDB regression lin®esults show that the
longterm (50year) flexural CRF does raatrrespondwith the tensile CR¥alues Also,the longterm (56
year) flexural SRF ftwoth non-reinforcedand reinforcedtest specimensvere compared and found not
to agree withthe generalized SRF (50%) typically used for deBignthe case of fulcale pipe testing,
results found that the CIPP liner specimens, having no known physical defect, demonstrated significant
variability, which wa experimentally inferredo be due tothe presence of invisible liner imperfections
such as microscopic air voids regression analysis of CIPP HDB data ftheitdthe CIPP design factor
based on theatio of the shortterm burst strength to the 5§ earLongterm Hydrostatic StrengtlLTH$
agrees with previous research on thermoplastics glagsreinforced pipesThe most importantinding

is that, for the particulapressureCIPP specimenssed in this research, tHe)-yearL TH&Nnd HDSfound
by exrapolation of the experimental data, ave comparable tosimilar thermoset and thermoplastic
pressure pipes that usthe HDBmethod. Thisfindingimplies thatthe HDB desigapproachhas a high
potential toadvance CIPP testirmgd design to standardize alatermainCIPP produst
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Chapter 1
LYGNRRdAzOUA2Y

1.1 Background

The nondisruptive nature ofthe thermoset Curedin-Place Pipe (CIPP) trenchless installation
techniqueand its outstanding ability to increase the life of old underground pipelines make CIPP one
of the most widely used produstoday. In North Americahe NortMandatory Appendix X1 iASTM
F12161],4 { G I Y R N Rehfiitafiahn af ©x&ting Pipelineand Conduitdy the Inversiorand
Curingof a Resinlmpregnated TubE i used as a method to design CIPP liners. This design method
requiresmechanical properties such aslongterm flexural modulusfor Equations X1.1 and1.3
long-term flexural strength folEquations X1.2 and X1.&ndlongterm tensile strength foEquation
X1.7[1],[2]. Tablel.1 shows the ASTM F1216wetions used for design aridentifies the parameters

for longterm mechanical properties.

Tablel.1: Longterm parameters in ASTM F1216 design equations.

ASTM F1216 Equations LongTerm Parameters

X1.1 2KE, 1 C B is the longterm flexural modulus
P=10=v r=-17 N

X1.2 A A o A s, | vristhe longterm flexural strength
L5 755 | 1+ 05) PR? — 0.5 ( I+105) DR = 7t

X1.3 1 , is the longterm flexural modulus
4, = [32R,B" E' - C(EWD)|"” " 8

X1.4 E 0.00064 Not Applicable
12(pR)° = 0000

X1.5 d £ Not Applicable
=185

X1.6 i 533 (D\?o, " Lis the longterm flexural strength
P ="Dr- /)2(7_.) N

X1.7 26, " 1Lis the longterm tensile stength
P =r=-2)N




The required Type Tesdtxlude flexuraltensile and creep tests following applicable ASTM standards.
However, esting iscompleted using flat platespecimens which arenot representativeof field-
installed CIPP and does not account for curvateffects possible liner imperfectionand surge

pressures thatvill occur ina pressure pipsystem.

Thermoplastic ssure pipesuch adHigh-Density Polyethylene (HDPE)Nd PolyvinylChloride (PVC)
and thermoset glass fibre reinforced pipe (GREe a Hgrostatic Design Basis (HDBgthod to
determinelil K S  Ldhdid#n® gropertiesusingfull-scale pipe specimen©wing to the need to
provide a high tensile capacity to withstand internal pressure and surge presdumgterm
HydrostaticSrength (LTHS3nd HydrostaticDesignSress (HDSare determined for the pipeshere

is currentlyno reported framework to guide engineers and designargdeterminingLTHS and HDS
for CIPH3]. One strategy is to adopt welistablishedHDB test methods andts comprehensive
pressure classification system to desiarmosetwatermain CIPRners[4]. Using theHDBapproach
can allow industry professionals to makan engineeringappropriate forecast of the lonrterm

strength of CIPRinersfor pressure pipe applicatias].

This researchims to advancéhe testing anddesign of pressure CIPP lineBsswatermain renovation

through an extensive experimental program

1.2 Research Goaind Objectives

The goal of this study is teetter understand thdongterm mechanical propertiesf pressureCIPP
liners, as well asadvance the design approach currently adopted featermain CIPPliners By
experimentally quantifying thereep moduluscreep-rupture, and burst stresses in the liner when
exposed to various loading conditiqiise mechanical response ocbmmercially availablthermoset

CIPProductsusingboth flat coupon and fulscale pipespecimenss investigated
This goal is achievday pursuing four specific research objectivebjchare as follows:

1. To determineshortterm I Yy R f 2 yhechadi&Nopertiefrom coupon specimens
to investigatethe creep behaviourand determine Creep Retention Factor (CRF)dor

composite CIPmner.



2. To determine shorli SNY | yR f 2y 3miSNY YSOKIF yAOI f
to investigate the creepupture behaviour and determinéhe StrengthRetention Factor

(RF) fomon-reinforced and reinforceIPP linex.

3. To design, construct and validate pressure testing facilityot determine shortterm
mechanical propertiesisingfull-scalespecimens as well asinvestigateCIPPpressure

performanceand determine thePressure Ratin@PR fora composite CIPP liner.

4, To expand the constructegbressure esting facility to determindongterm pressure
performance using full-scale specimenand develop a CIPP HDB regression line to

determine the LTHS, HDS and PR for a composite CIRP liner

1.3 Thesis Structure

Figurel.l presents a graphicalescriptionof the contents of this manuscrigitased thesis. Chapters
2 to 5 address one or several of the thesis resealujhctives andare submitted journal papers that
contribute to fundamental knowledge and engineering applioatiChapter 6 presents thesearch

findings and contributions from Chapters 2 tgas well asrecommendations for future work.

LINE L.



Cured-in-Place Pipe Pressure Liner Experimental Study

Fundamental Knowledge Engineering Application
| |
Long-term performance Long-term performance
based on flat test based on full-scale pipe
coupons testing
| I
l
Chapter 2: Chapter 3: Chapter 4: Chapter 5:
Reinforced CIPP Non-Reinforced and Advancements in Long-Term
Liner Long-Term Reinforced CIPP Liner CIPP Liner Testing Hydrostatic Strength
Mechanical Long-Term and Design of and Design of
Properties: Flexural Mechanical Watermain Pressure CIPP
and Tensile Creep Properties: Flexural Renovation Liners for Watermain
Modulus Creep-Rupture Renovation
Strength

Findings/Contributions

Recommendations for Future
Research

Figurel.l: Thesis structure and outline for contributing to fundamental\kiexlge and engineering

applications.

Chapter 2 details an experimental studfythe flexural and tensile creep properties ofteermoset
composite CIPP liner subjectedastress levethat isabout 25% of the lineyield strengthfor 10,000
hours (14 moths). The estimated 59ear creep properties of the liners are compared with results
obtained using an accepted theoretical model from literature and current industry practice of a 50%
CRFAsignificantfinding in this chapter was theighdegree of diffeenceobservedwvhenthe flexural

and tensileCRRwvere compared tdhe generalizedb0% CRE&doptedfor CIPRiesign

Chapter 3 presentan experimental study of thitexural creeprupture responsef athermosetnon-
reinforced and reinforced CIRRer usinga linear displacementpotentiometer attached to the top
surface of coupon specimenghe bngterm flexural strengtk of the liners were determined and
compared withthe conventional flexural strength determinati@pproachbased orthe use ofcreep

modulus curvesaanda CRF value of 50% major finding in this chapter wése significantdifference
4



observedwhen comparinghe non-reinforced homogenous CIPP response \lith fibre-reinforced

composite CIPP product.

Chapter 4 presents the development ofumique pressure testing equipment and experimental
procedure to study the shotierm burst response of @ahermoset composite CIPP liner when
subjected toa uniformly increasing pressure to cause liner failure. An interesting finding in this
chapter detailshow microscopicliner imperfectionscan causesignificantvariability when CIPP is

subjectedto hydrostatic pressure.

Chapter 5gives an overview of the HDB methodology used to establish thetéong hydrostatic
strength ofthermoplastic and thermoset pssurepipesand its applicability to design CIRfiably. It
presentsan experimentalinvestigation of the mechanical response of a CIPP liner after setting,
monitoring, and maintaining the CIPP internal pressure and determining the time burst $ailure
occurred. CIPP product 5@arLTHSnd the linerPRwere determined.



Chapter 2
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2.1 Overview

Longterm mechanicapropertiesof reinforcedthermosetCuredin-Place Pipe (CIPR)drs whichare
critical parametersfor completing thedesign of CIPproducts,havenot been extesively studiedin
this study,CIPP longerm (50year) flexural modulus and tensile modulus westimated and the
Qeep Retention Factors (CRF)Xo be appled to the shortterm flexural and tensilemechanical
propertieswere ddermined. 10,00Chour flexural and tensile creep tests were conductad an |-
Main compositepressureCIPRiner under a stress levéhat is 25% of the liner yield strengtResults
show that the longterm (50year) flexural CRK35%)does not agree with theéensile CRKE50%)
Despite thereductions made taCHF valueso account for field conditionscurvatureeffects and
possibleliner imperfectiors, the CRF valuesere considered noto correspond to thegeneralized
CRF (50%ypicallyused for design. Thereforéhe anisotropic nature ofeinforced thermoseCIPP
pressure liners is dital to the longterm creep mechanical respons&/hen loaded in flexure, their

mechanical behavious significantly different fromvhen loaded in tension

2.2 Introduction

In North America,many buried pipelines transporting wastewater andpotable water are old,
deteriorated,andclose to the end of their service livE]. Ower the last 50 years, Curdd-Place Pipe

(CIPP) liers have been used to nevate gravity pipes (wastewatestormwater, and culvertsand
forcemains.Gravity CIPP linergleveloped in the 1970sonsist of a tubular fabric impregnated with
polyester or vigl ester thermosetting resing]. The resiimpregnated fabric is cured within the pipe
usinganenergy source (hot water, steam, or UV light) to form a tigfrgtructurally stablepipewithin

the host pipg1], [2], [6]. In later years, CIPP was developedhtlude a reinforcing fabrito prevent

the liner from tearing apart wheranding low-pressure (140 to 280 kPd&)rcemains.Further
development was made to CIPP, and in recent years, several CIPP systems for the renovation of

pressure pipes were introduced to the trenchless indudthylike gravity CIPP liners, Cf@Rressure
6



liners is subjected to internal working pressures thatnceange from 415 to 830 kPa, as wel| as
recurring and occasional surge pressuifés], [31], [32]. Watermain pessure CIPP liners are
composite materials consisg of thermosetting resin andeinforcements which are generally
manufactured using strictuglity control practiceso be styrene freeso thatthey can meet NSF 61
testing requirementd2]. Matthews etal. [7] provide details about theevolution of fully-structural
reinforced pressure €P products introducedafter the first watermain renovation at the Perry
Nuclear Plant in Cleveland, Ohiio the late 1990sThis evolutioninvolved introducinguniquelining
products such asAquaPipe® AguaLiner InsituMain™, and NordiPip&' into the pressure pipe
renovation marketAquaPipe®CIPRvasintroducedin the early20006s andcomprised two concentric,
tubular, plain woven seamless polyester jackets with a polymeric membrane bonded to the interior.
Thetubular jacketor tubeis impregnated witha thermoset epoxy resiand cured using d¢t water.
Another CIPP producteveloped around the same times &quaPipe®s the NordiPipéM CIPHiner.

It has afibreglasdayer between two norwoven felt layersThe ube is impregnated with epoxgnd

a polyethylene coating is on the interiorand cured with steam or hot waterAqualiner and
InsituMain™ are other CIPP productstroduced during the late 2000sAquaLiner involves the
inserion ofafibre-reinforced polypropylene sock into a deteriorated pipesilicone rubber inflation
tube pushes a heated pig through the composite, melting the sock against the pipe, which then cools
to form a solid glasgeinforced thermoplastic linednsituMain™is composed of an epoxy composite
layer that is reinforced uh glass and polyester materials. It has a polyethylene layer on the inside
pipe surfaceand the resulting omposite materials are saturated with a thermosetting epoxy resin,
which is cured using hot watér]. Although allcommercially availableressure pipe applicatiorere
reinforcedto form a composite linertheir mechanical performandstypicallysignificantly different.
Currently,Canada hasapid growthand acceptance dhe AquaPipe®CIPP fowatermainrenewal

as reported byKnightet al.[4]. TheCity of Toronto replaces 35 to 50 km of watermain annually and
renovates more than 130 km annually using Cathodic protection and CIPP lifiegSIPP lining
program for both theCity of Mantreal andthe City of Toronto is estimatet be around $150 million
annually which is more significanthan the estimateds30 to $50 million foCIPP watermain market

in the Lhited Sates[4].



2.2.1CIPP Design

CIPRiesignis wellestablished for gravity applications haviyious methodsn countriesworldwide.

In North Americathe NonMandatory Appendix X1 in ASTM F11§ & { 4 YR NFor t NI Od A
Rehabilitationof Existing Pipelinesnd Conduits Byhe Inversion And Curing Of A Résipregnated

Tube lBasbeen extensivelysed to design CIPP linefhis design method involves completing design
checks to obtain an optimum liner thickness required to support external groundwater loads. Also,
the techniqueensures the linewithstands the internal pressure in spanning holes in the original pipe
wall and sustainsoperating pressuresnd externalloads imposed by soil and traffic surcharge.
Depending on the existing pipe to be lined, the required thidenis calculated from a series of design
equations The most significantthickness is then selected for th€lPPinstallation. In Europe,
considerablevork was completed by Glo¢g] to developa fully analyticatiesignmethod for rigidly
encased circular pipes subjected to external water presstdiogusing on the resistance to
groundwater pressureThe design theoriedy Glock[8] have been adopteds the ATM 127in
Germany[9], [10], and asthe 3R2014 irFrance[11]. All with relatively conservative theoretical
assumptionsTheir designs involve taking a rational account of quantifiable geometric imperfections
(gap and ovality) arising from both the host pipe system and the characteristics of theg9ihiiig)],

[11]. Adopting the French liner design method, which was iflitideveloped by Thépot [11] ithe
French National Project of Research and Experimentations Rehabilitation of Urban Sanitation
Networks (RERAWas ledto the development of gravity liner desigm North AmericaCurrently to
designcircular and norcircularclosefit CIPRiners for rehabilitating gravity pipethe ASCBMOP 145

[12] design methodhasbeenusedto address the limitations noted in the current ASTM F1216 design
method. This methods based on aclosdormsodzi A 2y X2 g KA OK O2yaAARSNE 020K
shape and the potential imperfectionsuch as an annular gap in the liner and cracking or fracturing
of the host pipg12]. While mostCIPRgravity designmethodsusean analtical approachthereare

other more complexapproachege.g., ATM 127[9]) that usefinite elementmodels

Unfortunately, tere is currently no ASTMstandard methodto design CIPRor pressure pipelines.
SinceintroducingdPP to the pressure market hMorth Americagengineershaveadopted the ASTM
F1216 design method for watermain pressure lin&rgs design methagdvhichcovers sewage gravity

pipelines includes additional design checks fow-pressureforcemairs[1], [3], [4]. This method was
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not intended forthe design ofvatermairs, andnone of the revisions madgnce 198%have addressed

the limitations of the design approach to aemt for higher pressureystemgfor watermairs). Only

the ASTM F121&quation X1.3vasrevised in 2007with minor changeso the ovality parameter
mainly to design a liner to support soil, hydraulic, and live IddfiBasel on a 2011 United States
Environmental Protection Agency (USEPA) sfu@d], the responsibility to address CIPP quality
assurance and quality control now lies with project owners or engin&éis transfer of responsibility

is becaus¢he ASTM F1216 design method is now consideredestdiblished for the intended gravity
application for sewers and forcemaind3]. As a result the International Organization for
Standardization (ISO) and Americamatdf Works Association (AWWA) have creapedssure CIPP
liners such as ISOL2974 [14] (Plastics piping systems for renovation of underground drainage and
sewerage networks under pressuarePart 4: Lining with cureth-placepipeg and AWWAC623[15]
(Plastics piping systems for renovation of underground drainage and sewerage networks under
pressuret Part 4: Lining with cureih-place pipey respectively Currently, both organizations are
workingon standardized design methoélsr watermain renovation

All design methodgor CIPP require sheterm and longterm mechanical properties of the liner to
determmine the design thickneder instaling a liner that will have designlife of up to 50 yeas. Such
mechanicaproperties ardfundamentalinput parametergor design and includie materialstrength

and modulugto withstandflexural and tensile load®r 50 yearsLongterm mechanical properties
are established by multiplying shetérm valuesy a Creep Retention Factor (CRF). The CRF is typically
calculated using the ratio of the 5@ar creep modulus to the sherérm tensile or flexural modulus.
Based on the ASTM F1216 design method, EquatibdASTM F1216 Equation X1.1) and Equation
2.2 (ASTM F1216 Equation X1.3) require a {mrm (time-corrected) flexuramodulusfor CIPP.

