Evaluation of Innovative
Rehabilitation Technologies
Utilising Polymer Composites
for Aging Sewer Systems

Parastou Kharazmi

Doctoral Thesis
KTH Royal Institute of Technology
Stockholm, Sweden, 2019

KTH Royal Institute of Technology
School of Architecture and the Built Environment
Department of Civil and Architectural Engineering
Division of Sustainable Buildings
Copyright for illustrations with named sources belongs to those authors/creators.
Illustrations and photos without specified source and the rest of the material in this
thesis © 2019 Parastou Kharazmi. All rights reserved.
Printed in Sweden by Universitietsservice AB
TRITA-ABE-DLT-1929
ISBN 978-91-7873-271-5
Doctoral thesis, with the permission of KTH in Stockholm, will be defended at a
dissertation on Wednesday September 25th 2019 at 01:00 PM in Kollegiesalen

located at KTH Campus, Brinellvägen 8, Stockholm.

Evaluation of Innovative Rehabilitation Technologies
Utilising Polymer Composites for Aging Sewer
Systems

Doctoral Thesis 2019
KTH Royal Institute of Technology
School of Architecture and the Built Environment
Department of Civil and Architectural Engineering
Division of Sustainable Buildings
SE-100 44 Stockholm, Sweden, 2019

Preface
________________________________

Preface
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by the Swedish Research Council Formas and under the appreciated supervision of
Professor Folke Björk and Dr Tord af Klintberg.

As the old saying goes, “Necessity is the mother of invention”; in the same way, due
to the immense need for repair created by aging and deteriorating sewer
infrastructures, a range of innovative rehabilitation technologies have been emerging
in the field, both within Sweden and worldwide. However, although these technologies
may fulfil their intended purpose (in prolonging the service life of the pipelines), the
fact that a number of associated questions remain unanswered is hindering further
progress in the field.

This research work aimed to gather information and contribute to a better
understanding through the technical assessment of a field in which no previous official
technical assessment was conducted on. Above all, the present results are intended
to be used as a base for further research, since the techniques studied have been
primarily developed based on market need and innovative ideas rather than on
systematic scientific inquiry.

Another point of difference, characterizing this work is that a proportion of the
information that would have been useful for research was inaccessible due to
confidentiality or unavailable; this included details of the formulation or technical
specification of the materials, comprehensive technical histories of rehabilitation
works, and so on. Moreover, the tremendous difficulty associated with removing
previously installed samples from operation for technical assessment purposes added
to the limitations, as it was not possible to access an appropriately wide range of
samples, materials and consequently technical data for comprehensive evaluation
(such as a longevity study of the materials and technologies in operational conditions).
Therefore, it was necessary to conduct the present research using all available
resources, with the goal of gathering as much useful technical information as possible.
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Drawing on my background and experience working as both a quality control officer
and research consultant, I would conclude, based on the results of this PhD research,
that a focus on quality control is equally as vital to continued progress in the field as
a focus on more technical aspects. Therefore, the quality of the rehabilitation works
being performed should also be assessed and considered alongside the study of the
materials and technologies’ performance and/or environmental impacts.
Despite the mentioned limitations, the results of this work are expected to be useful
and beneficial, as they constitute a valuable base for future research works, as well
as providing an improved understanding of the issues involved for the benefit of facility
owners and others interested in the field. After all: “Creativity requires input, and that's
what research is. We’re gathering material with which to build.” –G.L. Yang

Stockholm, September 2019
Parastou Kharazmi

ii

Summary
________________________________

Summary
Water and wastewater sewer system maintenance is among the costliest aspects of
infrastructure investment. The replacement of deteriorated lines is a difficult and
expensive process that causes community disturbance and is generally not
conducted fast enough to meet demand. To keep up with the rate of deterioration, the
use of alternative rehabilitation technologies using polymer linings has increased
significantly in recent years, both within Sweden and worldwide. Compared to the
traditional pipe replacement method, these technologies are cost-effective, create
less community disturbance, and offer a quick return to the service for the line. The
main function of polymeric lining is to stabilise the condition of the pipeline, eliminate
deterioration, and thereby extend the pipeline’s service life. Although rehabilitation
technologies employing polymeric systems have been in use for over 30 years, there
have been few technical assessments of either these technologies or the materials
involved. Data gathered through the evaluation of these innovative technologies can
make their benefits and limitations more widely understood, and can also be used to
increase the effectiveness of the rehabilitation process in future.
The main objective of this work was to contribute to an improved understanding of the
most commonly used materials and methods employed in rehabilitation of wastewater
and other applicable sewer lines in residential buildings in Sweden. The primary
objective was not to prove that the emerging rehabilitation technologies work, but
rather to increase knowledge of their weaknesses and strengths, identify any issues,
and provide a technical assessment to support realistic expectations of pipeline
rehabilitation. Gathering technical information in this way will help with the planning of
future investigations; moreover, collecting extensive data will help to increase the
effectiveness of the renewal works, aid progress in the field, and improve predictions
regarding longevity and service life.
As pipeline rehabilitation is still considered novel, and owing to the general lack of
available data on the subject, a multi-approach study was carried out: this included
evaluation of the polymeric materials’ performance in the presence of deteriorative
factors, assessing the in-service state of the materials and lined sewers previously
installed, monitoring the level of quality control implemented during previous
rehabilitation works, and evaluating the environmental impacts of using pipe-lining
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technologies compared to pipe replacement. The techniques discussed included
rehabilitation with epoxy and polyester resin-based lining materials, applied with
brush-on and spray-on techniques, and cured-in-place pipe lining (installed by
sending a resin-impregnated flexible tube inside the host pipe).
Degradation of the resin-based lining materials was investigated via artificial aging
involving immersion in water at elevated temperatures. The changes in materials that
occurred during accelerated laboratory aging were tracked by means of various tests,
including thermal and mechanical analyses, water absorption measurements and
microscopy. The analysis focused on reinforced polyester-based and toughened
epoxy-based lining materials in order to gain a better understanding of their
performance as pipe lining. Moreover, the previously installed lined pipes and lining
materials were also studied during laboratory examinations to evaluate the in-service
performance of the materials and techniques under operating conditions over time,
as well as to identify common defects. The state of the materials and the lined pipe
were studied by means of different investigative methods, including visual inspection,
microscopy, Fourier transform infrared spectroscopy, thickness measurement,
thermal and mechanical analyses. This PhD work also includes an investigation to
determine the level of quality control carried during some previous rehabilitation
works. Data on the quality evaluation of previous rehabilitation works were gathered
during visits to the work sites, as well as by analysing lined pipes that had already
been installed. Finally, a comparative life-cycle assessment was undertaken to
compare the environmental impacts of pipe replacement with those of alternative
innovative rehabilitations, such as CIPP and coatings with polyester and epoxy
polymeric systems. Data obtained from an LCA tool were used to facilitate comparison
from an environmental perspective.
Results from artificial aging in the lab indicated that the properties of polymeric lining
materials changed significantly when high temperatures were combined with water
exposure. However, the aging testing conducted for this study also found that the
materials performed relatively well at temperatures close to the average temperatures
inside sewerage systems. The results revealed that the polyester-based lining
material was less sensitive when compared with epoxy-based lining materials during
stimulated aging. Moreover, results from the in-service field demonstration (involving
examination of 12 samples with up to 10 years of service, including reinforced
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polyester and modified epoxy linings or cured-in-place pipe (CIPP) lining) showed
minimal evidence that the materials underwent significant deterioration after
installation; instead, a majority of the common defects were found to be related to
poor-quality installation practices. Because very few field samples were available to
study, conclusions regarding overall performance could not be drawn. However, there
is no evidence that these materials will not perform as expected during their service
life when properly installed.
Evaluating quality control of previous rehabilitation work revealed a gap between
theory and practice where the level of quality control and documentation was
concerned; furthermore, it also emerged that quality control and documentation is
crucial to both the prevention of common issues and the overall effectiveness of the
rehabilitation. Accordingly, a series of recommendations regarding the development
of comprehensive quality control and quality assurance procedures (QC/QA) are
provided in this work. These recommendations highlight the aspects that are most
important to consider at each of several key stages (before installation, during
installation, and after rehabilitation work is completed).
Results from comparative life-cycle assessment (LCA) showed that alternative
technologies, including cured-in-place (flexible sleeve) and coating techniques, have
some advantages over pipe replacement from an environmental perspective.
However, the choice to use one rehabilitation technology over another is a multi-stage
decision-making process that should not be based solely on a single factor.
This PhD work promotes an improved understanding of the limitations and benefits of
polymeric lining through the testing performed and analyses conducted. This work
highlights the need for improved quality control, and further suggests that developing
a detailed and comprehensive quality control plan for each technology would provide
higher and more consistent quality overall. The study also demonstrates that the longterm strength of any rehabilitation work depends on various factors, and that selecting
one method over another must be a process based on extensive knowledge and
understanding of each rehabilitation technology. No evidence was found to indicate
that the materials could not perform well under working conditions if selected and
installed appropriately. However, a larger number of field samples with longer inservice time and a more detailed technical history, along with a more extended
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experimental plan for laboratory investigations based on the results of this PhD work,
will allow for the gathering of the data required to answer questions regarding life
expectancy with a higher degree of certainty.
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Sammanfattning
System för vatten och avlopp tillhör de delar av infrastrukturen som kräver de största
investeringarna. Dessutom håller utbytet av dem inte jämna steg med förfallet. Därför
har användningen av alternativa teknologier för underhåll som använder beläggningar
på insidan av någon typ av plast ökat avsevärt de senaste åren, både i Sverige och
över hela världen. Jämfört med den traditionella metoden för rörbyte är dessa tekniker
kostnadseffektiva, skapar mindre störningar i samhället och erbjuder en snabb
återgång till normal användning av rörsystemet. Plastbeläggningen förlänger
rörledningens livslängd genom att bevara röret och hejda dess nedbrytning. Även om
rehabiliteringsteknologier som använder polymerbeläggningar har använts i över 30
år har det inte gjorts särskilt många tekniska bedömningar varken av dessa tekniker
eller av de material som används. Data som samlas in vid utvärdering av dessa
innovativa tekniker kan sprida förståelse kring deras fördelar och begränsningar och
kan också användas för att göra renoveringsarbeten mer effektiva i framtiden.
Huvudsyftet med detta arbete var att bidra till en förbättrad förståelse kring de metoder
och material som används mest vid renovering av avloppsrör i bostadshus i Sverige.
Det primära målet var inte att undersöka om teknologierna fungerar, utan att öka
kunskapen om deras svagheter och styrkor, identifiera eventuella problem och ge en
teknisk utvärdering för att stödja realistiska förväntningar på renovering av
rörledningar. Insamling av teknisk information på detta sätt kommer att hjälpa till med
planeringen av framtida studier; En omfattande insamling av data kommer att bidra
till att öka effektiviteten i renoveringsarbeten, skapa utveckling inom området och
förbättra möjligheterna att förutsägelsäga livslängden.
Eftersom renovering av rörledningar fortfarande betraktas som något nytt, och
eftersom det råder en allmän brist på tillgängliga data om ämnet, genomfördes en
studie med flera synvinklar: denna inkluderade utvärdering av polymermaterialets
prestanda i närvaro av nedbrytande faktorer, bedömning av funktionen för tidigare
installerad relining i avloppsrör, bedömning av kvalitetskontrollen från tidigare
reliningarbeten