P= - (2.1)

where:
P =groundwater load measured from the invert of the pjpe
K =enhancement factor of the sadnd existing pipe adjacent to the new pjpe

DR = ratio of the pipe outside diameter to the pipe minimum wall thickness,



v=t 2234342y Qa NI GAz2

B =longterm (time corrected) modulus of elasticity for CJPP

C=ovality reduction factor, and

N = Safet Factor.

q=—oc¢'Y 6 O 6 O @O 7 (2.2)

where:

g: =total external pressure on pipe

Ry =water buoyancy factqr

. Qcoefficient of elastic support,

9 s& modulus of soil reaction

C = ovality reduction factor,

B = longterm (time corrected) modulus of elasticity for CIPP,

I =moment of inertia of CIPP,

D = mean inside diameter of the original pipe, and

N = factor of safety.

When a pipe is subjeetito internal pressurepressure forces arexerted in all directionsithin the
pipe, trying to tear it apartThe ensile strengthwhichrefers to the resistance of the CIPP material to
rupture when subject to pressusiduced tensile forcesind the modulus of elasticitywhichis a
measure of thestiffness help to predict thbehaviourof the CIPPnaterial under ay given load14].
The typical approach taken by engineers and designers irs’obreductinglong-term flexuraltests

to determinethe CRF. Howevepressure linerare typically designeditt a focus on reinforcements
in the hoop directiortherefore tensileCRF can be used tre short-term tensilestrengthas required

by Equation 2.3 (ASTM F1216 Equation X1.7)
P=—— (2.3)
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where:
P = internal pressure,
" 1.= longterm (time-corrected) tensile strength for CIPP,
DR = ratio of the pipe outside diameter to the pipe minimum wall thickness, and

N = factor of safety.

2.2.2Creep Phenomenon

Todesign andassesshe longterm performanceof polymeric products such as C|R#coelastiand
creepbehavious are among the criticahechanicaproperties needed to be fully understootnlike
metal pipes (steel and ironpolymers exhibit creep under constaniress due to polymer chain
slippagei.e.,non-linear viscelastic material response compared to metal pipe linelastic material
response. Thigesponsemeans polymers will lose strength with tim&eep is a continuing
deformation that occurs with timetypically resulting from applied continuous stressldve the
material yield stresfl5]- [16]. Figure2.1lillustrates an idealized creep curve that showsethdistinct
regions polymersinderga There can be a primary creep region immediately after the initial elastic
and plastic strainin which the creep straincreases rapidlyith time. Thisregionis followed by a
secondary creep region, which is panlgrly important for analysis because the structure will remain
serviceable while in this regioiihe creep strain increases at the tertiary creep regiomw, faacture

occurs[14], [17].
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Figure2.1: Idealized curve showing primary, secondaind tertiary creefd14].

Depending on the magnitude and duration of the applied stress, creep deformation in CIPP can
become so sigificant that the liner will lose its ability to withstand loads before the end of its
estimated service lif§l8].

Generally, when a polymeric material is subjectec tmnstant load, the creep moduludefined as
the ratio d applied stress to creep stragidecreases with increasing tim0,000 hoursf testingis

the standard industry practice fextrapolatingtest results to determine the 59ear creep properties
following ASTM D29904], & {andard Test Method®r Tensile, Compressivand Flexural Creegnd
CreepRuptureof Plastice® ¥0 determine the CIPP H@ar creep modulussreep moduli values for
multiple specimens are determined using linear regression of the observed values anctipgoie

50 yearsThelinear regression models are often uded simplicity because some polymeric materials
generally display linear creep responses fiififerent durations after loading19]. Curvefitting
techniques suchsamodels developed by Findley (1944) can be deedreep data extrapolatian
CAYRf S&Qa t 2-inSaNdedression modlehdt way fugtessfully used by Straughan et al.
[20] on reinforced polyester resin thermosettingaterials and Batrd21] to evaluate glass fibre

reinforced plastic (GRP) composites with vinyl ester and polyurethased resin§20], [21].
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2.2.3ReinforcedCIPRCreep Malulus

Watermain CIPP linergypically require a high tensile capacity to withstand internal stress from
operating pressures and pressure surges that will occur within the pipe netwWidrirefore,
reinforcements such as glaskevlaror carbon fibresare irtroduced into the matrixto form a
reinforced compositeCIPProduct. Goertzen and Kessl¢22] noted that, in a composite CIPP, the
matrix (epoxy or polyurethane) experiences viscoeldsticaviourcompared tothe fibres (glas or
kevlar). Thus,introducing suchreinforcements into the matrix of CIRfn significantly changés
mechanical behaviour as the resulting composite is anisotrqpi@ving directionally dependent
material properties.

Itis common for unreinforced CPRYravity liners to have a CRF between 40 to 50% foiya&0design

life. Howeverponly a little testing iglone on CIPP to determine material properties. Earlier research
by Straugharet al.[23], Straugharet al.[20], Wang[24], Barbero and Rangaraj§®5], Hazen26]

and Riah[27] focused on characterizing the lotgrm properties of gravity liners that are typically
not subjected to hoop stresses from internal pressure and are designed to resist external groundwater
loads. These researchers completed testing to characterize thetéowngcreep modulus of CIPP liners
in North Amerca[23]- [27]. They used a linear regression model to estimate the currently adopted
50% CRF for gravity CIPP liners to complete an ASTM F12:MaNdatory Appendix X1 design.
Gravity CIPRiners can also be reinforcedo further withstand higher hydrostatic andexternal
pressurdoadingin thelongitudinaldirection. In contrastwatermainCIPHinersaretypicaly designed
with a focus on reinforcements in the hoop directitm prevent the linerfrom tearingapart Figure

2.2 illustrates thedifference betweernthe responseof gravity CIPP from pressure ClBRvity CIPP
liners are designed taresist bending and buckling failure in thiener due to all eternal loads
However pressure CIPfarther considerghe tensileforce, F, a linercan providdo withstand internal

stressinduced by thenternal pressure P.

13



Ll
T~ o\ J N o\
@EF@Y @

Earth Pressure

Lt

Live Load

Ground Water Pressure

All external loads

Live Load

|
N N ——
Cnua@LERC)

Earth Pressure

e e

Ground Water Pressure

All external loads

| !
Host Pipe ! HostiPipe: £ =t Sk
" ! B
4 |

!
4’/'P=0\ ,/‘ :

CIPP Liner

Figure2.2: Difference betweeneinforced gravity CIPP (witkerointernal pressureP)and pressure

CIPP lineréwith internal pressure, Bqual to the tensile forcef)

To date,it has not beenrestablished thathe deformation ofreinforced pressure CIPP mechanical
properties under constant steswill be comparable to reinforakgravity CIPRPwhich also adopts a
40 to 50% CRHMRecent testing ofeinforced pressureCIPPliners by Knight[28] has shown that
reinforced CIPP CRF canltwwer thanthe typical CRF fagravity CIPP linersCRRvasderived based
on standard creep testing conducted on CIPP under controlled temperature and hyraiditgata
extrapolationwascompleted to determinghe longterm CRF©f the CIPP linergzlexural ceep testing
of different reinforced watermain CIPP products found that flexu@RFcan vary from 20 to 5%
depending on the liner reinforcement and resin compositidhis inherent variability showthat
watermain CIPP0-year liner designcanbe completed usindpngterm material properties with as
low as 20%f their short-term modulug[3].

The longterm 50-year mechanical creep properties of a reinforced presstiiéP is also a critical
parameter when considering high-pressure watermain systentor mo$ commercially available
pressure composite CIPEhe range of thetensile CRFhas not been establishedwing to the
complexity and difficulty of completing tensile creep testiigerefore, the typical flexural CRF of
50% hawften beenused forpressurepipe design.Iin 1998, Straughan et gR0] investigated the

tensile creep properties of coupon specimemade from polyester resibasedfibre-reinforced
14



gravity CIPHners. The CIPP tensile CRF value was determined to be \8B#h agres with the
flexural CRF range of 20 to 50% reporte&bight[28]. Shannor[29] recently(in 2022)eportedthe
tensile creepbehaviourof a widely tested CIPP linaewhich may be AquRipe®.The tested liner
showedtensile CRF values that ranged from 11 to 2%®kichagreeswith the flexural CRIFangeof
20 to 50%reported byKnight[28]. However, his tensile CRFangeis significantlylower thanthe
tensie CRFf 38% reported byShannon29] and the typical CRF 060%usedfor liner design.tlis
unclear why the tested liner showedtensileCRFvalueas low asl1%

This study presents two aspects of CIPP testing. The fiivetves shorterm tests to quantify
mechanical properties and evaluate tHkexural and tensilebehaviour of an Insituform HMain
composite CIPP product. The second involves-teng testing to investigate and estimate CIPR 50
year behaviour The ASTM @0 testing procedure was used to evaluate both flexaral tensile
CIPPcreep responseusing linear and nofinear extrapolation methodsand to investigatethe

appropriatenes®f usingthe traditional 50% CR¥alue
2.3 Materials andTestApparatus

2.3.1CIPPSpecimenPreparation

CIPP lineplates for this study wereananufacturedand supplied by Insituform Technologies Limited.
Thereinforced CIPP produds aredesignedversion of the InsituMailt! and is called the-Main CIPP

The reinforcing tube incorporateshort fibreglassstrands in a layered formwhich provides a
construction improvement for improveliner wetting outand goodexpandability thereby ensuring

a closefit liner can be formedwithin the host pipe Figure2.3 shows a crossection of the fibre
reinforced CIPP liner investigated in this research. The zoomed image shows how the discontinuous

short fibreglass strands are placed on top of each other in the hoop direction.

The Mainis designedothat the primaryfibresarea (°?/90° glassin the hoop directiorwith anarea
weight of approximatelyl kgym?2. It has an extra layer of randdynplacedfibres on the bottom and
has an area weight of approximateéy?2 kg/m?. After constructingthe FMain, the finalproduct is an

epoxy compositavith no distinct layersasaregular compositéhat usesreinforcing fabric
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To reduce possible product variability and enhance test data consistency, CIPP test specimens were
manufacturedin a plantand cured at 72C Hat rectangularplates 275 x 280mm in dimension,

were also manufactured for type testin@ne side of thelateswas the coating sid¢with Elantes

epoxy) while the otherwasa felt side (with fibreglasg. The rominal thickness of the flat plate was

approximately4.5to 4.6 mm.

< > Oriented glass
Peimary FIBER (HoopY fibers in the
[ hoop direction

Space filled
with epoxy

H.é mm

Figure2.3: Crosssection of theCIPHlat plate andthe orientation offibreglassreinforcements in the

composite CIPP liner.

In 2018, iMain CIPP flat plates wemanufacturedand shipped to Waterloo. Unfortunately, the

plates were noted to belistorted and vere not acceptable for testingnsituform then manufactured

a secondset of plates ensuring theyeawe flat. Test specimens wengaterjet cut from a direction

parallel to the CIPP plate reinforcemeas this is the liner hoop directiohabdling was done so that
G{C¢ FyR da{ ¢¢ -tebfleius and wnsih Rstsaréspebtiielyln addition, a [ C¢ | YR
G[ ¢ ¢ NB LINFeinSahts 6 Betefmihg ceep in flexure and tension, respectively.

2.3.2Test Apparatus

To completelongterm flexuralcreeptestingper ASTM D2990est racks made of steel were designed

per the Canadian Handbook of Steel Constion specification§32] and fabricated to withstand
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hanging test loads up to 0.5 Kir five specimensUsing a stirrup, each specimen was loaflat

wiseat the midspan by hanging steel weights, as showfigure2.4. Mechanical dial gageaccurate

to 0.01 mmand mounted on top of the test framewere used to monitor the deflection of the
specimens. For verification purposes, the deflection of one of the test specimensovamred for

up to 1,000 hours using a displacement transducer connected to a commercially available data
acquisition system (SoMat eDaQ). All tests were conducted in awittna constanttemperatureof

20-23°C, and relative humidigf 50-55%RH.

Dial gauge

Figure2.4: Flexural creep test setupcated in a vibratioffiree andconstanttemperature room

To investigate thdongterm tensile creep properties of the CIPP test specimens, test equipment
designed and constructdaly the Gas Technologies Institute (GTI) in Chicago was used. This test setup
wasoriginallydeveloped to determine the creep response of Medium Density Polyethylene (MDPE)
pipes used in gas pipeline applications but was customiztest@€IPRBpecimensThe GTI equipment
consists of a controlled environmental chamber that applies a constant load to the specimens using a
hydraulic cylinder. The applied load and specimeminaldisplacementvas measure@very second

and recorded using a load cell and disy@ment transducer connected to a data acquisition system.
Figure 2.5 shows the tensile testing setup obtain elongation readingsor CIPP creep strain

computing
17



Figure2.5: Tensile creep testquipment customized to evaluatbe tensile creep response of CIPP
[30].

2.4 Results and Discussisn

2.4.1 ShortTermFlexuralTest

CIPP specimens were prepared for sHerm flexural testingusing tre MTS Citerio' machinewith

a maximum rated force capacity of 10.Ke specimen size wadetermined using apanto-depth

ratio of 16:1per ASTM D79(B1], "Standard Test Methods for Flexural Properties of Unreinforced and
Reinforced Plastics and Electrical Insulating Mateti&sction 7 and Note 8 of theSTMstandard
suggest that 82:1 or40:1 spanto-depth ratio may be required for composite to aveéig occurrence

of shear failure within the test specimenSigure2.6 shows the test specimermepared for three
point flexuraltesting. Forthe I-Main CIPPspecimensthe typical testing spato-depth ratioof 16:1
wasexperimentally checkednd determined to be long enough fdekural testingas the specimens
have a uniform crossection,andno shear failure was anticipateBligure2.7 shows a crossection

of the compositeCIPRoupon specimen showing no clear distinction in the reicément layers
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Figure2.7: Crosssection of the compositeMain CIPP lingnavinga uriform crosssection withno
distinct reinforcement layers.

Shortterm flexural esting consisted of placinthe five rectangular specimenflat-wise on two
supports and loading the specimsihat-wiseat mid-span in flexure as a beam until failure or 5%aist
in their outer fibres. Figure 2.8 showstypicalflexuralstress(" ) versus flexuradtrain (¢) curves used
to determinethe flexural strengtlof the test specimen responses described by ASTM D7@urve
eé represents a ecimen that breaks before yieldin® dzZNJS & 6 ¢ speBrheNBat Heldd & |
and then breaks before the 5% strain limandcdzNJZ S & O¢  H&inddliBhatSgithed yields
nor breaks before the 5% strain lim@.t S E dzNJ f qv)fisihBidayirauin flexural stressustained
by the test specimen during a benditest and Flexural Sain (Gv) is the corresponding strain rate.
Ct SEdzNI f { (iNdSthedexdralistresNaBhrehif tibe test specimen during a bending test

anR Cft S E dzNg) i the{cairespohding strdinrat€ f S E dzNJ £ { G N& & the flexliralp’z & G N.
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stress athe 5% strain limibf the test specimen during a bending testhe testing is stopped ahe
O2NNBALRYRAYIp).Ct SEdzNI £ { GNI AYy oC

5% strain limit
Ofm = O T — —————— —

e A= |

o
@
o
2
m

Figure 2.8: Typical flexural stresstrain curveg31].

Figure2.9 showsthe reinforced CIPPstressstrain response subjected three-point flexural testing
The figureindicates that the liner behaviouris similar to a homogeneouger andis noted to follow

O dzNJIJ SFigir€ps8. Na specimen failed during the testirand the est was stopped &r the ASTM
D790 prescribed limit of 5% strain was reacHédire 2.8 shows that the lineflexuralstressgradually
increasedup to approximately 140 MPat a strain rate 0f3.8% where thespecimen cracked arttie
reinforcing fibres were energized. Tipisenomenorresulted ina load increase during the testing and

can beinterpreted as the sudden shifts in the strestsain benaviour of the CIPP specimens.
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Figure2.9: Flexural stresstrain curves for specimens cut from the CIPP flat plate.

Mechanical properties such #te flexural strength, flexural straiinitial tangent modulus of elasticity

and vyield strengthwere determined forall five CIPPspecimensASTM D79(31] defines flexural
strength as the maximum flexural stress sustained by the test specimen during a bendintheest.
flexural strainis defined as the eminal fractional change in thiength of an element of the dar
surface of the test specimeat midspan, where the maximum strain occuie initial tangent
modulus of elasticity is defined as the ratio, within the elastic limit, of stress to corresponding strain
calculated by drawing a tangent to the steepestiatistraightline portion of the loaedeflection
curve. Yield strength occurs at the first sudden deviation from the initial linear portion of the-stress

strain plot[31].