och

utvärdering

av

miljökonsekvenserna

av

att

använda

reliningteknologier jämfört med rörbyte. Diskussionen gäller rörrenovering där epoxioch polyesterbaserade fodermaterial, appliceras med borste eller spruttekniker och
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för ett härdat rörfoder (installerat genom att dra in ett polymerimpregnerat flexibelt rör
inuti värdröret).
Nedbrytning av de polymerbaserade beläggningarna hos rören undersöktes via
konstgjort åldrande genom nedsänkning i vatten vid förhöjda temperaturer.
Förändringarna i material som då inträffade spårades genom olika tester, inklusive
termiska och mekaniska analyser, vattenabsorptionsmätningar och mikroskopi.
Studien fokuserade på armerade polyesterbaserade och modifierade (seggjorda)
epoxibaserade material för att få en bättre förståelse för deras prestanda. Dessutom
gjordes laboratorieundersökningar på rör som tidigare blivit relinade för att utvärdera
materialets och teknikens prestanda under drift och prestanda över tid, samt för att
identifiera vanliga defekter. Flera undersökningsmetoder användes, inklusive visuell
inspektion, mikroskopi, Fourier transform infraröd spektroskopi, tjockleksmätning,
termiska och mekaniska analyser. Detta doktorsarbete innehåller också en
undersökning om vilken kvalitetskontroll som genomförts under vid tidigare arbeten
för rörrenovering. Data samlades in under besök på arbetsplatserna, samt genom att
analysera rör som hade varit installerade. Slutligen genomfördes en jämförande LCAbedömning för att jämföra miljökonsekvenserna av rörbyte med de för alternativa
innovativa metoder för rörrenovering, såsom CIPP och beläggningar med polyesteroch epoxypolymersystem. Data erhållna från en LCA-databas användes för göra
jämförelsen.
Resultat från konstgjort åldrande i laboratoriet indikerade att egenskaperna hos
polymera reliningmaterial ändrades avsevärt när höga temperaturer kombinerades
med exponering för vatten. Åldringsprovningen som utfördes för denna studie visade
emellertid också att materialen presterade relativt bra vid temperaturer som är typiska
i ett avloppssystem. Resultaten visade att det polyesterbaserade materialet var
mindre känsligt jämfört med epoxibaserade under stimulerat åldrande. Dessutom
visade resultat från undersökningen av prover som varit i praktisk drift i byggnader
(omfattande undersökning av 12 prover med upp till 10 års tjänst, av armerad
polyester och modifierad epoxi eller strumpa) mycket små tecken på att materialen
genomgick betydande försämring efter installationen; istället befanns en majoritet av
de vanliga defekterna vara relaterade till installation av dålig kvalitet. Eftersom väldigt
få fältprover fanns tillgängliga så kunde inga slutsatser dras avseende total prestanda.
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Det finns dock inga bevis för att dessa material inte kommer att fungera som förväntat
under deras livslängd när de installeras på ett korrekt sätt.
När tidigare rörrenovering utvärderades avslöjades en skillnad mellan teori och
praktik när det gäller kvalitetskontroll och dokumentation. Det framkom också att
kvalitetskontroll och dokumentation är avgörande för både att förbygga fel som ofta
uppkommer och att göra arbetet effektivt. Därför ges en serie rekommendationer kring
utveckling av en god kvalitetskontroll och för procedurer för kvalitetssäkring (QC/QA)
e. Dessa rekommendationer belyser de viktigaste aspekterna att ta hänsyn till vid flera
viktiga faser av reliningarbetet (innan installationen, under installationen och efter att
rörrenoveringen är slutförd).
Den jämförande LCA-bedömningen visade att rörrenovering med strumpmetoden och
beläggningsmetoderna har vissa fördelar jämfört med rörbyte ur ett miljöperspektiv.
Att välja en renoveringsteknologi framför en annan är emellertid en beslutsprocess i
flera steg som inte bör baseras enbart på en enda faktor.
Detta doktorsarbete främjar en förbättrad förståelse av begränsningarna och
fördelarna med relining av avloppsrör genom tester och analyser. Arbetet visar att det
finns behov av förbättrad kvalitetskontroll och föreslår vidare utveckling av en plan för
kvalitetskontroll för varje teknik eftersom det kommer att ge högre och jämnare kvalitet
totalt sett.
Studien visar också att den långsiktiga styrkan i varje metod för rörrenovering beror
på flera olika faktorer, och att val av en metod framför en annan måste baseras på
omfattande kunskap och förståelse för varje metod. Studierna gav inga belägg för att
materialen inte kunde fungera bra under normala förhållanden om de blivit valda och
installerade på ett korrekt sätt.
Emellertid skulle studier av ett större antal fältprover med längre driftstid och en mer
detaljerad teknisk historik, tillsammans med en mer utökad experimentell plan för
laboratorieundersökningar

baserat

på resultaten

av detta

doktorandarbete,

möjliggöra insamling av de uppgifter som krävs för att svara på frågor om livslängden
med en högre grad av säkerhet.
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Summary of the appended papers
Paper I presents an investigation of the quality of previously conducted sewer
rehabilitation works, along with an in-depth study of the quality problems and analysis
of the installation issues. The data was gathered during visits to sites and analysing
of the previously renewed sewer samples in the lab. Study was conducted on samples
that were mainly removed from wastewater lines in residential buildings located in
different parts of Sweden. The investigation revealed the existence of a variety of
common defects, most of which could have been prevented through higher-quality
installation. Accordingly, this paper includes a number of recommendations, to be
considered in the contexts of detailed quality control and quality assurance
procedures, aimed at increasing awareness of the need for stringent quality control,
particularly among the utility owners who request the rehabilitation works. It was
concluded that an increased level of quality-focused monitoring could help to ensure
that relined pipes reach their expected service life; moreover, the existence of
comprehensive documentation could assist in providing a level of information
sufficient to facilitate progress in the field. Accordingly, a number of suggestions to be
applied in the context of comprehensive quality control/quality assurance practices
were provided.
Paper II includes a comparative life-cycle assessment of different renovation
methods, including pipe replacement, flexible sleeve (a similar technique to the curedin-place pipe (CIPP) technique), and the application of coatings based on rubberepoxy and reinforced polyester polymeric systems. The methodology of the study was
carried out in accordance with ISO 14044. The study was conducted based on the
assumption that both new pipeline and pipeline renovated by relining have a similar
service life (50 years). The results of environmental impact assessments showed that
rehabilitation methods using flexible sleeves (CIPP-lining) and coatings have
advantages over the pipe replacement method. Across the 18 studied impact
categories, pipe replacement had a higher impact in 14 categories compared to CIPPlining; CIPP-lining had higher impacts in four categories, mainly because of the
consumables required during the renovation project. Moreover, comparisons between
CIPP and coating methods showed lower environmental impacts for coating methods
compared to CIPP.

xiii

Summary of the appended papers
________________________________

In Paper III, the state of previously installed in-service lined pipes was studied,
primarily to assess the performance of the lining material and related technologies
under operational conditions after installation. The state of degradation of the material
and the deterioration of the previously installed liner is a matter of importance in the
field; thus, studying relined pipe that has experienced operational conditions was
expected to help in identifying common and anticipated failures, as well as in
evaluating the performance of the lining material under working conditions. Twelve
lined pipe samples with up to ten years of in-service time were removed from sites
around Sweden and studied in the laboratory. The investigation was carried out by
means of tests including dynamic mechanical analysis (DMA), differential scanning
calorimetry (DSC), tensile testing and bending and Fourier infrared spectroscopy
(FTIR). Sample lined pipes were also studied via microscopy and visual inspection
and were further evaluated in terms of thickness measurements. Results of the
mechanical analysis showed a decrease in the strength of the material after being
exposed to operational conditions for the majority of samples, which was expected,
although no significant change in extension ability was identified. Thickness
measurements found high variation in the thickness of the lining; lining thickness for
the spray-on technique was found to be more consistent compared to the brushing
method for the samples studied in this paper. Thermal analysis did not indicate a
significant change in the composition of the materials exposed to operational
conditions, while microscopy studies revealed a number of common defects, which
were found to be related to operational problems rather than deterioration of the
materials.
In Paper IV, accelerated water and air aging studies were conducted in the lab to
assess the weaknesses and strengths of lining materials based on a modified epoxy
polymeric system. As deteriorative reactions are common in polymers exposed to
degrading factors, monitoring changes in the material during artificial aging can
provide a better understanding of the material’s performance under operating
conditions. Changes in the material were monitored by conducting different tests at
the end of certain time periods. Thermal analysis techniques such as differential
scanning calorimetry (DSC), dynamic mechanical analysis (DMA), mechanical testing
and water absorption measurements were applied to facilitate the study of changes
to the material in the presence of water and elevated temperatures. Results showed
that the material was more sensitive when high temperature was combined with water

xiv

Summary of the appended papers
________________________________

exposure. Moreover, extended aging, a large amount of water uptake, and a
significant decrease in the mechanical properties under wet conditions are all signs
of the significant effect of aging factors on the material’s properties, suggesting that
the material would be more suitable for use in cases where constant exposure to heat
and water is not expected.
In Paper V, the performance of lining material based on a reinforced polyester
polymeric system was studied in the laboratory under artificial aging conditions; this
was done to provide a better understanding of the material’s performance under
operating conditions, where it is regularly exposed to degrading factors such as high
temperatures and water flow. Aging of the material was implemented in the lab by
monitoring changes in the material as it was exposed to different temperatures (20°C,
40°C, 60°C and 80°C), both when immersed in water and under dry conditions.
Changes in the material’s properties during aging were monitored by means of
different tests, including thermal analyses (such as differential scanning calorimetry
(DSC) and dynamic mechanical analysis (DMA)), mechanical analyses, water
absorption tests and microscopy. From these analyses, it was observed that the
material exhibited more substantial changes in its properties when high temperature
was combined with water exposure. Although the material’s properties were
considerably affected when immersed in water at high temperatures, the material did
not show major changes due to deterioration at lower temperatures (closer to the real
working temperature inside sewer systems) and over shorter time periods.
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1- Introduction
1.1.