Table2.1 provides the flexural test results for tested CIPP specimdodailure occurredn the test
specimensand maximum flexural strengthiasdefined atthe ASTM D790 strain limit of 58hen the
test was stoppedTheflexural strengthvaried betweenl858 and 205.7 MPa with amean valueof

192.3MPaand astandard deviation 08.04MPa Theyield strengthranged between106.1and151.4
MPa with a mean value 0131.2MPa and a standard deviation d7.1MPa.Theyield strain varied
between2.5and3.6% with amean value 08.1%and a standard deviation 6£4% The initial tangent

modulus of elasticityaluesranged betweend,182and4,539MPg with a mean value 04,356 MPa
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and a standard deviation d29 MPa From a pressure pipe design standpoint, desigtinegtested
reinforced liner based on the meafiexural strengthvalues at the 5% strain limitmay be
unreasonableas CIPRill not be strained up to 5% in the fiel@iherefore the tensileyieldmechanical

propertieswere consideed more appropriatefor designinghe I-Main CIPP liner

Table2.1: Flexural test results fapecimens cut from the CIPP flat plate

Specimen Identification Statistics
Description Unit Mean | Std.
SF1 SF2 SF3 SF4 SF5
Dev
Mean Deph mm 4.5 4.5 4.5 4.5 4.5 4.5 -
Test Span mm 718 71.3 717 71.8 727 719 0.5
Spanto-depth ratio - 16:1 16:1 16:1 16:1 16:1 - -
SpecimeriLength mm | 99.9 100 99.9 100 99.9 99.9 | 0.03
Specimen Width mm 14.9 14.9 14.9 14.9 14.9 149 | 0.02
Flexural Strengt MPa| 189.8 | 186.8 | 2057 | 1934 | 1858 | 192.3 | 8.04
Flexural Strain % 5.0 4.8 5.0 5.0 5.0 496 | 01
Yield Strength MPa| 1326 | 1514 | 1435 | 1364 | 106.1 | 1312 | 17.1
Yield Strain % 31 3.6 3.1 3.1 25 31 04
Tangent Modulus of Elasticit MPa| 4,348 | 4,182 | 4,539 | 4,391 | 4,319 | 4,356 | 129
Peak Load N 496 497 539 506 497 507 18

2.4.2ShortTerm Tensile Test

FiveType lltest specimens werg@repared andestedper ASTM D63@B2], a { G F YRI NR ¢ S &
for Tensile Properties of Plastit&nMTSCriterion™tensile testing equipmenwith a maximum rated

force capacity of 10 klnd a 56mm gage length extensometarasused Figure2.10 shows the test
specimens after testingspecimen dimensions were measdnesing a digital calliper accurate to 0.01

mm.

ASTM D63832] determines the tensile mechanical properties of a specimen based on the stress

strain curves using-igure 2.11. Dependingon the curve, the specimen's tensile strength and

22



& | T geRsile StiegsyaAd (A 2 Y
Stz2y3ardrzy i &

Figure2.10: Composite CIPP tensile test specimens after testing.
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STRESS

A & E = TENSILE STRENGTH AT BREAK
ELONGATION AT BREAK

B = TENSILE STRENGTH AT YIELD
ELONGATION AT YIELD

C = TENSILE STRESS AT BREAK
ELONGATION AT BREAK

D = TENSILE STRESS AT YIELD
ELONGATION AT YIELD

STRAIN

Figure2.11: Typical tensile stresstrain curveg32].

Figure2.12 provides the stresstrain curve for the FMain CIPP test specimenBhetrend of the
curvesshows that tensile stressand elongation atyield (i.e., point D) and tensile strength and
elongation at breaki.e.,point E)are required to be determinedrigure2.12shows a split in the stress
strain response for atest specimens. Two specimens (ST1 and ST5) showed similar respiihses
tensile strength (at break) between approximately 100 to 120 MPa and a strain rate between 0.9 and
1.2% Converselytwo specimens (STandST3) showed similar responses havitgrsilestrengthof
approximately 54to 155MPaat a strain rate betwee.2 to 2.3% and specimens STésplayed the
highesttensile strength of Bout 175 MPa at a strairof 1.9% It can beinferred that those test
specimens ST1 and ST5 reached theirsie strength (at break)orematurely. This specimen
behaviour may have been due to a flaw in 8pcimens as ST1 and ST5 are observed to have similar

load rateswith ST4whichhasthe highest tensile strength at 175 MPa).
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Figure2.12: Tensile stresstrain curve for specimens cut from the CIPP flat plate.

Table2.2 provides thetensile test results for theCIPPspecimens The tableprovides the tensile
strength (tendle strength at break)yield strength {fensile stress at yield)nitial tangent modulus of
elasticity, strainvaluesand a description ofvhere the breakage occurrgde., within or outside the

gage length The tensile strength varied betwedi®3.8 andL76.2MPg with a mean value 0f41.5

MPa and a standard deviation 89.7 MPa. Theensilestrainranged between0.9 and 2.3% with a

mean value 0f.3% and a standard deviation oP3%.Theyield strength varied betwee80and 103

MPa with a mean valuef 96.2MPa and a standard deviation ©6.2 MPa. Theyield strainranged
between 0.9 andl.2% with a mean value 00.96% and a standard deviation 0fl@%. The initial
tangent modulus of elasticityalues varied betweef,230and 11,366MPg with a meanvalue of
10,296MPa and a standard deviation ®j040MPa.

These shorterm test resultsrevealsignificant variabily in the CIPRensile mechanical properties.
Engineers and designers aadvisedto use their sound engineering judgements when determgni
mechanical properties to design watermain CIPP. Since tensile properties are critical for the design of
reinforced pressure CIPP, the mechanical properties at the yield point are considered in this research.
From a pressure pipe design standpoingsining the testedreinforcedliner based orthe mean

valuesmay be misleading anghrealistic The nean tensile strength (141.5 MPagascomputed with
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the inclusion of specimens that failed outside tdensoneter gage length, whichis not complant
with the ASTMD638 test methodSpecimen failures were observed to be within the gage length in
specimens ST2 and SBBdwn inFigure2.10). For pressureipe applicatios, the consequence of

failure is very hightherefore, CIPP dsigrs should be completed baseash the lineryield strength

Table2.2: ASTM D638 tensile properties for specimens cut from the CIPP flat plate.

Specimen ldentification Statistics
Description Unit Mean | Std.
ST1 ST2 ST3 ST4 ST5
Dev
Break within the Gage Lengtll - No Yes Yes No No
Width mm 12.5 12.6 12.6 12.6 126 126 | 0.02
Thickness mm 4.6 4.4 45 4.4 4.5 45 0.05
Tensile Strengtlat Break MPa | 103.7 | 1541 | 155.3 | 176.2 | 118.3 | 1415 | 29.6
Load(Break) N 6,411 | 9,028 | 9,316 | 10,491 7,212 | 8,492 | 1,653
Elongation at Brea{Strain % 0.9 2.2 2.3 1.9 1.2 13 0.2
Tensile Strength at Yield MPa | 103 80 80 100 118 96.2 | 16.2
Load (Yield) N 6,354 | 4,892 | 5,084 | 6,205 | 7,182 | 5943 | 951
Elongation at Yield (Sirg % 0.9 0.9 0.9 0.9 1.2 09 | 0.14
TangentModulus of Elasticity| MPa | 11,366| 9,335 | 9,230 | 11,351| 10,196 10,296 1,040

2.4.3Test Stress Selection

ASTM D2990 does not specify the test Itadreate the required stresses in test specimednsnce,
ateststress aluebelow the yield strengthreflectingthe maximum stresses anticipated for pressure
pipe applicationswas consideredppropriate WatermainCIPP liners are typically restrained within
a metallichost pipe and are noexpeded to be excessively straidein the field Thus, thetest
specimens were evaluategdithin their elasticregionby applying stresses that are approximately 25%
of the shortterm yieldstrength valus(i.e., 25% x 192.3 MPa = 48.1 M@&aflexural testingand 25%

x 96.2 = 32.8 MP#or tensile testing. Based on a review of North American practicéss approach
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agrees with the prescribed stress level adopbgtbrevious researoérs such aRiahi[27] and Guice
[33].

2.4.410,00Ghour CIPP Flexural Creep

FourCIPP test specimens were placed in the flexural creep apparatus and loaded to create@f stress
approximately 25% of thehort-term yield strength Per the ASTM D2990 test procedure, deflection
measurements for each test specimemre taken at eound1, 6, 12, and 30 minutes and 1, 2, 5, 10,
30, 60, 100, 300, and 500 hours. Also, measurements were taken attigd@intervals up to 10,000
hours[14].

The creep modulugs; at a given time in each spienen was estimated astidey A G A F £ BILX A SR

ratio to the creep strair(Q) at that given timeusingEquation 2.4.
E=— (24)

Table2.3, Figure2.13 and Figure2.14 provide the flexural creep test data for strain and modulyps

to 10,000 hoursAll test specimens appeared not to show a smooth strain profile to determine the
transition from primary creep to the secondary creep stagee (Sigure2.1). However, the strain
profiles for each specimen (shownRigure2.13) suggest that the secondary creep (i.e., steady state)
stage began between 500 and 1(0Bours as all specimens displayed a change in the creep strain
rate. The mean 10,008our flexural creep strain (1.31%) for the tested specimen was noted to
increase by about 35% from the initial flexural creep strain (0.85%) laoinapplication No tetiary

creep was noted in the tested specimens.

It can beobservedfrom Figure2.14 that there are discontinuitiesbetween 10 and 2,000 hours for
both LF1 and LF2 specimens. This missing data was due to an aafonesbility to take test readings
caused by the COWD® worldwide pandemic lockdowmespite theincompletedata, theLF1 and
LF2 test datavere notedto agreewith LF3 and LFR#st data. In all specimens, it was observed that
the creep modulus decreadewith time, as the flexural modulus at 10,00@urs was significantly
lower than the flexural modulus at the onset of loadiiige meanflexuralcreep modulus at 10,000
hourswas?2,353MPa,2,569MPa, 2,706 MPaand2,416MPa in theLF1 LF2, LFandLF4specimens,

respectively. A similar trend was observed at the onset of loading in all specimens except specimen
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LR3. It is unclear why specimdt3 displayeda significantly high initial moduluBossible causes may
be ahuman errorwhentaking dial @uge readingsat the start of the test.Time delays from @nually
reading offdial gaugegor multiple test specimens mdyaveinducel a slightincreasein the initial
deflectionreadings which compounded over tim®espite thidiscrepancyspecimenLi3 displayed

a similar creep modulus witkpecimers LF1 LF2and LF4 This general trend suggests that the liner
displayed linear viscoelastic behaviour under the stress levels investigated (25%ieldistrength)
since in a linear viscoelastic material, as akm@d by Findley34], the applied stress is proportional

to the creep strain at any given time.

Comparedvith the ASTM D790 shetérm flexural modulusall specimens' mean initial creep
modulus (at one minuteyas found to be8,853 MPa. This value is about 1R#er than the short

term flexural modulus o#,356 MPa.
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Table2.3: CIPP 10,06B80ur flexural creep test data.

LF1 LF2 LF3 LF4
Time Strain Creep Time Strain Creep Time Strain Creep Time Strain | Creep
(hours) (%) Modulus | (hours) (%) Modulus | (hours) (%) Modulus | (hours) (%) | Modulus
(MPa) (MPa) (MPa) (MPa)
0.02 0.85 3,838 0.02 0.86 3,854 0.02 0.81 4,058 0.02 0.89 3,662
0.05 0.86 3,807 0.05 0.87 3,823 0.05 0.82 4,024 0.05 0.89 3,634
0.08 0.87 3,776 0.08 0.88 3,792 0.08 0.82 4,007 0.08 0.90 3,619
0.25 0.88 3,716 0.53 0.89 3,733 0.50 0.84 3,923 0.50 0.91 3,550
1.13 0.90 3,658 1.13 0.90 3,704 1.08 0.84 3,891 1.02 0.92 3,509
3.13 0.91 3,602 3.17 0.91 3,634 3.17 0.86 3,812 3.05 0.94 3,444
5.85 0.92 3,547 5.88 0.92 3,593 6.08 0.87 3,766 5.55 0.95 3,406
10.42 0.94 3,494 10.43 0.93 3,566 12.17 0.88 3,736 12.05 0.97 3,356
23.38 0.95 3,443 23.42 0.93 3,553 24.03 0.89 3,678 24.38 0.98 3,320
73.38 0.99 3,321 73.40 0.94 3,540 72.20 0.91 3,594 72.08 1.01 3,227
118.67 1.00 3,274 118.68 0.95 3,488 166.92 0.94 3,513 166.80 1.03 3,161
4875.67 1.29 2,531 4875.67 1.20 2,778 240.27 0.94 3,487 240.15 1.04 3,118
6288.72 1.33 2,464 6288.72 1.25 2,655 720.42 0.99 3,315 720.32 1.09 2,977
708500 1.36 2,413 7085.00 1.27 2,626 1012.27 1.01 3,269 1012.15| 1.11 2,921
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LF1 LF2 LF3 LF4
Strain Creep Time Strain Strain Creep Time Strain | Strain (%)| Creep Time Strain
(%) Modulus | (hours) (%) (%) Modulus | (hours) (%) Modulus | (hours) (%)
(MPa) (MPa) (MPa)

7997.17 1.37 2,389 7997.17 1.27 2,611 1943.00 1.05 3,139 194290 | 1.15 2,831
9002.17 1.39 2,365 9002.17 1.29 2,583 3070.92 1.07 3,077 3070.80 | 1.19 2,731
10103.17f 1.39 2,353 | 10103.17 1.29 2,569 4131.17 1.10 2,980 4131.07 | 1.22 2,652
- - - - - - 5092.17 1.11 2,961 5092.05| 1.23 2,637

- - - - - - 5982.17 1.13 2,906 | 5982.05| 1.25 2,592

- - - - - - 7056.82 1.15 2,871 7056.72 | 1.28 2,536

- - - - - - 7991.67 1.15 2,853 7991.55| 1.30 2,501

- - - - - - 9123.53 1.19 2,769 9123.42 | 1.32 2,455

- - - - - - 10000.00; 1.21 2,706 | 10000.00, 1.34 2,416
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Figure2.13: CIPP Flexural creep strain up to 10,000 hours.
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Figure2.14: CIPP Flexural creep modulus up to 10,000 hours.
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Two models were used to fit the 10,00@ur experimental test data to estimate the CIPRy8ar
creep modulus. The approaches involve 1) No#dwogllinear regression analysis and 2) Nioear
NEINBaaAzy dzaAy3a CAYRfSe2Qa LRoSNI g

2.4.4.1linear RegressionAnalyss

Equation 25 was used for creep modulus prediction using experimental data to complete linear
regression
E=axLog(t)+b (25)

where:

E = creep modulugyiPa,

t =time after loading, hr

a and b are regression constants.
The constants a andd were obtained by developing the norrraly plot of creep modulusy{axig

against time X-axig, and the creep modulus was then extrapolated to 50 years.

Hazen26] and Riahi[27] have previougl advisedthat using all test data for linear extrapolation can

be misleading as the significant weighting of the early time data (before 1,000 hours) on the regression
analysis shiftthe predicted50-yearcreepmodulus upwardg26], [27]. This claim wasnvestigated

for the FMain CIPP specimens He regression of thd,,000t0-10,00Chour datawascompared with

the predicted 56year creep modulus using all data

2.4.4.2C A Y R KNoS-En€néExtrapolation

TheiMainCIPP5@ S| NJ Ff SEdzNI £ ONBSLI) Y2Rdzf dza 6+ & | f &2 LINJ
is a nonlinear extrapolation approach that can estimate the creep modulus of a compaosite liner after

pn &@SINARA 2F ASNIAOSD® CAigopetd 1814 totstddg hadllispoelastic o | & 7
properties of polymers using a model that describes a simple relationship between creep strain and

time [20],[35]® CA y Rf S& Q& LHittng Mthfiguesthathhéas been extanside/ used to

describe the viscoelastic behaviour of various fileforced polymer composites under constant

stress[36].
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CAYRESeQa LRogSNI g A& I  AAYLI S uddg EduatianBylod KA LI 0 S
RSGUSNN¥AYS I GKS2NBGAOIE adNIAYyZ Co

¢ J+me (2.6)
where:

@ = initial strain,

t = time after loading, hr.
CAYRf S@Qa ONBSLI LI NIFYYSGSNREZ y | yRinMgarithenisfedsh 206 G A
and performing a linear regreism analysis on the norm#bg plot of strain against the log of time
given by Equation 2.

[ 2 3@)E& n x Log(t) kogn) (2.7)

The experimental strain obtained at one minute was assumed to be the instantaneous strain upon
loading. Therefore, thetrain values used on the ordinate are the difference between the total strain
(i.e., experimental strain at time t and the initial strain). Once the Findley constants were obtained,
the creep strain at 50 years (i.e., 438,000 hours) was then extrapolatebthe corresponding creep
modulus was estimated based time ratio of the initial applied stress{d (2 G(KS ONBSLI ai
that given time(see Equation 2). A sample calculation illustrating the procedure used to obtain the

Findley parameters can be found in Appenalix

2.4.4.3CIPP 5¢ear Flexural Creep Modulus

Table2.4, Figure2.15, Figure2.16, and Figure2.17 providethe extrapolated 56year ASTM D2990

flexural creep modulus valuesing all test data and the data from 1,000 to 10,000 houre.tdble

Ff a2 LINE JA R Jidear Exirapdtatich {6 The 59&ay creep modulus for flexural testing.

Flexural creep modulus predictions based on a linear regression of all data femgezi030 to 2,556

MPa with a mean of 2,290 MPa and a standard deviation of 217 MPa. When only 1,000 to 10,000

hours of data was used, the flexural creep modulus ranged from 1,379 to 1,906 MPa with a mean of

1,604 MPa and a standard deviation of 225 MPA. y Rf S& Qa Tt SEdzNI} f ONBSLI Y2F
from 1,182 to 1,642 MPavith a mean of 1,427 MPa and a standard deviation of 190 MPa.

¢Kdzax GKS GKS2NBGAOFE ONBSL) Y2Rdzf dz&a SadAYlI GSR o

approximately 12% derence) with linear extrapolation of experimental data using 1,000 to 10,000
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hours of data. However, the linear regression prediction using all data sets was noted to be
significantly different (i.e., approximately 60% difference) from the theoretical uhsdestimated
dzZiAy3d CAyRfESeQa fl go

Table2.4: CIPP 5§ear flexural creep test results.

Specimen ID All Data 1,000 to 10,00¢hour data| CA Y Rt S &
Creep Modulus Creep Modulus R Creep Modulus
(MPa) Rvalue (MPa) Value (MPa)
LF1 2,030 0.92 1,379 0.97 1,182
LF2 2,322 0.89 1,506 0.92 1,472
LF3 2,556 0.92 1,906 0.96 1,642
LF4 2,254 0.92 1,626 0.98 1,412
Maximum 2,556 0.92 1,906 0.98 1,642
Minimum 2,030 0.89 1,379 0.92 1,182
Mean 2,290 0.91 1,604 0.96 1,427
Standard Deviation 217 - 225 - 190
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Figure2.15: Extrapolated flexural creep modulus using all specimens cut from the CIPP flat plate.
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Figure2.16: Extrapolated flexural creep modulus using values at only 1@®d®,00Ghour test

data.
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2.4.510,00CGhour CIPP Tensile Creep
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ThreeASTMD638 Type Il test specimengre loaded in the GTI tensile apparatusstress thatis
approximately25% of the ASTM D63&eld strength (i.e., 25% 6.2 MPa=24.1 MPa)was used on

the GTI test rigBefore the test was started, the load cells were galied, and a record of the

specimen elongation was takem onesecond intervalsising a data acquisition system. The GTI creep

data was then dowssampled toagreewith ASTM D299(14], which specifies that thelongation

measuements for each test specimea betaken at approximately 1, 6, 12, and 30 minutes and 1, 2,
5, 10, 30, 60, 100, 300, and 500 hoanslat 1,000hour intervals up to 10,000 hours.

Using Equation 2.1 (previously discussed in Section 2.A8 reep madulus, E; at a given time in

each specimen was estimated as the ratio of the initial applied streds (U 2

given time.Table2.5, Figure2.18 and Figure2.19 provide the tensile creep test data over 10,000

hours.All test specimens appeared not to show a smooth strain profile to determine the transition

36

CA

GKS ONBSLI aidN



from primary creep to the secondary creep stagee(Bigure2.1). However, the strain profiles for

each specimen (shown kKigure2.18) suggest that the secondary creep (i.e., steady state) stage began
between 200 and 5080urs as all specimens displayed a change in the creep strain rate. The mean
10,00Ghour strain (0.32%) in each tensile specimen was about 30% larger than the initial tensile strain
(0.22%) uporoad applicationNo tertiary creep was noted in the testegecimensThe mean tensile

creep modulus at 10,000 hr wak617 MPa, 7,347 MPa and7,636 MPa in theLT1 LT2and LT3
specimens, respectively. A similar trend was observed at the onset of loading in all specimens.
Comparedwith the ASTM B38short-term tensile modulus, the mean initial creep modula 0.02
hours)for all specimens was found to i€© 996 MPa Thispercentage differencés about6% which

is significantly close and due to the use of a data logging system as opposed to manual dial gauge

readngin Section 2.4.4 flexural creep discussions.

While thegeneral trendin Figure2.19 suggests that the liner displayed linear viscoelastic behaviour
under the stress levels investigated (25% of yeld strengh), unusually highmean initial creep
modulus may be due tdhe specimen variability noted in the sheadrm results. Degite this
behaviour all specimens' mean initial creep modukre observedo be significantlglose to the one

minute shortterm tensile modulus.
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Table2.5: CIPP 10,0080ur tensile creep test data.

LT1 LT2 LT3

Time Strain Creep Modulus | Strain | Creep Modulus | Strain Creep Modulus
(hours) (%) (MPa) (%) (MPa) (%) (MPa)
0.02 0.21 11,227 0.22 10,853 0.22 10,907
0.1 0.22 10,728 0.23 10,650 0.23 10,626
0.2 0.22 10,728 0.23 10,455 0.23 10,405
0.5 0.22 10,728 0.23 10,455 0.23 10,405
1 0.22 10,728 0.24 10,267 0.23 10,405
2 0.22 10,728 0.24 10,267 0.24 10,194
5 0.22 10,728 0.24 10,084 0.24 10,194
10 0.23 10,526 0.24 10,084 0.24 10,194
20 0.23 10,526 0.24 9,908 0.24 9,990
50 0.24 10,144 0.25 9,573 0.24 9,990
100 0.24 9,963 0.26 9,413 0.25 9,794
200 0.25 9,788 0.26 9,258 0.25 9,605
500 0.25 9,566 0.26 9,156 0.26 9,356
700 0.26 9,417 0.27 8,866 0.27 9,016
1000 0.26 9,247 0.28 8,746 0.27 8,938
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LT1 LT2 LT3
Time Strain Creep Modulus | Strain | Creep Modulus | Strain Creep Modulus
(hours) (%) (MPa) (%) (MPa) (%) (MPa)
2000 0.27 8,959 0.28 8,480 0.28 8,618
3000 0.27 8,793 0.29 8,208 0.28 8,480
4000 0.28 8,617 0.30 8,124 0.29 8,391
5000 0.29 8,334 0.30 8,007 0.29 8,310
6000 0.29 8,228 0.30 7,967 0.30 8,172
7000 0.29 8,200 0.31 7,743 0.30 8,038
8000 0.30 8,090 0.32 7,636 0.31 7,782
9000 0.31 7,789 0.32 7,531 0.32 7,660
10000 0.32 7,617 0.3 7,347 0.32 7,636
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Figure2.18: CIPP tensile creep strain up to 10,000 hours.
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Figure2.19: APP tensile creep modulus up to 10,000 hours.
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2.4.5.1CIPP0-yearTensileCreep Modulus

Simila to flexural creep testinglinear and nodinear models were used to fit the 10,0€@ur

experimental test data to estimate the CIPRy&@r creep modulusiable2.6, Figure2.20, Figure2.21

and Figure2.22 provides the extrapolated 50ear ASTM D2990 tensile creep modulus values using

all test data and the dat from 1,000 to 10,000 hourable26 f &2 LINR OA RSidear CA Yy Rf S
extrapolations for the 5§ear creep modulus for tensile testing. Tensile creep modulus predictions

based on a linear regression of all daanged from 7,022 to 7,530 MPa with a mean of 7,306 MPa

and a standard deviation of 259 MPa. When only 1,000 to 10,000 hours of degaised, the tensile

creep modulus ranged from 5,535 to 5,766 MPa with a mean of 5,614 MPa and a standard deviation
ofMmoH atl ® CAYyRfSe&Qa GSyairtsS ONBSLI Y2 Ritzhosan LINSRA C
of 5,714 MPa and a standard deviation of 446 MPa.

¢Kdzas GKS GKS2NBGAOIEf ONBSL) Y2Rdz dza SadAyYl GdSR d
(i.e., approxinately 2% difference) with linear extrapolation of experimental data from 1,000 to

10,000 hours. However, the linear regression prediction using all data sets was noted to be
significantly different (i.e., approximately 25% difference) from the theoretivadlulus estimated

dzaAy3a CAYyRfSe&Qa oo
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Table2.6: CIPP 5§ear tensile creep test results.

Specimen ID All Data 1,000 to 10,00hour CAYRf Se@
data
Creep Modulus R Creep Modulus| R Creep Modulus
(MPa) Value (MPa) Value (MPa)
LT1 7,366 0.90 5,766 0.91 5,912
LT2 7,022 0.94 5,535 0.97 5,203
LT3 7,530 0.88 5,539 0.95 6,027
Maximum 7,530 0.94 5,766 0.97 6,027
Minimum 7,022 0.88 5,535 0.91 5,203
Mean 7,306 0.90 5,614 0.94 5,714
Standard Deviation 259 - 132 - 446
elT1 LT2 LT3
— 50-year
e predicted
i e e T values
10000 + 0.8 g . N \
£ 8000 | ' B
< =
% 6000 +
E
E 4000 +
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0 4
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Figure2.20: Extrapolated tensile creep modulus using all specimens cut from the CIPP flat plate.
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Figure2.21: Extrapolatedensilecreepmodulususing values at only 1,060-10,000hour test data.
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2.4.6LongTermFlexural and Tensile CRF

The50-year CRFor each CIPP specimeragvestimatedusingthe ratio of the creep modulus to the
shortterm modulususing Equation 8, andthe results were compared to the 50ZRFcommonly

used in industry.

CRF =— (2.8)
where:

B =50-yearcreepmodulus and

E=Sort-term flexural ortensile modulus.
Table2.7 provides themeanshortterm and 5@year creep modulus antthe CRF for both specimens
tested in fexure and tensionTable2.7 shows the dMain CIPRiner had a flexural CRBf 59%when
all data was regressewhich is significantly different fro@RF predictions using 1,000 to 10,0@Qr
data(42%)and Findl@ Q a -linga gktrapolation37%) A strong agreement wasbhservedbetween
the linear regression method using 1,000 to 1080@ dzNJ R G | | yiiRear@irgpBlatiGhe Qa y 2
For tensile creep testing, a tensile CRF of 66% was predicted using allldatzalue was significantly
higher thanthe 51% and 53% CREsed on 1,000 to 10,0002 dzNJ Rl G | y-fheaCAy Rt Sé&
extrapolation, respectively

Table2.7: Meanshortterm and longterm tensile and flextal modulus andCRF

Creep Test| Short CreepModulus at10,000 hours CIPP0-yearCRF
term
values
Initial | Using All| Using1,000 | Using All 1,000
Tangent| data t0-10,006 | CA y R| data to- Find S ¢
Modulus| (MPa) hour data Law (%) | 10,00@ | Law(%)
(MPa) (MPa) (MPa) hour (%)
Flexural 4,356 2,290 1,604 1,427 59 42 37
Tensile 10,296 | 7,306 5,614 5,714 66 51 53

The use of theypical50%CRFo estimate the 56year service life for eeinforcedliner could produce

misleadingesults as composite CIPP flexural €&Hall wthin the range o037 to 42%which idower
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by approximatelyl0%.In comparison wittilexural creep findings b$traughan et a[20] andKnight
[28] on variousreinforced CIPP specim&rthe I-Main CIPFell within the CRRFange of 20 to 50%
However,this study determined thdlexural CRF to be at 42U4sing the last equally spacdd000
hour datg therefore,a CRF range of 20 to 40% daused when determining lonterm 50year
flexural mechanical properties for reinforced pressure CleRsile CR¥aluesranged from 51 to 53%
andwere in agreementwith the generalizedb0%CREFWhilethis is true, it is not clear iéll CIPBwill
have a 50%inceCIPP typically offers variokimds ofproductsusing different linecconfigurationso
form composite linersTensile creepesearchby Shannon29] found areinforcedwatermain CIPP
CRF rangef 11 to 27%. This range is significantly different fabimtensile results presented herein
Whiletesting of the IMain CIPP determined thatinforced CIPP can have a CRF thegjisoximately
50%, ShannofR9] stated that some CIPkherscould have CRF as low as 1IHis wide range may

be due to the different resin and fibrereinforcementsevaluated Therefore, fom a pressure pipe
design standpointall CIPP productsustbe tested to determine their CRF

In this study, the CRF values were determined using flat plate specimens, which mgrasentative

of field conditions and have curved surfaces. From a pressure pipe design standpoint, the determined
longterm mechanical properties can be reduced to account for liner imperfections and specimen
shape differences. Thu85% and 50% creaptention factorswould be appropriate for the-Main
CIPP liner. Despite the reductions to accountfiield conditions, curvature effects and possible liner
imperfections the determinedCRF values do not agree with the typical 50% value that is cuyrentl
used for design.

Watermain CIPP can show different letegm material responses when loaded as a beam in flexure
compared to when pulled apart in tensiofihel-Main CIPRlexural CRF valu89%) was found to be
significantly lower than the tensile CR&ue (50%) This anisotropic nature of the composite CIPP
liner is a critical consideration for the desigmoéssureCIPRiners Therefore, the anisotropic nature

of CIPP pressure liners is critical to the loeign creep mechanical response as theihbeiour when
loaded in flexure is significantly different from when loaded in tensiorerldesigners are advised to

design based omach liner's mechanical properties and projected behaviou
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2.5 Conclusions

This research presents a unique set of data mhiog critical shortterm and longterm design
parametersthat can be used by engineergsearchersand numerical moddéing experts topredict
or validatepressure CIPBngterm mechanical propertiedMultiple coupon specimens fabricated in
the hoop direction of areinforcedcomposite CIPP linevere testedfor approximately 10,000 hours
using a stress level corresponding to 25% ofytleéd strength of the liner, anthe longterm 50-year

flexural and tensilenoduluswas determinedThe following conclisnscan bedrawn:

1. In allspecimengested to determindongterm flexuraland tensilemechanical propertiesit
was observedrom the strain profiles that the secondary creep (i.e., steady state) stage began
beyondthe 500to 1,000 hoursof testingas allspecimens displayed a change in the creep
strain. Both flexural and tensilereep strains increasedith time from the onset of loading.
The mean 10,00Chour creep strain inthe flexural and tensilecreep testspecimens was
approximately35%larger thanthe mean initialflexuralstrainand 30% larger than the mean

initial tensilestrain, respectively

2. Comparedwith the shortterm modulusvalues the mean initial creep modulugt one
minute) was approximately 12% lowéor flexural creep testingin contrat, for tensile creep
testing, the percentage difference wasbserved to beabout 6% All specimensvere
consideredo exhibit abehaviourthat suggests that the reinforced CIPP liner displays linear
viscoelastiity within the investigated range of stredisat is 25% of the yield strength (i.e.,

approximately 48 MPa andB3MPa, respectively).

3. A omparisonof regressionapproacheaused for extrapolatinggexperimental creeplata for
flexural and tensileproperties usingthe compositeCIPP specimensas complegéd. The
GKS2NBGAOLI € Y 2 Rdzt dza Sa (A Y lowe8 Roettedziagraement CA Yy R €
(approximatelya 12%differencefor flexuralcreep testingand onlya 2%differencefor tensile
creep testing with the linear regression method using 1,000 to 10,8@ur data In
comparison witha linear regression thatonsideredall testdat&Z CA y Rf Shbwkda Y2 RS

60% difference for flexural creep testing aa@5%differencefor tensile creep testingNVhile
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regressioranalysis helpadesigner forecast lonterm CIRP propertiesit iscriticalto ensure

the 50yearflexural and tensilecreepmoduli are not oveestimated.