Background

The global needs associated with aging water and wastewater infrastructures are
immense. Water damage, which mainly occurs due to deteriorated pipes and sewers,
costs 6 billion Kronor every year in Sweden (vattenskadecentrum, 2017). The problem
of deterioration is global; it has been estimated that more than US$1 trillion will be
required to maintain water and wastewater utilities in the US over the next 20 years
(USEPA, 2012), with US$68 billion required annually to upgrade water and
wastewater infrastructure (Bluefield, 2018). In Europe, it is estimated that a total
investment of US$526 billion will be required for water and wastewater infrastructure
between 2016-2025, and that more than 60% of these investments will need to be
directed towards the improvement and maintenance of wastewater infrastructure
(Bluefield, 2016). The traditional renewal of aged pipe, i.e. by replacement, is very
costly and cannot be carried out fast enough to address the need for renewal.
Accordingly, to keep up with the rate of deterioration, different rehabilitation
technologies have seen increasing use over the past 30-40 years (Allouche et al.,
2014).
Generally speaking, ‘rehabilitation’ in this context can mean the repair, renewal or
replacement of the piping system in such a way that it can be restored to a good
condition; in this thesis, however, the term is mainly used to refer to the innovative
methods and alternative techniques for pipe replacement. One of these alternative
techniques, which is increasingly being applied today, involves the installation of a
new polymer pipe inside the old pipe, removing the need to take the old pipe out.
These techniques, which include both the application of coatings or the installation of
resin-impregnated liners, are known as pipe lining or relining techniques in Sweden.
Rehabilitation via pipe lining can be up to ten times less expensive than pipe
replacement, and installation companies normally offer a 5-10 year guarantee for their
work; however, the life expectancy of the lining material is known in the field to be 50
years (Kharazmi, 2013).
According to the Vattenskadecentrum (Swedish Centre for Water Damage Statistics),
the biggest problems that arise due to water damage in housing occur in the kitchen
and bathroom (Vattenskadecentrum, 2017). Pipeline replacement is typically the most
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commonly implemented solution when a bathroom or kitchen needs to be renovated.
However, in cases where the only issue is deterioration within the pipeline, and in
which the pipe’s outer layer and the other components in the bathroom and kitchen
are in good condition, pipe lining is likely to be the better and more economical
solution (Lewald, 2010).
1.2.

Aim and scope

Despite a worldwide increase in the use of rehabilitation methods as an alternative to
pipe replacement, there have been very few studies conducted on the subject
(USEPA, 2012). In Sweden, pipe rehabilitation began more than 30 years ago;
however, there have been few quantitative evaluations conducted on the performance
of these techniques, the materials used, or comparisons with pipe replacement.
Accordingly, the aim of this PhD is to contribute to a better understanding of the
materials and methods most commonly used for the rehabilitation of wastewater lines
in residential buildings in Sweden, as well as their respective benefits and limitations.
The present work involved a combination of the following study techniques:
accelerated aging testing of the material in the laboratory; qualitative and quantitative
experimental evaluation of relined pipe removed from operational conditions to enable
performance assessment; evaluating the state of the relined pipes installed;
monitoring the quality control of previous rehabilitation works via qualitative and
qualitative investigation; and a comparison study on the differences in environmental
impact between alternative rehabilitation techniques and pipe replacement, carried
out by evaluating the environmental impact information obtained from lifecycle
assessment. It should be noted here that this work did not focus on demonstrating
that alternative rehabilitation technologies can be applied successfully, or that they
work; instead, it aimed mainly to collect data and information that increases
knowledge about the technology in question and fosters realistic expectations, as well
as to provide information that will hopefully assist in the avoidance of future failures
and facilitate future progress in the field.
1.3.

Overview of research in the field

One of the few extant studies on innovative rehabilitation technology using polymeric
lining was carried out by a subdivision of the US Environmental Protection Agency—
namely, the Ageing Water Infrastructure Research Program—in collaboration with the
Water Environment Research Foundation, in order to provide information about the
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renovation technologies available. The published results provide a review of the state
of the technology in the field, albeit primarily in the US and water and wastewater
transport lines outside building (Sterling et al., 2009; USEPA, 2012), as well as an
overview of the performance of the relevant emerging technologies (Mathews et al.,
2012; 2014); moreover, it presents approaches to the renewal of wastewater and
water systems (Mathews et al, 2012) and the current application practices
(Shaverkumar et al., 2012). The degradation of the materials and the deterioration of
previously installed liners has also been studied (Allouche et al., 2011; Alam et al.,
2018). However, these research efforts were mainly focused on presenting an
overview of the materials and methods used in water mains (see Appendix I) in North
America.
When considering the assessment of the service life of relined pipes, one approach
is to study the lining material in the presence of degrading factors such as water (Zhao
et al., 2005). There have however been few studies on the effects of operational or
environmental conditions on the deterioration of the relined pipe. This issue can be
investigated by studying relined pipe that has been removed from operational
conditions after installation, which was one of the approaches chosen in this PhD. In
general, previous work has provided only limited research that presents an extended
experimental basis for the evaluation of pipe performance after a number of years in
service in order to evaluate the performance of pipe lining technologies and materials.
One such study, carried out by Alam et al. (2018), investigated materials and methods
with some similarity to those used in Sweden.
The rehabilitation methods and materials studied in this work, and those used in
Sweden more generally, are mainly used locally or in other Nordic countries. Although
few quantitative analyses have been conducted to evaluate these methods and
materials, the qualitative analyses conducted to date have suggested that the
technology currently utilised in the field performs well. For example, one previous
survey and study conducted by the KTH Royal Institute of Technology on this subject,
which aimed to assess the client’s point of view regarding the relining techniques used
in 15,000 apartments in Sweden, showed that although there were some cases of
failure, relining worked satisfactorily in most cases, with the majority of the clients
expressing their willingness to use relining again (Klintberg et al., 2012; Lewald,
2010).
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1.4.

Overview of innovative rehabilitation technologies utilising polymeric
systems

Rehabilitation by pipe lining was first carried out in 1971 in Hackney, East London, to
repair a 100-year-old sewer. This early rehabilitation was conducted by Erik Wood,
who founded the company Insituform Pipes and Structures, Ltd. along with several
other partners. The group introduced the relevant technology, made improvements to
the materials, preparation and application, and later completed a Cured-in-Place Pipe
(CIPP) project in the U.S., which granted them a U.S. patent in 1977 (Wood, 1977).
Since then, more than 100 different rehabilitation technologies have been identified
as being in use by different companies worldwide (USEPA, 2012; Mathews et al.,
2014).
The choice of the correct rehabilitation method from the range of different available
options is very important. The appropriate method must be chosen based on the level
and type of defects and deterioration in the host pipe (ASTM, 2009), as well as its
existing structural design (Boot et al., 2014).
Some of the main rehabilitation methods for aging sewer inside buildings include the
flexible sleeve (which is similar to, and therefore also known as, cured-in-place pipe
or CIPP lining), as well as an application of coatings to the inner surface of the host
pipe; these coatings include a modified epoxy composite, applied via the brush-on
method, as well as a reinforced polyester composite, applied via the spray-on method.
A typical lining installation can include a number of different steps, including the
following: pre-lining; closed-circuit television inspection (CCTV); cleaning (this can be
mechanical, involving the use of a steel rod), removing the debris, oil and grease, or
other solid contaminants using high-pressure jetting, or alternatively flushing by water
followed by drying using pressured air (if needed); the application or installation of
lining/liner; curing with steam, light or ambient temperature; and post-lining inspection.
Moreover, large areas of damage in a pipeline may require additional localised repair
before the lining is applied (UKSTT, 2018). When choosing the cleaning method, it is
important to take the structural condition of the deteriorated pipe into consideration, if
the condition of the host pipe is poor and the pipe wall is thin, mechanical cleaning
such as use of a steel-rod may cause further damage or collapse of the line.
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During installation of the flexible sleeve (CIPP) method, a flexible tube—usually a
prefabricated polyester textile—impregnated with a resin that is usually epoxy but can
also be silicate resin (Gadmon, 2017) or vinyl ester (Mathews et al., 2014 ) is placed
into the degraded host pipe. After curing, the formerly elastic system turns into a rigid
pipe within the pipe system. The needled felt prefabricated polyester textile can be
coated with a polymeric layer for wear protection. The resin is impregnated into the
textile via a roller-impregnation process and is installed before the material is cured.
This impregnation process is usually carried out at the job site when the pipeline is of
a small diameter. For smaller-diameter pipes, such as those installed inside
residential buildings, ambient-cured resin is commonly used; this choice is made
primarily because of the difficulty associated with sending curing tools inside a smalldiameter sewer pipe system. The thickness of the flexible sleeve liner inside the old
pipe depends on the thickness and diameter of the old piping system.
In cases of rehabilitation through the application of polymeric coatings, two composite
materials are commonly used in Sweden: polyester composite, reinforced with glassflake particles, and epoxy composite, toughened with nitrile rubber. These materials
are commonly applied to the pipe’s inner wall in multiple layers, and are hence known
as ‘high-built’ liners.
Some of the advantages associated with using polymeric coatings as pipe lining
include protection of the pipe against further corrosion and consequently stabilising
the pipe’s condition, a less service interruption in comparison with other pipe renewal
methods and improvement of the flow rate due to smoothness of lining surface
compared to the previous deteriorated surface of the host pipe (Najafi, 2010).
Nowadays, epoxy resins are used extensively due to their mechanical properties
(such as high modulus) and their stability at high temperatures. However, high levels
of crosslinking in the epoxy resin can result in brittleness. One approach used to
enhance the toughness of epoxy resins is rubber modification (Shaw, 1994). During
the rehabilitation of sewer lines, a type of epoxy resin modified with nitrile butadiene
rubber is commonly used (Zel-Aaren, 2016); this modification gives elastic properties
to the material. A common resin used to modify the rubber is diglycidyl ether of
bisphenol A epoxy (DGEBA). The improvement in the fractural toughness of the pure
epoxy following rubber modification is shown in Figure 1.1, which depicts the stressstrain curve of samples of pure epoxy and rubber-epoxy (Elasto-Coat system). The
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reason for this change is that rubber particles can handle the load and act as a
plasticiser and flexibiliser when incorporated into the epoxy polymer matrix. This
incorporation increases the ability of the matrix to deform to an increased degree
before breakage under shear. In general, the incorporation of a soft phase into the
epoxy resin decreases the internal stresses in the cured epoxy system, leading to
enhanced strength (Zhao et al., 2005). Rubber-epoxy lining is commonly applied
using a brush-on method and may include the application of multiple layers
(commonly two layers, with each being approximately 1 mm thick). A rotating brush
can apply the material to the inner surface of the pipe while the brush is pulled through
the host pipe. The material is expected to be fully cured in one week at ambient
temperature (Zel-Aaren, 2016). The epoxy polymeric system is a multicomponent
coat in which the resin-based component must be mixed with a curing agent before
or during application in the field. In a rubber modified epoxy composite, this curing
agent can influence the rate of curing, and the crosslinking density, as well as the
compatibility of the rubber particles with the epoxy matrix (Shaw, 1994).

Stress

Rubber-thoughened epoxy

Epoxy

Strain
Figure 1.1. Stress-strain curves for epoxy resin
Before and after modification with rubber (Elasto-Coat
polymeric system) (Kharazmi, 2019d).

Figure 1.2. A microscopy image showing the
distribution of rubber particles in a cured sheet of
epoxy lining.

Rehabilitation by resin based coatings, including epoxy, are generally classified as
non-structural rehabilitation method and the material are known as Type I
rehabilitation material (Deb et al., 2006). Different polymeric coatings are routinely
used to control corrosion of the metallic corrosion in various industries to protect the
components against aggressive environment. However, an epoxy-based polymeric
lining can degrade gradually depending on the type and chemical composition of the
polymeric system, the presence of water, corrosive fluids or gas, the quality of
application and surface preparation. Surface preparation has a crucial effect on
longevity of polymeric linings especially for the epoxy linings (Deb et al., 2006).
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When using the polyester lining polymeric system, commonly a polymer matrix based
on unsaturated polyester and reinforced by glass-flake particles (a polymer system is
commercially known as Baltoflake polyester (Jotun, 2016; Appendix I)) is applied via
a spray-on method.
Polyester resins are usually produced by the condensation of polybasic acids with
polyhydric alcohols or their derivatives (Boinord et al., 2000). Although moisture can
pass through all polymers, the process of modification by glass-flake particles can
provide them with more resistance against corrosive factors. Figures 1.3-1.6 show the
distribution, direction and random sizes of glass-flake particles taken from a cured
sheet of polyester lining composite.