The trapolated flexural creep modulus using 1,000 to 10;8060r linear regression and
CAYRf SeQa f adeepminioduls & is 8% lofthe liner ASTM D790 sherm
flexural modulus can be obtained inr@inforcedliner subjected to 25% of itd@eld strength

for 50 years. Similarly, a tensile creep modulus that is approxima®8tyd the ASTM D638
short-term tensile modulus of theeinforcedliner can be obtained when subjected to 25% of

its tensile yield strength for 50 years. Thus, these findings provide the CIPP industry and
researchers with data to show théte anisotropic nature of CIPP pressure liners is critical
wheninvestigatindongterm creep mechanicadroperties Using the generally accepted 50%
CRF to estimate the S5@ear CIPP creep modulus for reinforced pressure CIPP liners are

direction dependent and do not apply to flexural and tensile testing.
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Chapter 3
b2 SAY T2 NCSKR/NIOYSHR /L tr¢tS NYA yaSSNO K[ F2/yA0F £t |
Ct S H dxNSwWdzLJi dzN G {K{ NB

3.1 Overview

For yearsthe longterm flexural strengttof CIPP linersas been estimated by applying a generalized
retention factor of 50% to the shoterm flexural strength@ complete the desigofy 2 Y TNB A Y F2 ND S
and reinforced polymeric CIPP producEbere is currently an industry controversy over the validity
of applying the typical 50% retention factfirased on flexural creep testingy) determine CIPRong-

term flexuralstrength, as there are limited studies to support the adoptetention factor. This study
provides CIPPLongterm (50-year) Hexural Srength (LTFS) and Strength Retention Factor (SRF)
valuesfor four commercially available ClpiRoducts.3,000hour plus flexural creeprupture tests
were completed on nomeinforced and reinforced CIPP specimens at room temperature using a
custombuilt loading frame with leadbaded steel boxeResults show that the lorgrm (50year)
flexuralSRHor the nonreinforced test specimeng5-65%)and SRF for the reinforced test specimens
(80-85%)do not agree withithe generalized SRF (50%) typically used for deshgrefore using the
appropriate longterm mechanical strength properties of CIPP is critical in desigwoid &eing over

conservative

3.2 Introduction

ThermosetCuredin-Place Pipe (CIPMershave been used to renaate buried pipelinesince the
1970sand can be classified as eithery 2 Y TNBSAY T2 NOSR 2NJ NBEANHF2INDOSR
reinforced CIPPconsist of a needlefelt tube that is resin impregnated. Thiube has sufficient

strength to resist material tearing or stretchidgring installation. Binforced CIPP consisif woven

fabrics with glass or carbofibres that are designed to produce a composite material (resin and
reinforcement)[27], [37]. Reinforced CIPkhersare polymer matrix composites that have received
significant attention in recent decades duettmeir abilityto providehightensile capacity to the liner

thereby extendingts applicationto large pipe diameters and pressure applicatio6$PP resins are

thermoset resins that form crodsked polymerswvhen the curing process is completEherefore
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under constant and continuoustress, thecrosslinked polymers exhibita nonlinear viscoelastic
material responseand creep due to polymer chain slippad@], [4]. To assesshe longterm
performance of polymeric products such as CIPP and thermoplastic pipes, viscoelastic creep and

creeprupture behavious mustbe fully understood

3.2.1Flexural Creep and CredRupture

Creepis a continuing deformation thiaccurs with time when a plastic or similar material is subjected

to constantstress Polymers typically demonstrate three different creep regiomich include
primary, secondary and tertiary creépeeFigure3.1). Primary creepoccursimmediately after the

initial elastic and plastic strain. Thégionis followed by a secondary creep region emdthe polymer
structure remais serviceabld & f 2 y I3 i S N is heloNIFhé mateSabyick stezl5-

[16]. At the tertiary creep regiongreeprupture occurs in the polymer structure dlse creep strain
increasegapidly and fractues [14], [17]. Thecreeprupture of a polymer is the result of combined
events, such as viscoelastic deformation, primary and secondary bond rupture, shear yielding and

crazing, chain slippage, ddiormation and growth leading to fracturgl5].

TERTIARY I--
FRACTURE

SECONDARY
—PRIMARY

i INITIAL PLASTIC STRAIN

TOTAL
STRAIN

INITIAL ELASTIC STRAIN

TIME

Figure3.1: Idealized curve showing primary, secondainyd tertiary creegd14].
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3.2.2CIPPMechanicalProperties

In North America, the NeMandatory Appendix X1 in ASTM F11§ & { (4 YR NFor t NI Od A
Rehabilitationof Existing Pipelinesnd Conduitdoy The Inversioand Curingof a ResiAlmpregnated

Tube& bas been extensiwe used to design CIPP linefhis method involves completingultiple

design checks to obtain an optimum liner thickndbat ensures the linersupports external
groundwater loadswithstands the internal pressure spanning across holes in the origirpsd piall

and sustais other pressuresincluding those imposed by soil and traffic surchgfijeDepending on

the existing pipe to be lined and the criteria listed above, the required thickness is calculated from a

series of ésign equationsThe largest thickness is then selected for the installation.

Based on the ASTM F1216 design metheghation 31 (ASTM F1216 Equation X1a2)d Equation
3.2(ASTM F1216 Equation X1r&juire a longterm (time-corrected) flexural strengtfor CIPPAIso,
Equation 3.3 (ASTM F1216 Equation X1.7) require atéwng(time-corrected) tensile strength for
CIPP.

y y

pa%)l ) oYy m™ p oY — (3.1
where:

DR = ratio of the pipe outside diameter to the pipe miom wall thickness,

k = ovality of the host pipe,

" L= Longterm Flexural Strength,

P = external pressure on the linand

N = Safety Factor.

P = — — (32)

where:
DR = ratio of the pipe outside diatee to the pipe minimum wall thickness,
D = mean inside diameter of the original pipe,

d = diameter of the hole in the original pipe,
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" L= longterm (time-corrected) flexural strength for CIPP, and
N = factor of safety.

P=— (33)

where:
P = internal pressure,
" 1.= longterm (time-corrected) tensile strength for CIPP,
DR = ratio of the pipe outside diameter to the pipe minimum wall thickness, and
N = factor of safety.

Similar to design methods iustralia[41] and Europd42], the F1216design method requirethe

use ofboth shortterm and longterm mechanical properties of the liner to determine the design
thickness for installing a liner that will have a servicedlifep to 50 years. Such mechanical properties
are key input properties for design and include tloeagterm 50year flexural strength. Flexural
strengthrefers tothe ability of aCIPPmaterial to withstand bendinglt is determined usinghort-
term testsbased onPASTM D79(B1], "Standard Test Methods for Flexural Properties of Unreinforced
and Reinforced Plastics and Electrical Insulating Matetiale bngterm flexural strength of CIPP
can be determined usingreeprupture flexural tests.Creeprupture tests measure the timo-
rupture for a specimersubjected to constant stress arabtained from a coupon specimen under

specified environmental conditions (i.e., constant temperature and humidity).

Another critical longerm mechanical property used in the design dPE is the longerm 50year
flexuralmodulus Typically, &xeep Retention Factor (CRFOf 50%is appliedto the shortrt (i SidkMral
modulusof CIPP material propertige determine the linels long-term modulususingcreep testing

The CRFapplied on CIPRs the ratio of the 58 S NJ LINSRA OGSR Y2 Rdz dza
according to ASTM D29904] and is derived based on standard creep testing conducted under
controlled temperature and humidity. There is currently anindustry controversy over the
appropriateness of usinthe typical50% CRIBn material properties to determin¢he longterm

flexural strength required bthe ASTM F1216 design meth{#B]. While some think that adopting
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this 50% CRE flawed andnay bemisleadingvhenused to estimate CIPBrig-term flexural strength
others believein being conservativeand reducing the longerm strength by half without any
engineering backinfR7], [31], [39], [40]. Estimating the longerm strength of CIPP by applying CRF
defined from creep modulus curves to the shtetm experimental flenral strength data by Lee and
Ferry[19], Matthews et al[6], and Riah[27] may be misleading. Zhao and Whiti{l] and Moser et

al. [42] have shown that for most plastic pipe liners, the modulus does not degrade with4itje
[42]. Sinceusingthe CRFappearsnot to be an accuraé estimate of strengthretention, there arises

the need to establish CIPP letegm strength using a different testing method or design approach

3.2.3CIPPs0-yearFlexural Strength

ASTM R990[14],a { G yRIF NR ¢Sad aSGiK2Ra C2NILréepHnd Creep> /[ 2 YL
Rupture Of PlastiésESO 11298} [43], dPlastics piping systems for renovation of underground non

pressure drainage and sewerage netwark®art 4: Lining with cureih-place pipe§, andISO 11298

444 at fratAO0a LIALAY3I aeadasSvya F2N NByematdhigng 27T dzy
with curedin-LJt | OS détdild 88sting procedures to characterize the ldegn strength and

stiffness of coupon specimens fabricatbldm gravity and pressur€IPP liners under dry or wet
conditions[44]. Despite the availabilityfahe experimental procedures in these standarttereare

currently limited studiescompleted todetermine CIPPlongterm 50year flexural strengthusing

creeprupture tests. Gumbeland Chrystid_.owe[38] discussed testing doni@ Europe to investigate

the longterm strength ofglassfibre reinforcedplastic(GRP#and further presented work done in the

UK todetermine the longierm flexuralstrengthvalues andstrength Retention Factor (SRé1)three

different CIPP liners usirige flexural creeprupture testin a sulphuric acid environmerithey tested

one unreinforcedandtwo reinforcedCIPPspecimers inthree-point loading and their resultsfound

the SRFvalues to be68% and60-76% for the norreinforced and reinforced CIPP specimens,
respectivelyln AustraliaShannori29] completeda tensile creeprupture test to devéop longterm

creeprupture curvesafter subjectingawatermainCIPRiner to variousstres®s Their results showed

that the shortterm strength of the liner remained closethe initial tensile strengthand theresulting

retention in tensile modulus dil not correlatewith the reduction in strength The tesing was

conductedfor up to 400 hoursand theliner was reported to have &ensile SRRvasapproximately
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70%[29].¢ 2 G KS I dzii K2 NDa ohgeminisgRmySin 50-ykal fledal trdzigit
for CIPP liners challengingo find in North AmericaThereis currently no comprehensive study that

compares the creepupture behaviair of non-reinforced CIPP to reinforced CIPP liners.

This studyestimates thdongterm 50year flexural strengtfior variouscommercially available CIPP
linersin North Americausing3,000 hous plusexperimentalcreeprupture data. Threepoint flexuml
creeprupture tests were completed on nomeinforced and reinforced CIPP specimensraim

temperature using a custofuilt loading frame with leadoaded steel boxes
3.3 Materials andTest Apparatus

3.3.1CIPP Specimereparation

CIPP liner plates for this study waranufacturedand supplied by Insituform Technologies Limited.
Two commercially available CIPPliners were provided fornon-reinforced (homogeneou} and
reinforced(composit§ CIPRiners. TheNon-reinforcedCIPRNC) lines mainlycontaina matrix made
up of epoxy while the Reinforced CIPRRC) lines incorporatetwo layers offibreglassto form an

epoxyfibreglasscompositeCIPP product

To reduce product variability and enhance test data consistettoy, CIPP specimens were
manufacturedin alaboratory under controlled conditionsand cured at 79C. The CIPP liners were
madeto produce flat rectangular plates thatere275 x 280 mm in dimensiomhe rominalspecimen
thickness of the resultig flat plateswasapproximately5.6 mm for the nonreinforced CIPBpecimens
andabout 12.8 mm for the reinforced CIPP specime8pecimendbdling was done tandicatea non
reinforced CIPP (NC) or reinforced CIPP @R&)alsoinclude the product names ofthe supplied
commercially available CIPP producthiuséNGL72E | NE&R 75& NI LINIE 9 tos R
reinforced CIPP specimepsK A RGPLUS | RGVARE NI LINI& tho/réirSoreed CIPP

specimens

CIPP specimens weweaterjet cut, and each specimen size was based on ASTM [319CFlat plate

rectangular specimens were each prepared for both -neinforced and reinforced CIPP products

using a spaito-depth ratio of 16:1. Although ASTM D790 suggests that a 32:1 or 40:Zsplmpth

ratio may be required for reinforced plastic to avoid the occurrence of shear failure within the test
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specimens, the typiddesting sparto-depth ratio of 16:1 wagxperimentally determinedo suffice.

Figure3.2 showsthe specimens prepared fdesting

(a) NGL721test specimens.

g ot
Ui 055 0el-0.G

(c)RCIPLUSest specimens. (d) RCIMAINtest specimens.

Figure3.2: Flexural test flat plate coupons for baton-reinforced CIPP (NC) aReinforced CIPP

(RCYest specimens.

3.3.2Hexural Creep RupturdestProcedure andApparatus

Tocompleteflexuralcreeprupture testing at various stress levedas CIPPRflat rectangularspecimens
were simply supported and loaded as a be&rupture. Linear potentiometerswvere acquired and
mounted oneachspecimento monitor abrupt change liner deflection andleterminethe time to
rupture for various specimengefore the test was starte@achlinear potentiometerwascalibrated,
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andarecord of the specimen deflectioover timewas takenat onesecond intervalsising a SoMat
eDAQ datacquisition systenLoadinghe CIPRpecimens invohegaddinglead shotsnto fabricated
steelbasedcylinders or boxes teeachthe required stress levekigure3.3 shows the hanging weights
manufactued to induce test stressedased onthe maximumflexural strength determired from
short-term ASTMD790tests, and Figure3.4 shows the lead shotequiredto complement the steel
based weightscontainers The cylindricakhgped hanging weiglst fabricated to testthe non-
reinforced CIPP specimengre designed tgprovide adead load of approximately 0.5 kivhile the
box-shaped hanging weigbmanufactued to testthe reinforced CIPP specimenre designed to

provide a bad o approximately2.5 kN All creeprupture tests were conducted in a temperature

controlled room, where the room temperaturgasmaintained at 2€23°C and relative humidity was

at 50-55%RH.

(a) Cylindricaishaped fanging weight fabricatec (b) Boxshaped langing weight fabricated to

to test nonreinforced CIPP specimens. test reinforced CIPP specimens.

Figure3.3: Hanging weight containedesigred and fabricatedo testboth non-reinforced and

reinforced CIPBpecimens in flexure
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Figure3.4: Lead shots obtained tadjust container weight to create various equivalent stresses on

multiple CIPRpecimens.

Test racks were constructed using channel bars aoelaim setions to ensure that both NC and RC
specimens were loaded flat at m#ghan in a simply supported positiohhe test framewere designed
per specifications in thélandbook of Steel Constructi¢d?] to withstand concurrent testoad (dead
load).

Shortterm flexural testing consisted of placimgenty-four rectangular specimens flatise on two
supports and loading the specimens at msjakn in flexure as a beam until they ruptured or reached

5% strain in their outer fibres. Meahical properties such as the flexural strength, flexural strain,
initial tangent modulus of elasticity and yield strength were determined for all CIPP specimens. ASTM
D790[31] defines flexural strength as the maximum flexus&ress sustained by the test specimen
during a bending test. The flexural strain is defined as the nominal fractional change in the length of
an element of the outer surface of the test specimen at midspan, where the maximum strain occurs.
The initial tagent modulus of elasticity is defined as the ratio, within the elastic limit, of stress to
corresponding strain calculated by drawing a tangent to the steepest initial strgghportion of the
load-deflection curve. Yield strength occurs at the fagtilden deviation from the initial linear portion

of the stressstrain plot[31].
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Flexural ceep-rupture testswere completed byapidly and smoothly applying the loaduivalent to
the stress level of interedb the CIPPspedmens. ASTMD2990 suggestsonduding creeprupture
tests ata minimum of seven stress levels selected to produgeure at approximately 1, 10, 30, 100,
300, 1000, and P00 hours Hence, he deformation measuring devisgLinear displacement
potentiometer andSoMat eDaQ)eremounted andstarted beforemounting thetest specimers. The
loads were prepared bgradually filling up the custoffabricated steel cylindrical or rectangular
weights containersvith lead shots required tgetthe desired weightDepending on thaveight size,
the loads were manually attached below the loading nosesing a material handleFhree replicates
were madefor each stress level, andst specimens werallowedto berapidly strainedwvithin 1 to 5
secondsSpecimeswere noted to have fded or ruptured if they cracked under the loading nese

fell off thetest racksupports.

3.4 Resultsand Discussions

3.4.1ShortTerm Flexural Test

3.4.1.1Nonreinforced CIPP Specimens

Twelve norreinforced CIPP test specimens were loadedvlese atmid-span in flexure, as a simple
beam, until they ruptured or reached the maximum 5% strain limit per ASTM [319CFigure3.5
and Figure3.6 provides the liner stressstrain plots. The plotsshow thatboth NGL721 and N€L 758
test specimens had similar stresgain responss, and the yield stress occurred at approximately
2.5% strain.After the specimengeacted their yield, persistentfractures occurredwithin them,
causinga continuous drop in the liner strengtitHowever, the specimensere observedto showa
good level of toughnes@videnced bydsawtooth waves in the graphg, allowing them tohavean

increased abilityo withstandthe bending stressintil rupture occurred
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Figure3.5: Stressstrain plot for six NL721 specimens (L7 to L72106).
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Figure3.6: Stressstrain plot for sk NGL758 specimens (L7%88 to L75806).

Table3.1 providesthe meanflexural test results fothe non-reinforced tested CIPP specimegsse

AppendixB for the complete datasgt The mean flexural strength valuss NGL721 and N€L758
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specimens were approximately 56 MPa (with a standard deviation of 0.13 MPa) and 50 MPa (with a

standard deviation of 2.49 MPagspectively. The mean flexural strain values forlN€1 and NC
L758 specimens were 4.56% (with a stamddeviation of 0.55%) and 3.97% (with a standard

deviation of 0.46%Yespectively.