Figure 1.3. An optical microscopy (Appendix I) image of
the cured multi-layer polyester lining (Baltoflake),
showing the sizes and distribution of the glass-flake
particles.

Figure 1.4. A Scanning electron microscopy (SEM)
image of the cured glass-flake polyester (Baltoflake),
showing horizontal distribution of the glass-flake
particles inside the lining.

Figures 1.5. An energy-dispersive x-ray spectroscopy
(EDS) image of the glass-flake particles inside the
polymer matrix (Baltoflake), showing the length of a
random glass-flake particle (Kharazmi, 2019e).

Figures 1.6. An energy-dispersive x-ray spectroscopy
(EDS) image of the glass-flake particles inside the
polymer matrix (Baltoflake), showing the width of a
random glass-flake particle (Kharazmi, 2019e).
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In the field application, the polyester resin is mixed with a curing agent because it
is expected for the polymer lining to be fast curing. The use of correct amount of curing
agent is important to reach the desired rate of curing. Figure 1.6 shows a delay in
increase in temperature indicating the start of the chemical reaction in a
multicomponents polyetser lining when the percentage of the curing agent is less than
the recommended mixing ratio (recommended percentage of 1.5 vol%). Error in
mixing ratio can occur during application caused by either a fault in the application
machinery or weak workmanship and should be eliminated in order to reach the
desired curing rate and time and minimum disruption with returning the line to the
service fast.
160
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Figure 1.6. Temperature measurement inside a polyester polymeric system mixture immediately after adding the
curing agent (showing a delay in curing reaction for the mixture with the lowest amount of curing agent (0.8%)
compared to blends with higher ratio of curing agent (3-4%)) (Kharazmi, 2019a).

The polyester lining is usually applied in multiple layers, and is thus is also referred
to as a ‘high build’. The multi-component reinforced polyester composite is commonly
applied using a spinning head that sprays the material onto the inner wall of the host
pipe as it is pulled through the pipe. Commonly, three layers are applied, with each
layer having a thickness of 900-1100 µm. The applied coating is expected to be fully
cured in 12 hours at ambient temperature (Jotun, 2016). Moreover, CCTV inspection
can be conducted at the same time as the application to ensure that the layer of
material distributed is uniform and that no uncoated areas remain.
Further information about each of techniques described above is provided in the
appended Papers 1-5.
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Other techniques utilising plastic pipes, mainly used for rehabilitation of the lines
outside buildings (hence not included in this study) are sliplining and fold and form. In
Sliplining method, similar to the CIPP or flexible sleeve, a new flexible liner pipe is
sent inside the degraded line by pulling or pushing techniques. The new pipes are
commonly High-density polyethylene (HDPE), Polyvinyl chloride (PVC) or Fiberglass
reinforced plastic (FRP). The fold and form technique is similar to the CIPP and
Sliplining with the difference that a liner in a folded shape is sent inside the existing
pipe and then forming a circular pipe after installation by heat or pressure. Polyvinyl
chloride (PVC) is the most common fold and form liner. The drawback regarding use
of these techniques is that they can affect the flow capacity of the pipe significantly
after installation (Gillani, 1999) and the advantage is the relatively easy installation
compared to the pipe replacement and quick repair of leaks and damages,
contribution to the mechanical strength of the existing pipeline as well as minimal
disruption, similar to other no-dig and trenchless techniques such as CIPP and coating
technologies. Utilising brush and spary-applied linings are generally easier than
installation of sliplining and CIPP because there is no need to excavate a hole or make
a connection physically; however achieving the adequate adhesion to the host pipe is
crucial for the brush and spray-applied linings to provide protection against corrosion.
1.5.

Thesis outline

This thesis comprises four sections. The introduction section presents the research
background, along with an overview of the technology and the research currently in
use in the field; moreover, the aim and scope of this PhD are also outlined. This is
followed by an overview of the methods and methodologies used in this research and
a summary of the key findings and results. Both the methods and results sections are
divided into four parts pertaining to the artificial aging study, in-service performance
demonstration and evaluation, quality assessment, and environmental life-cycle
assessment respectively. In the closing chapters, this work provides a general
conclusion and suggests some avenues for future research in the conclusions and
future work section. Finally, this thesis provides a summary of the work, followed by
a list of research contributions and an overview of the appended papers mentioned at
the beginning, and concludes with the papers appended.
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2. Research approaches and methods
This research utilizes a multi-approach methodology as several aspects of the use of
alternative rehabilitation methods to pipe replacement are being studied. The
approaches were as follows: an experimental/quantitative artificial aging study,
quantitative/experimental in-service demonstration/investigation, quality monitoring of
the technologies’ application in the field (by gathering information using both
qualitative and quantitative methodologies from field visits, along with additional data
obtained via laboratory testing/experiments), and a comparative environmental
analysis using the results obtained from a life-cycle assessment tool.
2.1. Artificial aging
Samples preparation and experimental methods described below were used in
studies presented in Paper IV, V.
2.1.1. Materials and sample preparation

Samples of polyester lining material. Sheets of material to be used in artificial aging
in the lab, were prepared and cured in the lab from a multicomponents material
including unsaturated polyester (Baltoflake Ecolite), and a catalyst (Norpol Peroxide)
(Jotun, 2016). The resin was mixed with 1.5 vol% catalyst at room temperature, and
a 1-mm-thick layer was obtained by spreading the material on a glass plate covered
with a film using an applicator. The film was cured at room temperature. After one and
two hours, the second and third layers were applied in a similar way. The material
was stored at room temperature before cutting into different sizes and starting the
exposure experiments.
Samples from epoxy lining material. The material used in this study was a twocomponent epoxy (commercially named Elasto-Coat). Component A is based on a
thixotropic bisphenol epoxy resin, and component B is a special urethanamine. The
recommended mixing ration is 100 parts of component A and 38 parts of component
B (Zel-Aaren, 2016). To prepare the samples for the ageing study, the main
component (Elasto-Coat component A) was mixed with the hardener (Elasto-Coat
component B) at room temperature (22°C), and a 2-mm-thick layer was obtained by
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spreading the material on a Teflon based glass plate using an applicator and the film
was cured at room temperature.
For water aging, sheets of cured material in the lab were cut (different dimensions for
different tests; the main dimensions were 10 x 10 cm and 4 X 4 cm) and placed in
jars, which were then filled with water and placed in ventilated ovens at 40°C, 60°C
and 80°C. One jar was stored at room temperature of 20°C -22°C. Samples were then
taken out for evaluation after different time periods.
For some of the tests in which materials after water aging and then drying were tested,
the samples were taken out from the water and dried in a ventilated oven at 40°C,
and the weight was measured constantly until the measurements reached equilibrium
when there were not changes in two different measurements, indicating complete
drying. Half of the samples were exposed only to air aging. Some of the tests that
were carried on wet samples, such as mechanical testing, were done on samples that
were not dried thoroughly but only with the water wiped off.
2.1.2. Experimental methods
Water absorption
Water sorption behavior can be related to the diffusion coefficients and solubility which
are related to the polymer’s network density, free volume and hydrophilic groups of
the polymer matrix (Coniglio et al. 2013). When water penetrates into the polymer
network, it is expected that the mass to increase linearly with the square root of the
swelling time (normalized time) and reaches the equilibrium (Chen et.al, 2004).Water
sorption measurements in this study were carried out by immersion of samples of the
materials in deionized water at different temperatures (20°C, 40°C, 60°C and 80°C).
The results of the sorption or weight change ratio, W (%) = (𝑤₂ − 𝑤₁)/𝑤₁) ∗ 100 in which
W

is the weight change, w₁ is the weight before immersion and w₂ is the weight after