Table3.1: Nonreinforced CIPP shotérm properties.

Unit NGL721 NGL758

Flexural Properties
St Dev St. Dev

Width mm 19.9 (0.01) 19.8 (0.02)
Thicknesgdepth) mm 5.6 (0.13) 5.6 (0.03)
Fan mm 90 - 90 -
Spanto-depth ratio - 16:1 - 16:1 -
Flexural Stress (Yield) MPa 384 (3.20) 36.2 (2.81)
Flexural Strain (Yield) % 1.0 (0.12) 0.9 (0.08)
Flexural StrengtfUItimate) MPa 55.9 (0.13) 50.5 (2.49)
Flexural Strain (Ultimate) % 4.56 (0.55) 3.97 (0.46)
Initial Tangent Modulus of Elasticity MPa 3,747 (88) 4,016 (84)

3.4.1.2Reinforced CIPP Specimens

While most NQest specimens wer®bservedto reach failure bafre the 5% strain limitno failure

occurred in alRCtest specimens except fapecimenMAIN-04. Figure3.7 shows the back and side

view of the RC specimens after the ASTM D790 thwaet flexural testsand Figure3.8 and Figue

3.9 provides plots for the RC specim&rll specimer were consideredfree from any shear impact

asdeflection markson the side and bottomvere mainlystraight.
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Figure3.7: RC specimens after the ASTM D790 thpemnt flexural tests.

Twelve specimens were loaded flatse at midspan in flexure, as a simple beam, until they ruptured

or reachedthe maximum 5% strain limit per ASTM D790Q]. Figure3.8 and Figue 3.9 shows that

both RCIPLUS and R®IAINtest specimengxhibitedsimilar stressstrain responss and the yield

point wasnot easily identifiedFigue 3.9 shows that the liner flexural stress gradually increased up

to approximately 50 MPa at a strain rate of 3.8%, where the reicfog fibres were energized. This
phenomenon resulted in a load increase during the testing and can be interpreted as the sudden shifts
in the stressstrain behaviour of the CIPP specimexs.audiblecracls were noted during testingnd

the plotswere ob®rved to increase steadily until they reached the maximABTM D798trainlimit

of 5%. Specimens were observed to reach theaximumflexuralstrength betweenl90to 200 MPa

with one case ofupture. Thusamaximumstress levestarting at 90%f the determined ASTMD790

flexuralstrength was consideretb investigate the CIP&eeprupture mechanicabehaviaur.
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Figure3.8: Stressstrain plot for six RIPLUSest specimens (IPLUA to IPLUS6).
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Figue 3.9: Stressstrain plot for six ROMAINtest specimens (IMAIN1 to IMAINOG).

Table3.2 provides a summary of the flexural test results for the reinforced te§tHP specimetisee
AppendixB for the complete datasgt The mean flexural strength values for the-IRCUS and RC

IMAIN test specimens were approximat@§1MPa (with a standard deviation of 7.73 MPa) 219
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MPa (with a standard deviation of 3.88 MPagspectively. The mean flexural strain values for NC

L721 and N€L758 specimens were approximately 5%.

Table3.2: Reinforced CIPP shedrm properties.

Unit RCIPLUS RCIMAIN

Flexural Properties

St Dev St Dev
Width mm 301 (0.02) 30.0 (0.02)
Thicknesgdepth) mm 12.7 (0.18) 12.8 (0.21)
Span mm 205 - 205 -
Spanto-depth ratio - 16:1 - 16:1 -
Flexural Stress (Yield) MPa 69.8 (4.07) 835 (6.20)
Flexural Strain (Yield) % 1.18 (0.35) 1.54 (0.15)
Flexural Strength (at 5% strain) MPa 201 (7.73) 219 (3.88)
Initial Tangent Modulus of Elasticil MPa 5,489 (273) 5,477 (115)

3.4.2 Test Stress Selection

Per the ASTM D2990 test procedusegreeprupture test is similar to a creep testHowever the
creeprupture testis continued until thespecimenfails [14]. Todetermine the longterm 50-year
flexural strengthof the CIPP specimeniigher stresses were considered at the initial testing stage to
induce a higher specimameep rate to make the material fail in a shorter tinBased orbservations
from the short-term flexural tesstressstrain plots §eeFigure3.5to Figue 3.9), stresdevels between

the yield point and thASTM D79@exural strengthwere consideredA minimum of three repetitions

of each stress level were completethus,90% of the ASTM D790 flexural strength was selected as

the first stress level and subsequently ueagd by 2.%r 5% depending on the CIPP response

3.4.3NC Longlerm Flexural Strength Testing

Based on the stresstrain response for each specimeest stress levels were selectedth atesting
start pointusing90%of the ASTMD790 flexural strengtand sibsequentlyreduced by5% o0r2.5% to
extrapolate to 50 yeardrigure3.10 shows the test apparatus and the loadadn-reinforced CIPP
specimens during testing.
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Figure3.10: Test apparatus for a nereinforced CIPP (NC) specimen tested aitbad up to 0.5 kN.

The experiment was planned such that multiple failures occurred before 1 hour, between 1 and 100
hours, 100 and,,000 hours, and then greater tha&8)000 hous up to an approximate 10,0&gour
period. Figure3.11 shows the specimen rupture distributioobservedfor about 3,000 hours of
testing. A total ofifteen andtwenty-eight CIPP specimens were failtd the NGL721 and N€.758

test specimens, respectivelWithin anhour of testing fourteen creeprupture failure pointswere

noted forthe NCL721test specimens anthree for the NGL758test specimensBetweenl and 100
hoursof testing sixcreeprupture failurepoints were recorded forthe NGL721test specimens and

eight for the NGL758test specimensBetween 100 and 1,000ours of testingthree creeprupture

failure points arenoted forthe NGL721test specimens anébur for the NGL758test specimens

Eventhough the N@.721 and N€ 758test specimens showed similar shagrm flexural strengths
(56 and 50 MPa), they showed significantly different rupture strendgtt@sL758 tested specimens

were observed to have feweupture failures with time compared tthe NCGL721 tested specimens.
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Figure3.11: Rupture stres$ime plots for NCL721 and N€L 758 test specimens.

3.4.3.1LinearRegressionAnalysis

Data analysis was completed usiagogarithmic treatment on the testlata. The kast squares
calculation was completed such that thepture stress was on the independent variableais) and
log time was the dependent variable-gxis).Equation3.4 wasusedto develop strength regression

linesto predictthe longterm 50-yearflexuralstrength of the tested CIPBpecimens
FLod(t) + b (34)
where:
rlipture stress MPa,
t = time torupture, hr,
a and b are regression constants

Figure3.12 andFigure3.13 show strength regression plots illustrating the cregypture behaviour of
two nonreinforced CIPP specimesishjected tathe creeprupture test at different stress levelafter

developng the CIPP strength regression line, CIPR/&dr longterm flexural srength (LTRg) was
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estimated to be 32 MPa and 34 MPa for the-IN@1 and NL758test specimensrespectively. Since

testing is still ongoing, this regression line will be validated with additional testing in the future.
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Figure3.12: Regression line and extrapolation to determinag-term flexuralstrength for non-

reinforced NEL721CIPRspecimens
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Figure3.13: Regression line and extrapolation to deténe longterm flexural strength for non
reinforced NEL758 CIPP specimens

3.4.3.2LongTerm FlexuraBrength RetentionFactor (SRF)

The 50year SRF for each CIPP specimen was estimated using the ratio lohgiterm flexural
strengthto the shortterm ASTM D90 strengthusing Equatior8.5, and the results were compared
to the 50%valuecommonly used ithe trenchlessndustry.
RF =— (3.5)

where:

" L.=Longterm (50-year) flexural strength and

= Shortterm ASTM D79@exuralstrength
Table 3.3provides the mean shoiterm flexural strength 50-year flexural strength, anthe SRF for
both NGL721 and N€L 758 testspecimensThe table shows that, for the neneinforced CIPP liners,
the flexural SRF was approximat&9% and68% for theNGL721 and NL758test specimens,
respectively. Research completed by Gumbel and Chrlstiee [38] on CIPP lonterm flexural
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properties found the SRF farnon-reinforced CIPP lindo be 8%. Tls SRalue agres with the

specimen N@758 results but is lower higher than the specimenlN@1 results

In this study, the strength retention factors were determined using flat plate specithebsre not

representative of field conditionsavingcurved surfaces. From a presspipe design standpoint, the

determined longterm mechanical properties can be reduced to account for liner imperfections and

shape differences. Thu§5% and 65% strength retention factos®uld be appropriate for theNG

L721 and N€758test specimens. Dpite the reductions to account fdield conditions, curvature

effects and possible liner imperfectionthe determined SRF valuase higher tharthe typical 50%

value that is currently used for desigdence the need to conduea CIPRcreeprupture testastest

values cariffer from the previously used 50% lofigrm value based on creep testing.

Table3.3: Short-term, longterm flexural strength and SRF € test specimens.

Specimen ID| MaximumD790Flexual | CIPR.ongterm Flexural | CIPP 5§ear
Strength (MPa) Strength (MPa) SRHK%)
NCGL721 56 32 55
NCGL758 50 34 65

3.4.4RC Longerm Flexural Strength Testing

Similar tothe methodology used for noneinforcedCIPRspecimens, reinforced specimens (RC) were

loaded to induce stressf up to 90% ofhe maximumflexural strengthat 5% strainThreerectangular

flat CIPP specimengere setup forthe RCIPLUEIPRand twospecimens fothe RCIMAINCIPRiner.

Figure3.14 shows the test apparatus and the loaded CIPP specimens during teBivogstall mats

were stacked below the hanging weightsaitow the weightsto drop safelyshould specimen failure

OcCcur.
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Figure3.14: Test apparatus for a reinforced CIPP (RC) specimen testedigidinl up to 2.5 kN.

Unlikethe NC specimens that ruptured within the fitsbur ofloading there was no rupture failure
inthe RCIPLUS and R®AINtest specimenat andbeyondone hour.Sine CIPP is typically designed
using flexural shorterm mechanical properties obtained at a maximum of 5% strain, rupture failure
wasdefined by the time itook the CIPP material to reach 5% str#i]. For both reinforcedtest
specimensaudible cracke/ere heardafter arapidincrease in strain was experiencatthe onset of
loading After that, steady strain occurs up to approximately 100 ho@isicethe RC specimerdid

not crack and rupturgthe trends of the strain ineasewith time were thenobservedto determine

when the5% strain limit was reached.

The RC specimens were notedhavea highercreeprupture envelopethan the NC specimensas
they sustainedl81 MPa and197 MPa @0%of maximum flexural strength at 5%irain) for a much

extendedperiodwith minimaldeflection.

3.4.4.1RC Specimens Rupture Prediction

After 3000 hoursof testing rupture prediction wasmade using linear regressioon the stain data
(from deflectionmeasurementysandlog of time Figure3.15 shows extrapolation plots anfdrecass

for the reinforced CIPP specimdnaded at90%maximum flexural strength at 5% stra#t 50 years,

the strainvalues at the ASTM D790 maximum flexural strerigtlihe RCIPLGSand RAMAINwere
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estimated to bebetween 2.2 to 2.3% and 35 to 3.394 respectively These percentages are
significantly lower thathe ASTMD7905%strainlimit.
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Since naupture failure occurred forRCIPLUS and R®IAINtest specimens loaded at 90% tiife
maximumflexural strength, a higher stress level wagestigated using new set of specimeng.he
CIPPspecimenswere lcaded to inducel97 MPa and212 MPastress which is about 9%6 ofthe
maximumflexural strengthto ensure CIPP rupture occurre@wing to thedifficulty in fabricating
additionalexperimental loading weighkt no replicates wereonsideredor the 97% stress level creep
rupture tests Therefore, only ne CIPP specimen wa®t up for RGIPLUSand RGIMAIN test
specimensAfter an hour of testingno rupture failureoccurredin either RCIPLUSr RCIMAINtest
specimensSain data (fromdefledion measurementswas used to prediathena specimenupture
would occurafter another 1,000 hours of testindrigure 3.16 provides prediction data for the
reinforced CIPP specimelmmaded to % of themaximumad K 2 NI m i S N T At S(Eydaks) f
the strain values at the ASTM D790 maximum flexural strefaytthe RGAPLUS and RMAIN were
estimated to be atpproximately2.45% and 3B% respectivelyTable3.4 details allextrapolation and
predictionresultsfor the reinforced CIPP specimens loaded at 80 97%stresslevels.The RC test
specimens &re observednot to fail or rupture at 97% of the ASTM D790 maximum flexural strength
at 5% strain.

Table3.4: Extrapolation and prediction result® estimate failure timdor RC test specimens

Specimen | Stress level (% | Stress level| Approximate Approximate
ID maximum (MPa) strain at 10,000 | strain at 50
flexural strength) hours (%) years (%)
RCIPLUS 90 181 1.9 2.2
2 2.25
2.02 2.3
97 195 2.2 2.45
RCIMAIN 90 197 2.9 3.25
3.1 3.5
97 212 36 3.8
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3.4.4.2LinearRegressionAnalysis

Similar tothe data analysis completefdr NC specimengquation 3.1 was used to develop strength
regression lineso predict the longterm 50year flexural strength of the R€st specimensFigure
3.17 and Figure3.18 showsthe rupture stress ofthe CIPP specimens subjected to creepture test
at different stress levels tproduceother rupture data points The observedliongterm mechanical
responsamay be due to the presence filbreglassn the RC specimens, which took more proportional

stress than the resin.

From the developmenof the CIPP strength regression line, CIP{yez0 longterm flexural strength
(LTFS) was estimated to be 177 MPa and 188 MPa for the FROS and R®IAIN specimens,

respectively.
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Figure3.17: Regressio line and extrapolation to determine lortgrm flexural strength for

reinforcedRCIPLUEIPP specimens
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Figure3.18: Regression line and extrapolation to determine lagagn flexural strength for

reinforced RCIMAINCIPP specimens

3.4.4.3LongTerm Flexural StrengtRetentionFactor (SRF)

The 50year SRF for each CIPP specimen was estimated using the ratio of thertorigexural
strength to the shorterm ASTM D790 strengtlusing Equation 3.2)

Table3.5 provides the mean shoiterm flexural strength and 5@ear flexural strength, as well ake
SRF for both RIPLUS and RI®IAIN test specimenslhe table shows that, for the reinforced CIPP
liners, the flexural SRwas approximately &% and 8% for the RAPLUS and RB®IAIN test
specimens, respectivelfResearchcompletedby Gumbel and Chrystieowe[38] on CIPP lorterm
flexural propertiesfound the SRF for twaeinforced CIPP linet® be 8% and 76% Shannon[29]
determined the tensile SRF to be 70Ptesevaluesdo not agree withthe longterm flexural strength

test results presented herein.

In this study, thestrength retention factors were determined ugj flat plate specimens, which are
not representative of field conditions and have curved surfaces. From a pressure pipe design

standpoint, the determined lonterm mechanical properties can be reduced to account for liner
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imperfections and shape differeas. Thus,85% and 80% strength retention factovgould be
appropriate for the RIPLUS and RMAIN test specimens. Despite the reductions to account for
field conditions, curvature effects and possible liner imperfectitine determined SRF values do not
agree with the typical 50% value that is currently used for dedigis meanshat after 50 years of
service there can beaboutan 80to 85%decrease in structural performance compared to the initial
state of the CIPP linelt was inferred thathe glas reinforcementn the RC specimens introduced
high shortterm strengthto the liner. These results highlight the value of theeeprupture test as a

differentiator of previouslyused50%longterm value based on creep testing.

Table3.5: Shortterm, longterm flexural strength and SRF for RC test specimens.

Specimen ID Maximum D790 CIPP Lonterm CIPP 5§ear
Flexural Strength (MPg Flexural Strength (MPg  SRF (%)
RCIPLUS 201 177 85
RCIMAIN 219 188 80

3.4.5CIPPDesignConsideration

Plotted creeprupture stresses versus tirfe-rupture data can be used directly fGiPRIesign Figure
3.19 shows thewide range and unpredictabilityf the SRF for fouCIPP linextested under flexural
creeprupture. It can be observed from thénes that the creeprupture failure envelopewould
decrease atlifferent rates depending on eadblPPspecimen After extrapolatinghe strength ofall
non-reinforced CIPRliners, the regressionline shows thatthe 50-year flexural strength retention
would fall within approximately55% to 6%a In comparisonreinforced CIPHlexural strength

retention would rangefrom 80% to85%
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Figure3.19: Srengthregressiorine for four CIPP linextested under flexural creepupture test to

determine longterm 50-year strength

As may be seeithe RGIPLUS and RELUSpecimendiave SRF values significantly gredien the
NCL721 and N€C758 specimen®ased on this data, safe stress can be determined below which it is
safe to operate, given the time requirements of the amk application.