immersion, were studied in curves where the weight change percentage was plotted
against time (ℎ𝑟𝑠) or normalized time (𝑇𝑖𝑚𝑒 ½/𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ) 𝑜𝑟 (ℎ𝑟𝑠½/𝑚𝑚). To ensure
accuracy of the results, three specimens of each sample were immersed in deionized
water, and their weight changes were measured and the average of the three weight
change was calculated and recorded for each sample.
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Mechanical testing
Main mechanical testing for the epoxy material was tensile testing and for the
polyester material was the flexural testing (three-points-bending). Because the
bending test can only be conducted on rigid or semi-rigid plastics, it was chosen as
the main mechanical testing for the testing of polyester samples.
Tensile testing
Tensile testing was primarily used to study how water, elevated temperature, and
exposure time affects materials’ mechanical properties. In tensile testing, the material
is pulled and reacts to the forces applied, and the point of failure or maximum strength
is important data to obtain here. The relation between the applied force, or load, and
elongation is linear in the initial part of the stress-strain curve. This linear relation is
defined as Hooke’s law where the ratio is a constant, and the slope is known as the
elongation (Instron, 2016). E=δ/ε, δ: Stress, ε: Strain/ Elongation, E: E-Modulus or
Young’s Modulus. The stress is related to the cross sectional area and the load; δ=
(Load)/Area. The strain (ε) is the amount of strength or elongation of the specimen
during test; ε= (L₂-L₁)/ (L₂), where L₂ is the length of the sample at maximum strength,
and L₁ is the original length. This parameter is particularly important when the
elasticity of the material is required.
An Instron 5050 tensile testing machine was used to measure the modulus, stress
and strain at break during the tensile testing. Tensile testing was the main mechanical
testing method for the samples of epoxy material because epoxy samples had higher
elasticity, compared to the polyester samples. Specimens were cut from aged sheets
in a dumbbell shape and the exact dimension of each sample was manually entered
into the instrument’s measuring program because they differ. The prepared
specimens were fixed between two grips and were pulled until breaking down. It is
important to prepare the samples in the specific dumbbell shape in order to avoid an
appearance of a break or fracture within the gauge length and not in the grip section.
The exact dimension of each sample cut from aged sheets was given manually to the
testing program. The load cell, in majority of the tests, was 0.5 kN and cross head
speed 5 mm/min. An extensometer was used when testing epoxy samples to measure
the elongation at break. The specimens were tested at room temperature (20°C 22°C). To ensure of the accuracy of the results when possible, a total of five
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specimens were tested and the average of the 5 readings was calculated for each
condition (ASTM, 2014a).
Flexural testing
Flexural or bending test is used to characterize the strength of the specimens and the
young’s modulus of a sample cut in the shape of a beam was measured. In this
method, the beam of length (L) is placed on two supports each of at one end and a
load (F) is applied in the center. F= 2𝑏ℎ2 𝛿/3𝐿; 𝛿 = 𝐹/𝐿; 𝐸 = 𝐹/𝐴; E =Flexural
modulus, 𝛿 =Stress at midpoint;𝐹= Load at a given point, 𝐿=Length of the
beam;𝑏=Width of the beam, ℎ=Depth or thickness of the beam. The bending test was
performed according to ISO 178 (ISO 2001). ISO 178 describes the method for the
determination of flexural properties including the flexural modulus and flexural
strength (Instron, 2016).
Flexural testing (three-point-bending) was performed using an Intron tensile machine
equipped with a 3-point bending fixture. The cross head speed was 2 mm/min, and
the load cell was 0.5 kN, for majority of tests. Test specimens were cut from the aged
liner sheets in the shape of a beam and the dimensions were given manually to the
machine. Testing was performed at room temperature.
For each data point, including the flexural modulus, peak load and peak stress, five
specimens - if available- were used for the measurements, and the average of the
five measurements was calculated and recorded for each lining sample.
Thermal analyses
Glass transition temperature (Tg) is the temperature range in which the resin
transforms from a hard, glassy solid to a viscous liquid (Perkin-Elmer, 2000). Tg can
be used as an indication of the chemical composition and and can assist in identifying
changes in materials. Different instrument, use different process to indicate the
molecular movement of polymers, the numbers may be different from a DSC to DMA
(Perkin-Elmer, 2000).Two main instruments often used to measure Tg are dynamic
mechanical analysis (DMA) and differential scanning calorimetry (DSC) which have
also been used by other researchers to characterize similar materials to the polymeric
system in this study. (Chen et al., 2004; Bilyeu et al., 2000; Stark, 2013). Although the
Tg obtained from DMA might or might not agree with the Tg obtained from DSC,
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researcher call both Tg, the reason may be that the Tg is a range of behavior when
changes in material is happening and not necessary one exact temperature (PerkinElmer, 2000).
Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) monitors heat effects associated with phase
transition and chemical reactions as a function of temperature. DSC can for example
be used for tracking the curing or changes in the polymers. In this study, DSC was
used to measure the glass transition temperature (Tg) and to monitor the changes in
the material. This method involves continuous monitoring of the difference in the heat
flow or the temperature between a reference material and a test material when they
are heated or cooled at a controlled rate through the glass transition region of the test
material and analyzing the thermal curve to provide the Tg which causes a baseline
shift (ASTM, 2014b).
For the DSC, measurements were performed using a Mettler instrument, samples of
each material (approximately 10 mg) in 40 µl aluminum pans were first heated from
-20°C to 180°C. In the second step, the samples were cooled down from 180°C to
-20°C, and in the last scan, the samples were again heated to 180°C. In all scans, the
samples were held for 5 min at -20°C and at 180°C. Tg could be determined by
measuring the midpoint from the heating phases according to ASTM E1356 (ASTM,
2014b). For each recorded Tg, three samples of the same material were measured,
and the average value was obtained and presented.
Dynamic mechanical analysis (DMA)
Glass transition temperature read from DMA can be an indicator of the degree of
curing as well as changes in polymer materials properties. DMA is commonly used to
study curing of materials as this process involves a dramatic increase in the modulus
values. The mechanism of a DMA measurement is based on the measurement of the
forces between the molecules or particles in a material. To measure these forces, a
force larger than the internal force must be applied. This force provides a small
deformation and is applied to a sample of known geometry in a cyclic manner. For a
known stress, the sample will then deform by a certain amount. The degree of its
deformation is related to its stiffness. Stiffness and damping that were measured in
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this work are reported as the modulus and tan delta (tan δ). The storage modulus (E’)
is the measure of the sample’s elastic behavior and measures the stored energy. The
loss modulus (E”) is related to the energy from an applied force. The ratio of the loss
modulus to the storage modulus is the tan delta (also called damping); when the
applied force is smaller than inter-particle forces (E’’ is smaller than E’), tan δ is less
than one, and it is higher than one when the applied force is sufficiently strong to
overcome the inter-particle forces. 𝑇𝑎𝑛 𝐷𝑒𝑙𝑡𝑎 = 𝐸”/𝐸’; E’: storage modulus, E”: Loss
modulus, tan δ: Damping. Mechanical parameters here indicate the macroscopic
consequences of molecular movements in polymers. The Tg can be seen as a large
drop in the storage/ young’s modulus (E’) when viewed on a log scale against a linear
temperature scale. A co-current peak can be seen also in the tan delta (see Appendix
I). The value reported as Tg varies and can be measured from the peaks or onsets of
the curves mentioned according to ASTM D7028 (ASTM, 2015).
DMA measurements in this study were performed using a Perkin-Elmer instrument
with a single cantilever beam. The scans were done at a constant heating rate
(5° C/min) and a constant frequency (1 Hz) from -20°C to 180°C in a liquid nitrogen
atmosphere. (For the materials that were aged in the lab, the dimensions of the
specimens were related to the condition of the material after the aging test). The glass
transition temperatures (Tg) were determined according to ASTM D7028 (ASTM,
2015) and mainly from the peaks in the curve of tan delta plotted against temperature.
To ensure the accuracy of the obtained data, three scans of three samples of the
same material were used in the instrument, and the average of the three
measurements was recorded.
Microscopy and visual inspection
Microscopy images were obtained using a light microscopy instrument. Samples were
cut from the aged sheets and interfaces were studied under microscopy.
2. 2. In-service performance evaluation
Some of the experimental methods described below were used in studies presented
in Paper III.
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2.2.1. Materials and sample preparation
Relined pipe samples were removed from operational conditions. Table 1 provides a
brief description of each relined pipe sample based on the available information.
Rehabilitation work contractors are not mentioned by name but distinguished by the
numbers I-VI. Samples 1-6 had epoxy lining, while samples 7-11 had polyester lining.
Sample 12 was lined with a polyester flexible sleeve that was impregnated with epoxy.
To prepare the samples for tests, pieces of relined pipe were cut, after which the lining
material was separated from the pipe and prepared based on the size and amount
required for each test where possible.
Table 2.1. List of samples available for in-service performance investigation

Pipe
Sample

Installation
Company

Lining
material

1

I

Modified epoxy

Liner
application
method

Brush-on

Time in
operation
after
rehabilitatio
n
6 years

Pipe function

Wastewater collection from
kitchen and bathroom
Vertical installation

2

I

Modified epoxy

Brush-on

6 years

T-Joint in wastewater line in
the kitchen
Vertical installation

3

I

Modified epoxy

Brush-on

10 years

Wastewater sewer installed
vertically (no more info
available)

4

I

Modified epoxy

Brush-on

14 days

Wastewater sewer (no more
info available)

5

II

Modified epoxy

Brush-on

3 years

Wastewater collection from
kitchen and bathroom
Vertical installation

6

III

Modified epoxy

Brush-on

4 years

Wastewater
Collection for six kitchens and
bathrooms
Vertical installation

7

IV

Reinforced
polyester

Spray-on

3 years

Wastewater collection
Installed vertically

8

V

Reinforced
polyester

Spray-on

7 days

Wastewater collection
Vertical installation

9

V

Reinforced
polyester

Spray-on

3 years

Wastewater sewer in building

10

V

Reinforced
polyester

Spray-on

2 years

Wastewater collection
Vertical installation
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11

V

Reinforced
polyester

Spray-on

3 years

Wastewater collection
Vertical installation

12

V

Flexible sleeve
impregnated
with epoxy resin

Flexible
sleeve
(CIPP)

2 years

Wastewater drain
Installed vertically in a twofloored house

2.2.2. Experimental methods
Inspection and investigation were conducted by means of different tests: these
included optical microscopy visual inspection, thermal analysis (including dynamic
mechanical analysis (DMA) and differential scanning calorimetry (DSC)), mechanical
testing (tensile and flexural testing), and thickness measurements. Because of the
poor condition of the material in sample 12, it was studied using only microscopy and
visual inspection.) The methods used to study the field samples removed from
operational conditions—i.e. mechanical and thermal analyses, microscopy, and visual
inspection—were similar to the methods used for aged material. Additionally, dry film
thickness (DFT) measurement and Fourier transform infrared spectroscopy (FTIR)
were also conducted on the field samples.
Mechanical testing
Mechanical testing was primarily used to study the strength of the lining materials and
determine whether this was affected after installation. The mechanical properties of
the rigid lining samples based on reinforced polyester were tested mainly using
flexural testing (three-point bending), while the less rigid lining samples based on the
modified epoxy were tested via tensile testing. The specimens were cut from the liner
in a dumbbell shape for tensile testing and a beam shape for flexural testing, after
which the exact dimensions of each sample were manually entered into the testing
program. However, because it was not possible to separate the liner from the pipe for
all of the samples, not all samples could be tested. For each data point, including the
modulus, peak load and peak stress, five specimens (if available) were used for the
measurements, after which the average of these five measurements was calculated
and recorded. It is expected for both tensile and flexural testing to show a diminish in
mechanical properties of the lining materials due to exposure.
The mechanisms for mechanical testing were similar to the methods used to study
aged material in the lab.
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Tensile testing
In tensile testing, a material is pulled and reacts to the forces applied as described
before. Maximum strength and modulus are among the important data that can be
obtained through these measurements (ASTM, 2014b; Appendix I). An Instron 5050
tensile testing machine was used to measure the modulus, stress and strain at break
in tensile and three-point bending tests. For the majority of the measurements, the
load cell was 0.5 kN and the cross head speed 5mm/min. The specimens were tested
at room temperature (22°C).
Flexural testing
Flexural testing is used to characterize the strength of the specimens and the flexural
modulus of a sample cut in the shape of a beam. The tests were performed according
to ISO 178, as described before, a method used to determine flexural properties
including flexural modulus and flexural strength (ISO, 2001). The load cell was 0.5 kN
in majority of tests, the cross head speed 2mm/min and the tests were performed at
room temperature using an Intron machine equipped with a three-point bending
fixture.
Thermal analyses
Thermal analysis was mainly used to study the glass transition temperature (Tg). Tg
analyses can assist in the characterization of previously installed liner and in
identifying changes in materials’ chemistry due to operational condition. Moreover, Tg
can provide information about the amount of curing undergone by the resin (PerkinElmer, 2000). Sufficient curing during and after rehabilitation is of crucial importance
if the lining is to form a protective film that adheres to the inner surface of the host
pipe. Two of the main techniques used to measure the Tg of polymer composites are
dynamic mechanical analysis (DMA) and differential scanning calorimetry (DSC),
which have previously been used to characterize materials with similarities to the
polymeric systems in this study (Chen et al., 2004; USEPA, 2014; Stark, 2013), as
also mentioned before. The mechanism of DSC and DMA were similar to what
described for aging studies. Preparation of the specimens depended on the condition
of the lining materials removed from the field samples.
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Differential scanning calorimetry (DSC)
In this study, DSC was used both to measure the Tg and to determine whether
changes in the material occurred during exposure in the field. Measurements were
conducted using a Mettler Instrument. Samples of each material (approximately 10
mg) in 40 µl aluminum pans were first heated from -20°C to 180°C. In the second
step, the samples were cooled down from 180°C to -20°C; in the last scan, the
samples were heated again to 180°C. The heating and cooling rate was 10°C/min. In
all scans, the samples were held for five minutes at -20°C and at 180°C. Glass
transition temperatures Tg₁ and Tg₂ were determined by measuring the midpoint at
the first and second heating phase respectively (ASTM, 2014b).
Dynamic mechanical analysis (DMA)
DMA was used to track changes in the Tg of the materials, to learn whether these
changes were a function of the time in operation and an indication of materials’
degradation, and to learn about the amount of curing that occurred. DMA were
performed using a Perkin-Elmer instrument with a single cantilever beam. The
temperature was scanned at a constant heating rate of 5 °C/min and at a constant
frequency of 1 Hz from -20°C to 180°C in a liquid nitrogen atmosphere. The glass
transition temperatures (Tg) can be determined from the peaks in the curve of tan
delta and the peak or onset of the drop in the loss modulus or storage/young’s
modulus according to ASTM D7028 (ASTM, 2015).
Visual and microscopy
The samples were cut to study the cross-section and liner-pipe interfaces, visually
and microscopically – the latter using an optical microscope to collect images. For
edge interface images, specimens were cut and ground before study under the
microscope.
Fourier transform infrared spectroscopy (FTIR)
In this method, IR radiation is passed through a sample, and some of the infrared
radiation is absorbed by the sample, while some is passed through or transmitted.
The resulting spectrum represents the molecular absorption and transmission,
creating a molecular fingerprint of the sample. Test specimens from available samples
were used for comparison of the chemical composition/formulation of the commercial
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materials used in different pipe rehabilitation projects in different parts of Sweden and
in order to investigate whether there is a significant difference between the materials
that were used by different installation companies. To determine the differences
between the materials’ formulas, a series of FTIR absorption measurements in the
range of 6000 to 400 cm−1 or 4000 to 400 cm−1 with the resolution of 4 cm−1 were
performed using a Perkin- Elmer FTIR instrument.
Thickness measurement
Measurements were conducted to monitor the thickness of the lining, as well as to
investigate whether a uniform and adequate lining film had been applied in previous
installations. Circumferential thickness measurements were carried out using a digital
caliper. For thickness measurement, smaller circular pipe specimens for the thickness
measurements were cut, and 5 points from each edge of the relined sample were
measured using a digital caliper. The chosen points of the measurements were
(almost) equally spread around the pipe. An average of three readings of the same
point was calculated and recorded for each measurement.
2.3. Quality control evaluation
Quality control and quality assurance assessment of previous rehabilitation works
was conducted based on the field visits and qualitative and quantitative evaluation of
relined samples in the lab including microscopy study and liner thickness
measurement.
Methods described below were used in the studies presented in Paper I.
2.3.1. Materials
Seven field samples were included in this study as described in Table 2.
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Table 2.2 Samples studied during evaluation of the quality levels of previous rehabilitation works
Relined
sample