In North America, ASTM F1216 Ndandatory Appendix X1 is used to design Cjrivity and
pressure liners. This digs method covers gravity pipelines using Equations X1.1 to X1.4 and includes
additional design checks for pressure pipelines using Equations X1.6 or X1.ASThE-1216
Equatiors X1.2 andX1.6 require a longerm (time-corrected) flexural strength for P Considering

the CIPP specimetiisvestigated in this studyminimum SRF value$55% and 80%in each casean

be cmomparedwith traditional CIPRiesign (SRF = 50&6jng Equatio.1 and Equation 2 (seeSection
3.2.2.

An example calculatio(see Appedix O shows thatcompared tothe minimum thickness obtained
using a 50% SRF, thenimum thickness value computed when a 55% B8&Hd beapproximately

5% lower When the 80% SRF wadaulaed, the minimum thickness obtaineglould beabout 20%

lower than the minimum thickness valuebtained using the traditionab0% SRFUsing the
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appropriatelongterm mechanical strength properties of CIPP is critical in desigmoid being over
conservativetherebyusing larger thickness valsiehich canpotentially causeliner constructability

issuedn the field.

3.5 Conclusions

This study evaluates th@eeprupture response atf 2 y 3 B@ySalexural strength of both non

reinforced and reinforced CIPB8pecimensusing creeprupture testing. Multiple CIPPcoupon

specimens were testetb determinethe rupture CIPP strength regression line using data points 3,000

hours.Based orihe test results presented herein, the following conclusions can be drawn:

1. Shortterm flexuraltesting found that for the non-reinforced CIPRest specimengdNGL721

and NCGL758, some fractures developed inside the CIPP matedalising a persistent

crackingS @A RSY OSR o0& & al éstress@rainigfaphsuhtir$pture ockuyfedili K S

However no liner fracturewasobservedn the reinforced CIPRest specimens (RIPLUS and

RCIMAIN) and thestressstrain plots were observed to increase steadily until they reached

the maximum flexuralstrain limit of 5% (per ASTM D79®esults show thathe overall
materialcomposition(resin type and pesence/absence of reinforcing fibres) CIPP caplay
a major role in definingts mechanicabehaviour Forthe longterm creeprupture tests, the
presence of reinforcements in the RC test specimens alss observedo introduce high
tensile capacityd the linerthereby preventing apevent ofrupture at the early stages (< 1

hour) that was observedh the NC test specimens.

2. Overthe 3,000 hoursplustest period the RGIPLUS and R®AINtest specimenglisplayed
no rupture failure after the initialacking on the onset of loadingprty-three rupture failures
wereobservedn the NGL721, and NGL758tested specimens3rength regression linewere

developed for the noswreinforced CIPRest specimens(NGL721 and N€758)based on

creeprupture usingstress levels from approximately 90% to 60% of the ASTM D790 maximum

flexural strength which foundCIPP 5§ear longterm flexural strength (LTEspof 32-34 MPa
TheLTF& for the reinforced test specimens (RRLUS and RE®IAIN) was estimated to be

177-188MPausing linear regression
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3. Specimens RPLUS and R®IAIN showed no rupture failurthroughout the test period
considered in this experimentalvastigation Thisspecimen responseas attributed to the
high tensile capacity intragted to the line by the reinforcements in the RC test specimens
CIPRstrainextrapolationline showedthat at the 97 and0% stress levels, tlegeep strairfor
the reinforcedtest specimensvould be below the5% strain limit (per ASTM D798)so, he
strength regressin line developed for the reinforced CIPP specimens using the data from
testing estimatedRC test specimens to be at approximat@§ to 85% ofthe shortterm
flexural strength.This research emphasizeditical pressure pipe design consideratidns
reduce CIPBslongterm mechanical propertie® accountfor liner imperfections angossible

over-estimatons inflat platetesting.

4. Srengthregressiorines were provided tshow the distinctive and unpredictab{@PP long
term strength retention trendo design CIPP liners f&0 years Thetested non-reinforced
CIPP liners exhibited the lowest shtgtm and longterm flexural strengths Theyshowed
the lowest retention factors §5 and 65%) which are slightly lower than the available
literature (SRF 0f68%) on other nonreinforced specimensin comparison, longerm
strengths reinforced CIPP specimeaduced somewhatvith time. Their strengthretention
factorswere ashighas80%and 85% for theeinforced CIPP lineend were observed to be
higher thanavailableliterature (SRF of &76%) onother reinforced specimen#\ll SRF values
were higher than the generalized CIPP 50% retention factor. When analyzed using the
applicable ASTM F1216 equations that require H@rq flexural strengthjt was observed
that using the traditional 50% SRF vahi# produce a moreonservative design output with

a difference of about 20%.
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Chapter 4
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4.1 Overview

In North Americapressurédesting is not typicallperformed on fulscale pressure cureith-place pipe
(CIPP) liners to determine éfr pressure performancelinstead CIPP liners are designed usthg
ASTM F1216 NeMandatory Appendix Xthethodusingflexural and tensile properties froffat plate
specimens Thermoplastic and fibreeinforced pipe renovation products have weHBtablished
methods that involve the determination of the pipmaterial Ressure Rating (PR)using the
HydrostaticDesignBasis (HDB) methodh thisstudy, CIPP shotterm hydrostaic burstpressure was
determined for a 150-mm I-Main composite pressure CIPP lirend the PRwas estimated A
customized burst facilityvas constructedand commissionedat the University of Waterloowhich
used a hydraulic cylindeand agearboxactuatorpressurizing systerim place of regular pumpgest
results found that the CIPP liner specimetmaving no knownphysical defect demonstrated
significant variability in their burst pressureBhe presence dhvisibleliner imperfectiors, such as
microsopic air voids in the linedecreased the burst pressure by approximately 5Uberefore the
hydrostatic testing approacban be adopted as Borth America standardized testingrogram to
designandclassif all watermainCIPP products in line with othpressure pipe products used in the

trenchless industry

4.2 Introduction

In North America, water distribution and transmission mains transport potable water from treatment
plants to residents and businesses. Many of these pipelines are old, close to tloé thed service
lives and are not easily accessible as they are mostly buried under metropolitan disthioedin-
Place Pipe (CIPHpers consist of a tubular fabric impregnated with polyester or vinyl ester
thermosetting resin$4]. The thermosetting resimpregnated fabric is cureavithin the pipe using
anenergy source (hot water, steam, or UV light) to form a tigihétructurally stable liner within the

deterioratedhost pipe.
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Over the last 50 years, CIPP lindygtems have been used to rehabilitate gravity pipes (wastewater,
stormwater, and culvertsps well aslow-pressure (140 to 280 kPa) forcemains and siphGmavity

CIPP liners are designed to resist hydrostatic, dead, and live I8austican Society ofesting
Materials (ASTM) and the International Standards Organization (ISO) have developed 4industry
accepted standards foconstructing gravity CIPP linerdn North America, the NoMandatory
Appendix X1 in ASTM F12]18, a fandard Practicefor Rehabilitationof Existing Pipelineand
Conduitshy the Inversiorand Curingof a Resinimpregnated TubE & usedio design circular gravity
CIPP linersThis method involves completing multiple design checks to obtain an optimwen lin
thickness required to support external groundwater loads. Also, the method ensures the liner
withstands the internal pressure in spanning holes in the original pipe wall and sustains operating
pressures and external loads imposed by soil and traffichewge. Depending on the existing pipe to

be lined, the required thickness is calculated from a series of design equati@nmost significant
thickness is then selected for the CIPP installat@ravity CIPP liners can be designed ras+
structural orstructural lines using theASTM F12168lon-MandatdOry Appendix X1 design equations
from EquationsX1.1 to X1.41].

4.2.1CIPFPressure Pip®esign

Over the lastwo decades, CIPP linerhave been offered to renovate higtressure fpelines (i.e.,
potable watermains)Matthews etal. [7] provide details aboutvariousCIPPproducts/technologies
currently inthe pressure pipe renovation marke#vhile some CIPP liner producomprises two
concentric, tubula plain woven seamless polyester jacketthersinvolve usng a fibreglass layer
between two nonwoven felt layeror simplyforminga fibrereinforced polypropylene sockithin a
deteriorated pipe[7]. Watermain pressuretiers, in North America, are typically constructed using
epoxy or vinyl ester resiimpregnated reinforced tubes to form a composite thermoset dible[2],
[6]. Unlikegravity CIPP linersyatermainliners are subjected to internal working pressurasging
from 415 to 830 kP§]. They are also subjected to vacuum loads that@atapse the lineshould
they not have sufficient ring stiffres.In addition to working presgses and vacuum loads that exist
with the water distribution systemCIPP liners can be subjectedstarge pressures, which can be

recurring and occasional surgeessureq?2], [3], [45]. Marshall and Brogdej#6] have shown that
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surge pressure occurrences can increase or decrease the system pressure by 2 to 3 times the working
pressure in a fraction ad second[46]. Thissurge pressure occurrenég a critical consideration for

the design ofwatermain linersGravity CIPP can also be reinforced to withstand higher hydrostatic
and external pressure loading levge-diameter applications

Watermain CIPRiners are typically designetb focus on reinforcements in the hoop direction to
prevent the liner from tearing apartigure4.l illustrates the difference between the response of
gravity CIPP fra pressure CIPRypicallygravity CIPP liners are designed to withstand bending and
buckling failure in the liner due to all external load$éowever,watermain pressure CIPP further

considers the tensile force, F, a liner can provide to withstand intestness induced by the internal

pressure, P.
Live Load l‘ Live Load
r _ — h_—
Earth Pressure Earth Pressure
Ground Water Pressure Ground Water Pressure

All external loads All external loads
! !

Host Pipe I Host Pipe F+—— %4’F
5 | N |
BS | 2 |
. | % ‘

-0 b L=

o P=0i b ;
i) jre i

CIPP Liner ‘ Cipp liner  Foi=—=*F

Figured.1: Difference between reinforced gravity CIPP (with zero internal pressure, P) and pressure

CIPP liners (with internal pressure, P equal to the teffmitee, F).

In North America, engineeend designerfave adopted the ASTM F12@nMandatory Appendix

X1 method to designwatermain CIPPpressure liners. This design method covers sewage gravity
pipelines(Equations X1.1, X1.213, and X1.4) and inaes additional design checks (Equations X1.5,
X1.6, and X1.7) for sewage forcemain applicatiomsich are typically lower than watermain
pressures (550 to 1,035 kPd}, [3], [4]. Onlythe ASTM F121Equation X1.3 was revised in 2007,

with minor changes to the ovality parameter mainly to design a liner to support soil, hydraulic, and
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live loadg4]. It isalsoworth noting thatASTM F1216 d#grs are completed using a Safety Factor of

2 with no consideration for pressure surges that often result from pumps and valves turning on and
off in water distribution systemsThe ASTM F1216 design method was not intended for the design of
watermains, ad none of the revisions made since 1989 have addressed the limitations of the design

approach to account for higpressure systems(ch agvatermains).

4.2.2 PlasticPipe Design
Pipe renovation productsuch asdigh-DensityPolyethylene(HDCPE) andPolyvinylChloride (PVC) pise

are designedo withstandall internal pressure loadsy determining the materigfressureRating (PR)
usingestablished stress valuealledthe HydrostaticDesignBasis HDB. Based oiASTM D283 7],
oStendard Test Method for Obtaining Hydrostatic Design Basis for Thermoplastic Pipe Materials or
Pressure Design Basis for Thermoplastic Pipe Pradéiets pipe material(PR is defined asi (i K S
estimated maximum water pressure the pipe is capable of with@gndontinuously with a high
RSANBS 2F OSNIFAyGe GKI G [4FThet paeeBongem HidkoSaticLJA LIS
Srength (LTHS) is establisheohd categorizedo determine the HDBThe HDB refers to the
categoized LTHS in the hoop direction for a given set of-esel conditions established by ASTM
D2837 The LTHSis ¢the estimated tensile stress in the wall of the pipe in the circumferential
orientation that when applied continuouslwill causethe pipe failue at the intercept of the stress
regression line with the 100,00®ur coordinaté [47]. Figure4.2 showsthe stress regression line's
typical development for thermoplastics atide LTHS The figure also showhe lowest value of the

LTHS based on a statistical analysis of the regressionkatetern as thé_.ower Confidence Limit (LCL)

line. HDPE and PVC HDB regression lines are typically developed from aHldy0@ipe burst test

using 25mm extruded homogeneous and isotropic (same mechanical properties in the pipe hoop and

longitudinal directions) unrestrained pipe specimens.
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Figure4.2: Typicalregression line and extrapolation usiAgTM D283[45].

Research conducted by Bordd45] to investigate the Hydrostatic Design Srength (HDS) of
thermoplastic compounds found that the stress regression methodologies used for estapliitis
are instrumental to the design of pipeline systefd$§]. Table 4.1provides PVC and HDPE HDS and
HDB valueallowingengineers ad researcherso definethe retention factor between the longerm

and the shorterm desiq strengthvalue.The table shows that the HDB values are approximately 1.6
to 2 greater than the HDS and that HDS will be many times lower than thetehmrburst strength

(an approximatdactor of 4).
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Table4.1: PVC antiDPE material HBand HDB values in MPa at°€348].

Pipe Material| Pipe Material | Maximum HDS| HDB (MPa)
Designation (MPa)
Code
PVC PVC 1120 13.8 27.6
PVC 2116 11.0 21.7
CPVC 4120 13.8 27.6
HDPE PE 3408 55 11.0
PE 3608 5.5 11.0
PE 3708 5.5 11.0
PE 3710 6.9 11.0
PE 4608 55 11.0
PE 4708 55 11.0
PE 4710 6.9 11.0

4.2.3GRP Pressure Design

Pipe renovation productsuch as gladibre reinforced polymer (6P) pressure pipgare alsowidely
usedin thewater industry. These composite pipes are often designed with layefibias at different
locations in the pipe wall crossection and have morébres inthe pipe hoop direction to resist
internal hoop tensile stresses. For composite pipebjch typicdly have different mechanical
properties in the hoop and longitudinal pipe directiomt)Bregression linesiave beendeveloped
using ASTM D29929], éStandard Practice for Obtaining Hydrostatic or Pressure Design Basis for
G 6 5 NHf | a-BikerReinibfcdéd aTBermosettingesin) Pipe and Fittingsising specimers with
reinforcement layers that are larger than 25 mm. Sung anfb0ip Faria and Guedg¢S1], andRafiee
et al. [52] haveprovided somenformation on theburst testing of inplant manufactured GRP pipe
specimens Sung and Jifb0] measuredburst pressureand time after applying sustained internal
pressure for 10,000 hourandpredicted the longierm behaviourof 400mm GRP pipes that were5L
m long. The testing found that the correlation coefficient betweeahe test results andhe linear
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equation was about 0,8and the data was acceptable for line@gressionThe egression eqation
developed by Sung and J&0] indicated that the 5Qyear burst pressure is approximatehree times
lower than theone-minute burst pressure. Faria and Gued&4] presentdvalid longterm pressure
test results for three GRP pipes. Alpllant manufactured pipe test specimens we&@0 mm nominal
diameter and 1.3neterslong. The reported regressions indicatthat the 50year burst pressurevas
1.2to 2.4 timeslower than theone-minute shortterm burst pressurg¢51]. Chenet al.[53] discussed
the longterm hydrostatic strength of Kevldibre-reinforced flexible pipsthat were also inplant
manufacturel. Test specimeng/iere 150 mm internal diameter and 1.1 tong Using the mean
reported regression, the 5Qear burst pressure was 2.3 times lower than tme-minute shortterm

burst pressurd53].

4.2.4 Standardizing Pressuripe Design

Similar toGRRpipes CIPP pressure liners are composite pipéh different mechanical properties in
the hoop and longitudinal pipe directions. CIPP liners are manufacamédnstalledn the field not

in a manufacturing plantvith tightly controlled manufacturing processes and conditions. Another
additional complexity for CIPP lingsgshe presence oinherent features such as folds, wrinklead
continuities that can form during the liner installati¢2], [4]. Currentlythere are no standards for
testing or classifying CIPP pressure liners in North Amesicg pipe burst testing approaefsuch

as the HDB methodologkience, there is no available information regarding the rafiG€IPP 5§ear

burst pressure to the oneninute shortterm burst pressure.

International Organization for Standardization (ISO) and American Water Works Association (AWWA)
have createdpressure CIPP liners such as ISO 1:8494] (Plastics piping systems for renovation of
underground drainage and sewerage networks under pressuRart 4: Lining with cureth-place

pipeg and AWWA C62[R35] (Plastics piping systems for renovation of undergrourainaige and
sewerage networks under pressarePart 4: Lining with cureth-place pipey respectivelyCurrently,

both organizations are working on standardized design methodsdtgrmain renovationAnAWWA
Committeereport [37], Structural Classifications of Pressure Pipe Linings; SuggestetdPriar
Product Classificatigrdiscussd the shortcomings of using ASTM FBMlonMandatory Appendix

X1 for the design of pressure liners as a fully structural stdode (AWWAChssIV) CIPP product,
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and the need for CIPP liners to undergo hydrostatic burst tests to follow the ineastgpted HDB
design approacfB7]. In general, a CIPP liner will be in contact with the inside of the existing peessur
pipe. As internal pressure is applied, the liner will expand under pressure until either its resistance to
expansion equals the internal pressweits contact with the existing pipe stops the expansion. In
most caseghe latter occurs firstand muchof the internal pressure is transferred to the existing pipe.