Relining Materials and methods

Operation Time
(years)

1

Modified epoxy polymeric system applied by brush

6

2

Modified epoxy polymeric system applied by brush

6

3

Modified epoxy polymeric system applied by brush

10

4

Modified epoxy polymeric system applied by brush

<1

5

Reinforced polyester polymeric system applied by spray

<1

6

Reinforced polyester polymeric system applied by spray

3

7

Flexible sleeve impregnated with epoxy

2

2.3.2. Methods
Visual and microscopy: Relined pipes which have been in working condition were
removed from operation and evaluated in the laboratory. Most samples had been
relined using polymeric coatings with epoxy and polyester and minimal technical
histories were available for them. The samples were cut to study the cross-section
and liner-pipe interfaces, visually and microscopically – the latter using an optical
microscope to collect images. For edge interface images, specimens were cut and
ground before study under the microscope.
Thickness measurement, smaller circular pipe sections were cut, and five points on
each edge of the relined sample were measured using a digital caliper. An average
of three readings from the same point was calculated and recorded for each
measurement.
2.4. Comparative life-cycle assessment
2.4.1. Functional unit
The functional unit of this study was a six-story blockhouse that was built in 1960 and
has 29 apartments. This building was chosen because there are approximately 6000
buildings of this kind in Sweden and the structures and materials used are very typical
for the building stock of the time (Viden, 1985). In that sense, therefore, the case study
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was judged to be representative of the majority of Swedish multifamily buildings built
during this time period.
Method described below was used in the studies presented in Paper II.
2.4.2. Method
Life-cycle assessment (LCA) was used to compare the environmental impact of pipe
replacement versus the use of the pipe lining methods (CIPP lining as well as coatings
based on epoxy and polyester polymeric systems).The LCA was conducted according
to ISO 14044 (2006), consisting of four main phases: (1) goal and scope definition
including the choice of functional unit and system boundaries; (2) inventory analysis;
(3) impact assessment; and (4) interpretation.
Impact assessment was done with using SimaPro assessment tool and calculated in
collaboration with the research group in Sustainable Development, Environmental
Science and Engineering Dept in KTH; further details are available in Paper II.
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3. Summary and discussion of the selected results
3.1. Artificial aging
Results of water absorption measurements showed that the behaviour of the lining
materials when immersed in water is related to the temperature, with higher water
uptake and more changes in materials observed at higher temperatures and changes
due to degradation were more obvious at longer periods of exposure time (Paper IV&
V; Kharazmi, 2019d; Kharazmi, 2019e).
Samples of the polyester lining material immersed in water were found to reach an
equilibrium, as seen in Figure 3.1. Continuation of the measurements showed that
after the equilibrium was reached, the material decreased in weight, as can be seen
in Figure 3.2. Coupons of the polyester composite exposed to water at 80°C showed
different amounts of water absorption; these coupons also showed clear blisters,
cracks and delaminations between layers of lining which might be the reason for the
changes in water absorption behaviour, (especially towards the end of the threemonth period of exposure). These differences can be seen in Figure 3.6.
For polyester material, which is reinforced with glass flake, the absorbed moisture not
only interacts with the polymer matrices physically (i.e. plasticisation) and/or
chemically (i.e. hydrolysis), but also attacks the mechanical properties of the
glass/resin interface reinforcement, especially under wet conditions (Pavlidou &
Papaspyrides, 2003). When compared to epoxy composite modified with rubber,
polyester showed less sensitivity to the degradation factors of water immersion and
elevated temperature across different analyses. However, when exposed over longer
periods of time at high temperatures, the material exhibited more changes (see paper
V).
In contrast to the polyester material, none of the coupons of epoxy composite exposed
to water at elevated temperatures reached equilibrium; moreover, the water
absorption changed to desorption, which continued until the material degraded to the
point where it was no longer possible to continue measurements. Figure 3.3 shows
the behaviour of a coupon of epoxy material immersed in water at 60°C, which
increases in weight up to eight months. As seen in Figure 3.4, the continuation of
measurements showed an increase in weight that continued up to a maximum point
and then changed to a loss of weight without an equilibrium point being identified.
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This amount of water sensitivity on part of the composite is largely related to the
existence of rubber in the epoxy composite, which causes more water absorption
(McEwan et al., 1999). Hygrothermal aging can result in irreversible damage to the
resin. This damaging process, caused by the effects of sorbed moisture and
temperature, may result in additional weight gain and faster diffusion of water
(Coniglio et al., 2013).
Analysis of water sorption curves demonstrated that materials went through more
phases at 60°C than at any other exposure temperature. Again, this is likely due to
the fact that the material has a glass transition temperature (Tg) after 60°C, as will be
further discussed in the thermal analyses. Figure 3.5 shows the different phases of
water uptake for a sample of epoxy material at a 60°C aging temperature. The
phenomenon of multiple steps of water absorption for epoxy is known to be due to the
complexity of the molecular interactions between water and the resin (Coniglio et al.,
2013). Moreover, this complexity is likely to have been increased in this study, as the
epoxy composite was also modified and filled with rubber particles. Weight changes
in polyester coupons could be measured up to 14 months at the highest temperature
used for this study, 80°C (Figure 3.2); however, the same was not true for the epoxy
coupons, as their polymer bonds were dissolved such that no solid coupons remained
to be used for measurement after eight months in 80°C temperatures.
Both epoxy and polyester coupons showed different and higher water uptake in 60°C
and 80°C conditions compared to the same materials exposed to water at 20°C and
40°C (Papers IV and V). This is likely due to the fact that polymers are closer to their
Tg at these higher temperatures than when immersed in water at 20°C and 40°C,
causing the structure of these materials to change; moreover, since the material is
immersed in water, more and faster water absorption occurs.
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Figure 3.1. Water absorption plotted as weight gain ratio against
time for a coupon of polyester material exposed at 60 °C reaches
equilibrium in two months.
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Figure 3.2. Water absorption curve for a coupon of
polyester exposed at 60°C for 14 months.
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Figure 3.3. Water uptake (%) plotted against time½/thickness
(hr½/mm) for an epoxy sample exposed at 60°C during eight
months.

Figure 3.4. Water uptake (%) plotted against
time½/thickness (hr½/mm) for an epoxy sample exposed
at 60°C during 14 months.
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Figure 3.5. Water uptake of a coupon of epoxy composite
immersed in water during the initial two weeks of exposure at 60°C
plotted against normalised time (showing different water uptake
phases at 60°C).
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Figure 3.6. Three coupons of the polyester material
showing different amounts of weight change and water
uptake at 80 °C (with more differences becoming evident
after three months’ exposure time).

Thermal analyses showed that Tg for the polyester samples, measured via DMA,
increased as the exposure temperature increased from 20°C to 60°C, but then
decreased at 80°C, as seen in Figure 3.7. Considering that the mechanism of the Tg
measurement via DMA is mechanical shock, a decrease in Tg at 80°C was expected,
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as it is common for material to change due to degradation at these higher
temperatures. In the DSC measurements, the material showed similar behaviour as
for DMA, with an increase in Tg (from the second heating phase (Tg2)) from room
temperature up to 60°C followed by a decrease at 80°C, as seen in Figure 3.8.
Unlike the polyester material, the Tg for the epoxy material did not follow a specific
trend with the increase of exposure temperature. The Tg was expected to show a
specific relationship to the aging temperature, as both the mechanical testing and the
water absorption confirmed significant changes at higher temperatures; however, no
specific relationship between Tg and exposure temperature was observed (see
Figures 3.9 and 3.10). Interpretation of the Tg of the epoxy material is more difficult
due to both the complex inner polymer bonds and the existence of rubber in this
composite, which can have a second cross-linking at higher temperatures and when
immersed in water (Jyotishkumar et al., 2017). One of the changing mechanisms for
the rubber-modified epoxy under aging conditions is the decomposition of the rubber
part, which can cause a phase-separation and chemical reactions during heating
phases (Yamanaka & Inoue, 1990), as well as when the material is still curing, as the
curing mechanism can be very complicated (Jyotishkumar et al., 2017); these
changes affect the results of Tg measurements. Both DMA and DSC analysis
revealed quite low glass transition temperatures in general, which was as expected
due to the effect of the incorporated rubber particles on the properties of the polymer
matrix (Chiki et al., 2002).
The differences in Tg values between DSC and DMA measurements occurred
because of the differences in measurement mechanisms between these two
instruments. Moreover, Tg may not be an exact point, but rather a range within which
a material shows softening (Perkin-Elmer, 2000).
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Figure 3.7. Tg measurements via DMA (peaks in Tan Delta
curves) for polyester samples after water aging for two
months at 20°C, 40°C, 60°C and 80°C and after complete
drying.

Figure 3.8. Tg measurements via DSC for polyester samples
after water aging for eight months at 20°C, 40°C, 60°C and
80°C and after complete drying
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Figure 3.9. Tg measurements via DMA (peaks of the tan delta
curve) for epoxy samples immersed in water at 20°C, 40°C,
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Figure 3.10. Tg measurements via DSC (from the first heating
phase) for epoxy samples immersed in water at 20°C, 40 °C
,60°C and 80°C for two months and subsequently dried.

Regarding the mechanical properties of the materials after aging, the specimens
immersed in water showed a continued reduction in mechanical performance
compared to air-aged materials. Moreover, the differences between the flexural
modulus and strength of the materials exposed to wet and dry conditions were greater
following longer exposure times and higher exposure temperatures (see paper IV and
V). Weak mechanical properties can cause failures, including cracks and damage in
the liner film. The observed delamination at the interface of the applied layers
represented an obvious sign that the material would be more brittle during mechanical
testing. Debonding of the interface between the glass-flake and polymer matrix can
also decrease the reinforcement initially expected to be provided by the reinforcing
particles (Boinard et al., 2000). In general, water diffusion diminishes the majority of
inner-polymer bonds, while high temperatures can cause the degradation of the
polyester matrix (Carra et al., 2015); both of these lead to deterioration in the
materials’ mechanical properties, which is strongly associated with the reduced
service life and performance of the materials in operation. When comparing the results
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for the material’s properties after artificial aging and in operation, it should be noted
that the lining material is exposed to water on one side only during operation, that the
average temperature inside the sewerage systems in residential buildings is known
to be 40°C, and that the average day flows in water lines are highest for a few hours
in the mornings and evenings and very low in the late evening (Wallin, 2015; EPA,
2002; Mazraeh & Abdullahi, 2018); in short, under normal operating conditions, the
lining material will not be constantly exposed to water or high temperatures as it is
under artificial aging conditions.
Regarding the microscopy and visual investigation, it was possible to track changes
more clearly in the polyester samples compared to the epoxy material via microscopy
(see Paper V). The results showed that at the highest temperatures of the aging
experiments, the material began to degrade faster than it did at any other lower
temperatures, and that delamination and cracks also developed. Tracking the signs
of degradation, including delamination and cracks, was possible for the polyester
lining, and the results are provided in paper V.
During the different analyses after air and water aging was complete, it was observed
that the lining materials based on both toughened epoxy and reinforced polyester
exhibited significant changes in properties when high temperature was combined with
water exposure. In the case of the polyester lining, good stability and insignificant
changes in the material were observed under less extreme conditions; therefore, it
can be said that when the material is installed properly (with good adhesion to the
host pipe) and not continuously exposed to water and high temperatures, it is
expected to perform well throughout its estimated service life.
In the case of the epoxy material, extended aging, a large amount of water uptake,
and a significant decrease in mechanical properties under wet conditions all constitute
indicators that the material’s properties are greatly affected by water. Therefore, this
material can perform better if it is applied as an adhered coat to the inner surface of
a host pipe with no major defects, as well as in circumstances where it is not
constantly exposed to water (such as in gravity sewers, where fluid passes by quickly
and water does not stand over a long period of time).
It should be reiterated here that the conditions of several months of constant water
immersion or exposure to high temperatures (such as 80°C) are comparatively
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extreme. When the mechanical properties of materials exposed to artificial aging
conditions (see paper IV and V) were compared with those of materials exposed to
real working conditions during several years of operation during in-service field study
(Paper III), the mechanical properties of the latter samples were found to be
substantially more robust. This comparison confirms that it is unlikely for the material
to be exposed to the same aggressive conditions that are present in artificial aging.
3.2.

In-service performance evaluation

In-service investigation by means of different tests and inspection of the samples
revealed a number of defects (see paper III).; however, the majority of these defects
proved to be due to poor installation practice. The results of microscopy and visual
inspection showed that proper cleaning and preparation of the host pipe before the
application of materials was conducted poorly for a number of the samples, resulting
in defects .Thickness measurements also revealed a high level of variation in the
thickness of the lining, indicating that more attention must be paid to the application
of a uniform layer. Lining thickness for the spray-on technique was more consistent
compared to the brushing method for the samples studied here. Mechanical analysis
found that the strength of the material decreased after being exposed to operational
conditions, as expected; however, the extension ability, which is a promising property
especially for the rubber-filled epoxy coat, did not change significantly (paper III).
FTIR analysis showed that the polymer materials used for renovation of piping
systems in the Swedish market differ among different companies. This difference is
unlikely to cause problems provided that the quality of the materials being utilised is
sufficiently high. The majority of the common defects observed in this study (paper III)
could have been prevented by sufficient attention to the quality of application.
Test specimens from available samples were used to compare the chemical
composition of the commercial materials used in different rehabilitation projects.
Figure 3.11 shows the FTIR spectra for the samples relined with epoxy coating, while
Figure 3.12 shows the same spectra for the samples relined with polyester coating.
As can be seen, samples 1-3 have different spectra (between 1000 to 1200)
compared to samples 4-6. This finding indicates that installation companies did not
use the exact same epoxy lining material, in the brush-on method, for the samples
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investigated in this study. FTIR spectra further revealed that the molecular structures
of the materials used for samples 7-11 are similar, indicating the same
formulation/material; it is more likely that all materials had a similar chemical
formulation. Again, although FTIR analysis showed that the polymer materials used
for piping system renovation in the Swedish market differ between companies, this
difference is unlikely to cause issues as long as the quality of the provided material is
sufficiently high.
Because few field samples were available to study with comparatively short in-service
time (compared to the expected service life of 50 years for the lining material), a
certain conclusion regarding overall performance can not be drawn. However, this inservice investigation showed minimal evidence that the materials underwent
significant deterioration after installation; instead, a majority of the common defects
were found to be related to poor-quality installation practices.
It is worth mentioning the results of a previous survey based on interviews with facility
owners of approximately 300 buildings with relined sewers in different parts of
Sweden. Only one of the facility owners surveyed mentioned the failure of the line
after rehabilitation, suggesting that the longevity of the lining material or technology
was not considered to be much shorter than pipe replacement (Klintberg et al., 2012).

Figure 3.11. FTIR Absorbance spectra for samples 1, 2,
3, 4, 5, and 6 (epoxy lining)
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Figure 3.12. FTIR Absorbance spectra for samples 7, 8, 9, 10
and 11 (polyester lining)
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3.3.

Quality control evaluation

Some of the commonly observed issues with installation quality were as follows:
inadequate preparation of the pipe surface before rehabilitation commenced, the
application of a non-uniform lining film (i.e. a film thickness that is higher or lower than
recommended) (Kharazmi, 2019b), and inconsistent or inadequate resin impregnation
for the flexible sleeve. These issues in turn led to a range of defects, such as
delamination of the liner from the pipe, peeling, cracks, runs, dry areas, etc. (Paper
I). These defects could be prevented in future through improved monitoring during
rehabilitation work.
Overall, the result of evaluating the level of quality control carried in previous
rehabilitation works revealed a gap between the quality expected in theory and that
which is achieved in practice, as well as indicating that more monitoring is required
during installation. A thorough QC/QA routine and comprehensive documentation, in
which the most important steps in monitoring quality are prioritised, would help to
increase the effectiveness of future installations. Many factors may influence the
quality of a rehabilitation work, and the most important of these factors should be
prioritised and considered carefully during QC/QA practice. Some of these important
considerations and steps in control and documentation and related analyses are
suggested in Table 3.1. Monitoring the steps mentioned in Table 3.1. based on
accurate information and documentation reduces the installation problems in the
ongoing rehabilitation work as well as future renewals.
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Table 3.1. Suggested steps, tests and documentation to be considered in the context of a comprehensive quality control and
quality assurance practices (QC/QA).

Suggested steps

Identifying and documenting the main issues associated with the deteriorated line, along with any major structural

for

problems such as cracks and holes. If possible, inspecting the building and interviewing the utility owner

monitoring

and

Identifying and documenting the depth, amount and degree of corrosion (see Appendix I) if the main issue is corrosion

documentation

of the metallic pipes (e.g. according to the ASTM D610 (ASTM, 2019a))

before

If any leakage has occurred in the system, recording the frequency of leaks in the past
Reviewing contractors’ qualifications and related experience

rehabilitation
begins

and

during planning

Reviewing the installer/contractor’s rehabilitation plan to solve the identified issues
Reviewing the history of previous repairs (if any)
Reviewing and documenting the estimated time until the project is finished and the line is back in service
 Reviewing and documenting the waste disposal plan formulated by the contractor/installer
Monitoring and documentation of

Function of the line to be renewed

information related to the pipeline to

Material used to construct the line to be renewed

be renovated

Length of the segment or line to be renewed
Diameter of pipe
Production date of pipe
Time in operation
List of defects and their type
Location of the line
Number and location of the bends and joints (as these may become
obstacles during cleaning and installation)

Monitoring

and

documentation

related to cleaning

Reviewing the closed-circuit television (CCTV) inspection before cleaning
(one example of available guidance is T25: Guide for CCTV inspection of
pipelines (STVF, 2013))
Documenting the cleaning methods employed and the specifications of the
equipment used
Note: Conventional cleaning methods, such as using a steel rod, may not be
appropriate when cleaning a pipeline affected by major holes, cracks and/or
other weaknesses, as this may cause further damage to or collapse of the line
Reviewing the CCTV inspection after cleaning (can be conducted according
to guidance such as T25: Guide for CCTV inspection of pipelines (STVF,
2013)

Monitoring

the

preparation

application/installation

for

Selected rehabilitation method and reasons for its selection
Selected curing method (e.g. UV light, hot water, steam, ambient), reasons
for its selection, and whether this method is in line with the resin/material
manufacturer’s recommendation
Checking the compatibility between the liner material and pipe according to
the manufacturer of the lining material.
Checking the materials’ technical data sheet (TDS) and inspecting the
materials available on site
Recommended/target dry film thickness
Recommended mixing ratio
Time required for hardening and full curing
Expected properties, such as tensile and bending strength
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Expected changes in physical properties after installation
Checking the application equipment
Any expected obstacles
Preparation of on-site, in situ, reference samples that are made up of the
same material as the host pipe and will be relined in the same way, along with
the time and location of the rehabilitation project; these are to be kept for future
reference in the form of a plate, coupons and/or pipe segments
Suggested
monitoring

Monitoring
and

and

documentation

related to environmental conditions

Temperature
Humidity

documentation

Dew point (see Appendix I); minimum 4°C (Jotun, 2016)

steps

Adequate ventilation in line with the guidelines set out by the material’s

during

application/installation

manufacturer (Jotun, 2016)
Suggested steps for monitoring and

CCTV inspection (one example of beneficial guidance is T25: Guide for

documentation

CCTV inspection of pipelines (STVF, 2013))

related

to

application/installation

Documentation of the repair process if any segment of the line is repaired
before the application/installation of relining
Recording of any problems occurring during the blending of polymer and
hardener
Recording of any problems occurring during application/installation
Record of the time from the beginning of the rehabilitation work until its
completion
Record of the flow rate of the lining material and the speed of the applicator
head during application of the liquid lining material (this determines the final
thickness of the lining after curing (Najafi, 2010)). The thickness of the lining
can also be determined via coupon sampling and examination of the collected
coupons
(Examples of some of the practices that can provide beneficial guidance
during the development of QC/QA procedures for rehabilitation projects,
although these have not been exactly and specifically prepared for the process
and materials being used locally/in a particular rehabilitation project:
AWWA/NASI C620 (AWWA, 2007); AWWA M28 (AWWA, 2014); ASTM
F1216 (ASTM, 2009); ASTM F1743 (ASTM, 2017a); ASTM D5813 (ASTM,
2011a); ASTM F2019 (ASTM, 2011b); ASTM F2599 (ASTM, 2016). Moreover,
the standards related to corrosion protection of iron pipes and fittings can also
be useful; a number of these standards have been developed by the American
National Standard Institute (ANSI) and American Water Work Association
(AWWA)).