When the existing pipe remains structurally sound, the liner will feel only part of the internal pressure
[4].

A few publicationgresent the results fronthe independent pressure testingf CIPP liners to failure
Allouche et al[54] presented results from internal pressure burst tests completed on a CIPP liner in
an iron pipe with a fire hydrant te®eforetesting, the 100 mm hydrarfeed pipe was removed. The
CIPP liner spanned the hydrant opening, which was approximately 200 mm long and 150 mm wide.
The CIPP liner was tested in a custmrade pressure celllhe internal pressure was increased to 3.8
MPa in0.35 MPaincrements andwas held for at least five minutes. Testing was stopped due to
cracking noises, end seal leakaged the potential for catastrophic failuf®4]. The CIPRner was
not testedindependent of the host pipe&knight and BontuR2] discussed shosterm burst testngfor
two commercially available CIPP linpexr ASTM D159%65], éStandard Test Method for Resistance
to ShortTime Hydraulic Pressure of Plastic Pipe, Tubing,ittimays® €heynoted a possibilitpf CIPP
linersexhibitingdifferent tensile capaciesto withstandinternal pressureloads The 1.2meter-long
test specimens were cast inside a 150 mm PVC pipe, which was removethafieer wascured.
Eleven burstests were performed foone of the two CIPRiner producs (LinerA), with a mean burst
pressure of 5.45 and standard deviation di.6 Mpa. Five burst tests were performed ftre second
CIPP linefLinerB), exhibitinga significantesting variabilityandlow meanburst pressure o2.92with
a standard deviation 00.7 MPa [2], [55]. Liner B is known to havevisible wrinkles and folds.
Almansour etl.[56] provided ATM D1599 failure burst data for anotleemmercially availabl€IPP
liner. All test specimens were formed inside 150 mm PVC @pdsemoved after curing. They
evaluated CIPP specimens to investigate the effect of fatds compared them with two control
specimens (with no foldsJest esults indicatd that inherent liner features such as foldsutd reduce
CIPRurstpressure byl5%as the mean burst pressure wa$2with a standard deviation di.1 MPa
with folds ands.94 with a standard deviation @¥.01 MPa without fold456]. Alamet al.[5] presental
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burst pressure result$or other commercially available CIPP glasimforced thermosettingesin
specimess. They evaluated CIPP specimens testigate the effect ofCIPP liner configuratioMNine
1.2-meter-long 300 mm diameter CIP§pecimenswith three different configurations were tested
following the ASTM D159%ocedure. Thi test resultsshowed thata CIPRiner havingvariations in
the configuration of the glass reinforcementsan significantly reduce CIPP burst presswyep to
45%[5]. As such, there is an urgedemand foran approacho develop a unified design method for

the various pressure CleBmmercidly available products

This study presents two aspects of experimbasedresearchto advancethe development ofa
standardizedlesign method for watermain CIPP linefse first involvesonstructing and developing
a unigue testing facilityo evaluatethe material behaviour of @ommercially availablinsituform |
Main CIPHiner. The second aspecbnsists ofthe test equipment validation an€IPPshortterm
burst testing which can be usetb develop the first known CIPP HibEjressionine in subseqgent

research
4.3 Watermain CIPP LineBurstFacility

4.3.1Burst FacilityDesignFramework

Bursttesting laboratoresspecificallyfor CIPRinertestingare not commonin the water utility industry
as they are challenging set up Hence the need foa customied burst facilityto be designed and
constructed atthe University of WaterlooThe test facility wabuilt to determine the following: 1)
CIPBRshort-term hydrostatic burst pressur@) CIPP pressure rating usilogngterm HDB testing and

3) CIPResponsedo pressure cycles and fatigue life.
To achieve the above design requirements, the following equipment design objectives were set

1) Ability to test fultscale CIPP liners specimens with an Outer Diameterdfip)to 250 mm

and longitudinal specimemihgth at least five times the pipe OD.
2) Maximum burst pressure capacity of 14 MPa.
3) Controllable uniform pressure loading ramp rate with no pressure surges.

4) Modular components for maintenance and upgrading.
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5) Condition and burst multiple CIPP liner speaisié a controlled temperature water bath at
23°C.

6) Data acquisition system that monitors and collects pressure sensor data at a minimum of 100

samples/sec.

7) A omputer-controlled pressure monitoring system that can maintain multiple test specimen
pressues to within 5% of the target set pressure for at least 10,000 hours (approximately 14

months)andspecimerfailure.

8) Ability to apply controlled pressure cycles to CIPP Bpecimers for up to 10 million cycles

or liner failure.

4.3.2BurstTesting Equipmen

The burst esting equipmeni{shown in Figure4.3) wasset upsothat awater pressurization system
wasconnected to a higipressure manifoldThe manifoldconnects tomultiple CIPP test specimen
laid horizontaly in a controlledtemperature waterath. Solenoid valves between each test specimen
and themanifold allowed each test specimen to be pressurized or disconnected from the manifold
internal pressurevhenrequired Pressure in each test specimen and thenifid were monitored

and recorded using eustombuilt LabVIEWata acquisition system. Should a test specimen pressure
decrease below the target value, the manifold presswas set to the target pressure and the
solenoid valvewvas opened. Once the tesspecimenreachedthe target value the solenoidwas
closed. This desigmvolved developinga computercontrolled automated system to continually

monitor and maintain each test specimen at the target vastiap to 10,000 hourof testing.

The water prasurization system consedd of an electriedriven motoractuator system thatvas
connected toa hydraulic watetfilled cylinder connected to the manifold. Tpeessurizatiorsystem

was designed tapply a continuous linearly increasing internal pressyréoul4 MPa. Water pressure
was generated by moving the piston cylinder with the actuator forward. Pressure cycles can be
generated by moving the piston baglrd and forward at a controlled frequencizigure4.4 shows

the electrially driven actuator that consistof a screwcontrolled actuator, gearboxand electric

motor. The gearbox is connected between the actuator #redelectric motor Amotor controller
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device was set upo control the motor speed at a cotat variable pressure rate or to create a
continuous pressure cycle.The stainlessteel hydraulic watefilled cylinder was custom
manufactured and héhan 82.5 mm bore and 50.8 mm rod siaad 200 mm strokerigure4.5 shows

the hydraulic actuator connected to the electric motwwntrolled actuator.

Data Acquisition

System
High Pressure Solenoid
Temperature-controlled Manifold . valve
Water Bath 356 /

| l:anlrl

v Pressurizing
System

~={looomoooo] s —

Figure4.3: The University of Waterloo CIPP liner burst testing laboratory schematic.
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(a) Gearbox connected betwedhe actuator and electric motor.

R { =

(b) Screw actuator that moves piston cylinder forward or backward for pres:

generation.

Figure4.4: Electriedrivenpressurizatiorsystem setup consistof a gearboxconnected betweeran

actuatbor and electric motor and screw actuator that movethe piston cylinder.
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drive actuator

o

Hydraulic actuator that
creates water pressure

Figure4.5: Waterfilled hydraulic pressurization cylinder.

The manifold(see Figure 4.3) allowed several specimens to be simultaneously pressar and
monitored. To prevent pressure depletion of the system whenever any specimed, f@ileck valves
were installed to ensure onavay flow. Internal pressuravas measued via pressure sensors
calibratedto +0.01 MPa. The hydraulic cylinder, manifold, valves, and fittwege rated to withstand
13.8 MPa or higher and tested for pressure leaks to 13.8 MRa.custombuilt LabVIEWdata
acquisition system was programmaacontrol actuator movements, open and close solenoid valves,

andmonitor andstore pressure sensor data at 100 samples per second.

To maintain the tesspecimers at a constant temperaturgwo 19-mm thick polypropyleneplastic
tanks 2.4 m long and 1.5 mide and 0.9 m deepvere manufactured to holé maximumof 8 test
specimensThe inside of the tanksvasinsulated to protect the plastic walls from damagghould a
test specimen faitatastrophically To condition thespecimes before testingand ensure onstant

temperature, the tankvasfilled with water andmaintained at:2°C.
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4.4 Test Equipment Validation

4.4.1 PVCTheoreticalBurst Pressure

The new test facility wasommissioned and validateay completing shorterm burst tests orsome
DR18 PVC pipewith well-established burst pressure. PVC 1120 (or-BY@ipe is listed iPPI TR
[48]to have a 2¥Chydrostaticdesignbasis (HDB) antiydrostaticdesignstress (HDS) of 27.6 and 13.8
MPa respectively.

The PVC pippressure ratindPR) can be determined usinggbation4.1.
PR=—— 4.1)
where:

DR = ratio of the pipe outside diameter to the pipe minimum wall thickness, and
HDS=hydrostatic design strestaken asl3.8 MPdor this scenario.

Therefore,the pressue rating for the DRL8 PVC pip&vas determined to bel.62 MPaFollowing
available datdor PVC irPPITR4 [48] and detailsprovided by Boro$45] (see Table4.1 and Figure
4.2), PVQourst stress(55.2 MPa)vas detemined by multiplying the pipe material PRL.62 MPa) by
a factor of 4 PVC burst pressuoan then becomputedusing Equation 4.2, which.isl NX Pmn@aa

2Xap
P= RN (4.2)

where:
" n=Pipehoop stress
DR = ratio of the pipe outside diameter to the pipe minimum wall thickness, and
N = factor of safety, taken as 1 in this studylfarst scenario
Thus,the estimated PVC burst pressure is 6.13 MPa

Theburst pressure fom DR18 PVC pipean also becalcuhted using aother theoretical equation.

Moser[57] presents Equation3x g KA OK A& | Y2RAFTASR . I NI2gQa
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in the midsection of the pipeto determine the pipe lurst pressure based on the pigaultimate

tensile strength (y).

2X 0o,

pP=—
{(DR—1)xXN

4.3

where:
DR = ratio of the pipe outside diameter to the pipe minimum wall thickness, and
N = factor of safety, taken as 1 in this studylfarst scenario

Equation4.3 was usedwith the typical ultimate tensile strength of 54 MPlar PVC andthe burst
pressure othe DR18 PVC pipwasestimatedto be approximateh6.35 MPa.

4.4.2 PVCEXxperimental Burst Pressure

Six factorymanufactured PVC DER3 pipes 150 mndiameter were cut taa length of approximately

1.5 m and shipped to Waterloo. Wategtit mechanical joint cast iron end caps were installed on the
pipe to allow pressurization of the test specimens. Since testing of large diaswateresult in high

end cap forcebeingdeveloped during pressurizatipthree highyield threaded bars werastalled

to secure the ends should a failure occlihe end caps were held together using the threaded rods
such that when the bolts were tightened, the rubber gaskets sandwiched in between the endcaps
prevented the transfer of extra stress to the tesp@i The PVC specimens were filled with water by
standing the pips vertically and then attaching a hose to the valve at the back end to ensure no
trapped air. Before pressurizing, PVC specimens were conditioned by completely immersing them in

a water bathmaintained at an approximate temperature of 23°C for at least a minimum of one hour.

The pressurizing systeincreasedinternal pipepressure at a constant rate to burst the specimens
within 60 to 70 seconds. While testing the first PVC pipe specimemsitnated that internal water
pressure would level ofpr plateau)at about 5.8 to 6.2 MPa with no pipe failure.€lplateauingwas
due to PVC pipe expansion during water pressurizationta@dhability of the hydraulic cylindeto
havea sufficientvolume of waterto burst the PVQipe specimers without recharging Despite this
water volume limitation, the design of the test apparatus akolthe test specimels internal water

pressure to banaintainedwhile the hydraulic cylindewvasrefilled with water.After the cylinderwas
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refilled, a second pressure cyaleasapplied to the test specimen to get the test specimen to burst.
Thisprocess wasepeated multiple times at an increased pressurization rate to burst the speainen
a pressure ranging from.2to 6.63MPa PVurst pressurevasthen compared to typical PVC DR
18 burst valuesFigure4.6 shows two of thesixtested PV®ipe specimensand Table 4.2Qresents

the number of pressure cycles tarst and plateau pressurdor the PV(burst test. Table 4.2also
compares the experimental PVC burst pressure obtained through muftipksure cycles to thevVC
pipe's expected burst pressure. The PVC burst pressure range (5.86 to 6.63 BiRexiimentally
determined to agree with the 6.13 MPa and 6.35 MPa burst pressure values determined using
Equation 4.2 and Equation 4.@&spectively. Thus, the experimental data obtained for PVC burst
pressures using multiple cycles (ranging from 5.86 to 6.63 MPa) is in goeehagrt with PVC
theoretical burst pressure (ranging from 6.13 to 6.35 MPa). fHsing validates the University of
Waterloo CIPP liner burst testing facilignd the CIPRest facility limitations were noted

Bolt and Washer

Threaded
§ rods to
restrain
specimens

Figure4.6: PVC burst testing conducted to validate the new CIPP test facility.
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Table4.2 Test results of Six PVC shatm burst tess.

ID No. of Maximum | Min Mean Burst Burst | Equation | Equation
Pressure | Plateau Plateau | Plateau | pressure| Time | 4.2 4.3
Cyclesto | Pressure | Pressure | Pressure| (MPa) (min) | (MPa) (MPa)
Burst (MPa) (MPa) (MPa)

P1 |4 6.55 6.21 6.38 6.21 3.9 6.13 6.35

P2 |4 6.63 5.86 6.25 6.63 42 |6.13 6.35

P3 |5 6.61 6.38 6.50 5.86 41 |6.13 6.35

P4 |6 6.33 5.86 6.10 6.33 39 |6.13 6.35

P5 |8 6.67 6.61 6.64 6.55 42 |6.13 6.35

P6 |6 6.81 6.58 6.70 6.62 41 |6.13 6.35

4.5 Test Equipment Commissioning

4.5.1CIPRBurst Testing

For this research, CIPP installation was completed under controlled temperature andlitgumi
conditions to reduce possible product variability. Using fiaktalled CIPP linespecimers was
avoided to ensure consistency and reproducibility of the test result is possible. THeB, liner
specimens were fabricated, installed, and suppliethisituform Technologies Limitefihe composite
CIPP product is a redesigned version of the InsituMaind is called theMain CIPP. Reinforcements
were made to inducdightensile capacity to the CIPP product depending upon sliding overlaps of the
fibreglass layer. The reinforcing tube incorporates short fibreglass strands in a layered form, which
provides a construction improvement for improved liner wetting out and good expandability, thereby
ensuring a closét liner can be formed within the host pipDuring the mantacturing process of the
CIPP liner,he reinforcing tubewas installedinto an 18 mlong PVC pipe withithe plant with a
fibreglasspipe connector located every 1.5eters. Tie choice of PVC as the host pipas because

CIPP linerbavelittle to no bond with PVQGllowingthe linerto be easily separated after curing.

A summary othe installationprocesdor the CIPP lines as follows:
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1. The einforced fabric was webut with epoxyresin and iserted into PVQpipes placednto
pipeslying on the shop flooof the Insituform laboratory via the inversion methodThis
manufacturing processs unlike the typical CIPP installation process, where lther

installationis completed in the fielavithin a buriedpipe.

2. Inversion was done lrgy hydrostatic pressure to expand the CIPP bag to fit the inner surface

of the host pipe and cured using steam

3. The cured CIPP produdtee of any longitudinal wrinkles or folds, was cut mechanically into

specimens witta desired length of 1.5 m

4. Watettight Mechanical Joint (MJ) cast iron end caps were used with threeyiedththreaded
bars to secure the ends and create watertight end séiiseaded rods were used to ensure

the end caps i not blow off.

4 5.2 TestProcedure

Twelve 150-mm diameter CIPPspecimenswere prepared for shortime burst tests.All CIPP
specimens were filled with tap water through the manifold, the ball valve, and thenayeflow valve.
Ball valves were attached tbé rear end of the test specimetwsallowthe removalof any enrapped

air after standing up the pipe vertically to fill up with wat€nce all air was removed, the ball valve
located at the specimen end was clos&hde testspecimensvere connecedto the manifold and the
location ofthe ball valves, oneway flow teck valve, and pressure transducefseeFigure4.7). The
specimens were then conditioned in a-frfin thick constarntemperature polypropylene plastic tank
at 23°C for at least one hour. The testing procedure adigpted from ASTND1599[55]. Figure4.8

shows the end caps and restraints prepared by Insituform to facilitate adequate end enclosure.
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Figured.7: Highpressure hosesonnected to the pressurization manifold.

Figure4.8: CIPP specimens after prepping with the MJ end capsighdyield threaded bars
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