Suggested tests, inspection and

Visual inspection

documentation related to the field-

Wet thickness measurement (e.g. according to ASTM D4414: Standard

cured reference samples

practice for measurement of wet film thickness by notch gages (ASTM, 2007a)
or ASTM E797: Standard practice for measuring thickness by manual
ultrasonic pulse-echo contact method (ASTM, 2010)).
Comparison of actual wet film thickness with recommended wet film
thickness; review the manufacturer’s TDS to determine the desired wet and
dry film thickness
Measuring the surface curing time
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Tracking the curing rate (e.g. according to ASTM E1356: Standard test
method for assignment of the glass transition temperatures by Differential
scanning calorimetry (ASTM, 2013))
Comparison of the measured rate of curing with that outlined in the
material’s TDS
Suggested
monitoring

and

Final inspection after rehabilitation

Final cleaning inside sewer system

work is complete

Final CCTV inspection (e.g. to detect uncured, incomplete, or thin lining, to

documentation

determine whether lining has been applied over debris, etc.)

steps

Documenting the CCTV videos

after

application/in-

Suggestions

stallation

documentation
collected

for

and

Measurement of adhesion to the host pipe (e.g., according to ASTM D4541:

the

Standard test method for pull-off strength of coatings using portable adhesion

reference

testers (ASTM 2017c); ASTM D6677: Standard test method for evaluating

testing

related

field-cured

to

samples, including pipe segments

adhesion by knife (ASTM, 2017b))

or coupons

Note: Delamination and separation of the lining from the host pipe was one of
the main issues observed during investigation of relined pipe samples
removed from the field following installation. Adhesion of the pipe linings,
especially coatings, to the inner surface of the existing pipe is important, as
coatings do not constitute a stand-alone rehabilitation method; moreover, the
best results as regards the forming of a uniform film and the lining’s
effectiveness as a corrosion-protective layer are obtained when the lining
exhibits good adhesion to the host pipe. This is particularly important when
using epoxy lining
Dry film thickness (DFT) measurement (e.g. according to: ASTM D1186-01:
Standard test method for nondestructive measurement of dry film thickness of
nonmagnetic coating applied to a ferrous base (ASTM, 2012); ISO 19840:
Corrosion protection of steel structures by protective paint systems—
measurement of, and acceptance criteria for, the thickness of dry films on
rough surfaces (ISO, 2012))
Note: Significant variation in DFT in different parts of field samples was one of
the major issues observed during investigation of relined pipe samples
removed from the field. Excessive application of the material can affect the
mechanical strength of the lining film, causing cracks; moreover, it reduces
the desired pipe diameter and thus affects the flow rate. Application of too little
material can also cause a failure to form the uniform film of lining that is
expected to protect the host pipe against corrosion and prolong its service life
Checking for any pinholes or holidays (see Appendix I) (e.g., by holiday
detector)
Checking for any blistering or bubbling (e.g., according to ASTM D714
(ASTM, 2017d)).
Tracking the curing rate and completeness of hardening (e.g. according to
ASTM E1356: Standard test method for assignment of the glass transition
temperatures by differential scanning calorimetry (ASTM, 2013))
Note: Uncured lining will not exhibit the properties expected of a cured
protective layer; moreover, contaminants from an uncured liner can leach into
the flow and thus the environment
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Monitoring the disbanding of the coating from the pipeline under elevated
temperatures (e.g. according to ASTM G42: Standard test method for cathodic
disbonding of pipeline coatings subjected to elevated temperatures (ASTM,
2019b))
Monitoring mechanical properties, such as by conducting tensile testing,
bending, buckling tests, creep/pipe fracture tests (see Appendix I), (examples
of potentially beneficial practices, depending on the case, material, desired
function, etc., include ASTM D2990: Standard test methods for tensile,
compressive, and flexural creep and creep-rupture of plastics (ASTM, 2017e),
ASTM D790: Standard test methods for flexural properties of unreinforced and
reinforced plastics and electrical insulting materials (ASTM, 2007b)), and
ASTM D2412: Standard test method for determination of external loading
characteristics of plastic pipe by parallel-plate loading (ASTM, 2002)).
Note: Obtaining the desired mechanical properties in the installed/applied
liner/lining determines the pipe lining’s long-term performance. Weak
mechanical properties cause cracks, collapse and major failures in
rehabilitated lines.
Recording and documenting the material’s chemical specifications (e.g. the
spectrum obtained from an FTIR (see Appendix I)).
Chemical resistance evaluation, if necessary.
Water absorption (e.g. according to ASTM D570 (ASTM, 2018)).
Comparison of measured properties with the material properties stipulated
by the manufacturer in the TDS/documentation of expected properties.
Planning

future

inspection

and

maintenance

Scheduling follow-up inspection
Taking of CCTV inspection video prior to the end of the service-life
guarantee, so that any defect can be repaired before the end of the period

Monitoring and documentation of

Recording the type of defect and possible causes: for example, collapse,

the repair in case of faults in

wrinkles or folds in liner, inadequate curing, inconsistent resin impregnation,

rehabilitation

inability to span voids, inconsistent film formation.
Monitoring and documenting actions and steps taken by the installer to
repair any defects occurring during the rehabilitation works (e.g. any
segmental repair of uncured lining, non-uniform thickness, or complete
replacement).
CCTV after repair.

Waste disposal

Monitoring

and

documenting

the

regulations

followed

by

the

contractor/installer during disposal of the unused polymeric materials and
consumables.
Database contribution (accessible

Reports of testing conducted on the reference samples prepared during

for utility owners and experts in the

rehabilitation work, as well as those collected during periodic sampling (e.g.

field)

test results from the samples, CCTV inspections conducted during service life
(to compare results with expected longevity; this data can also be used in
future quantitative evaluations, etc.)).
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3.4.

Comparative Life-Cycle Assessment (LCA)

From an LCA perspective, the study found advantages of the cured-in-place pipe
technique (flexible sleeve) compared to pipe replacement when the technical lifetime
is the same for both methods. Pipe replacement was found to have the higher impacts
in 14 out of 18 environmental impact categories, while CIPP lining had the highest
impact in the remaining four categories (Figure 3.13). Moreover, pipe linings using a
spray-on polyester composite or the application of an epoxy lining by brushing
demonstrated some advantages compared to CIPP lining (Figure 3.14). However,
CIPP lining is considered to be a stand-alone rehabilitation technique (semi-structural
or structural) (AWWA, 2014) and can even be used when a pipe has been significantly
damaged, while coatings such as epoxy-based lining cannot be applied if the pipe to
be renewed has sustained significant damage. It should also be noted here that the
technical lifespan of the final product was not assessed in this study, due to a lack of
reliable statistical data from previous relining projects; therefore, any conclusion that
the CIPP-lining method is more favourable in environmental terms is necessarily
based on an estimation of the service life of the relined pipes being equivalent to that
of the replaced pipes.
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Figure 3.13. Comparison of life-cycle impact of CIPP lining (flexible sleeve) and pipe replacement.
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Figure 3.14. Comparison of life-cycle impacts between CIPP lining (flexible sleeve) and pipe lining with coatings.

Another point to consider when studying environmental impacts is the existence of
Bisphenol A (BPA) in some of the pipe linings based on epoxy-polymeric systems.
BPA has become an environmental issue because it belongs to a group of compounds
that can disturb the endocrine system; these compounds are emitted by a number of
different plastic materials, which may include epoxy resins. Such emissions have
resulted in a prohibition of the use of two-component epoxy resins in the relining of
tap water pipes in Sweden. This health issue is also noted in a review paper
(Mikolajevska et al., 2015), which states that BPA may be released into the
environment from BPA-contaminated waste buried in soil, and that BPA stored in the
soil may also contaminate groundwater. Moreover, a study was conducted in the
Institute of Environmental Medicine in Karolinska Institute in Stockholm on the effect
of epoxy lining in causing occupational skin disease among workers. Result of this
study indicated that the work routines and logistics for handling material need to be
modified to eliminate the amount of contamination found on tools and work areas and
the skin exposure to those contaminants, which can cause contact allergies and
diseases and that adequate use of protective gloves and regular cleaning are
essential in creating a safe work environment (Fillenham et. al, 2012).
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In any comparison between pipe replacement and pipe linings, the general character
of the different alternatives should also be taken into account. Pipe replacement is
normally accompanied by a replacement of the surface layers of the bathrooms; this
necessarily leads to high financial costs and extended renovation time, as well as a
considerable inconvenience for the residents. Pipe lining, on the other hand, requires
only minor interventions in the apartment and will typically be complete in under one
week, meaning that the cost of relining should be considerably lower. However, the
quality of the final product following pipe replacement is also likely to be higher, as
the new pipes should not feature any of the flaws that might remain in a relined pipe.
Therefore, the choice between the available methods is influenced by a number of
factors, including financial limitations, inconvenience for the residents, and the extent
to which the property owner values the use of alternative technologies. One
alternative choice would be to use a combination of pipe lining and pipe replacement;
for instance, if a bathroom needs to be renovated, pipe replacement could be a
suitable option, while if only some parts of a line need to be rehabilitated, pipe lining
could be the best choice.
Overall, results from LCA analyses appear to demonstrate that, from an
environmental point of view, both the CIPP method and pipe lining with coating are
advantageous relative to pipe replacement, under the condition that the technical
lifespan is the same. However, uncertainties regarding overall service life and
concerns regarding emissions of biphenyl A remain issues of concern and warrant
further study.
Further results of artificial studies, in-service evaluation, monitoring the level of the
quality in previous rehabilitation work and evaluation of environmental aspects are
presented in Papers I-V. Moreover, a part of the original data and related analyses
are available online as datasets including the inventory and data used for the
comparative life-cycle assessment (Kharazmi, 2018), further data on thermal
analyses of the polymer linings (Kharazmi, 2019a), data used for evaluation of the
level of quality control in previous rehabilitation works (Kharazmi, 2019b), part of
findings from evaluating lined pipe samples removed from field (Kharazmi, 2019c),
part of data obtained from tests during artificial aging study of rubber-epoxy lining
(Kharazmi, 2019d) as well as data from studying the reinforced-polyester lining during
artificial aging (Kharazmi, 2019e).
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4- Conclusions and future work
Polymeric linings can stabilise the deterioration of water and wastewater sewers and
postpone the need for replacement until major renovations are necessary, provided
that these linings are properly selected and installed. This PhD work aimed to
compare the strengths and drawbacks of the various rehabilitation technologies
utilising polymeric systems in residential buildings, as well as to identify any issues
with these technologies.
The research approaches employed included aging studies (to evaluate the
performance of resin-based lining materials during artificial aging in the lab, facilitating
understanding of their performance when constantly exposed to deteriorative factors
under field conditions), as well as in-service performance investigation (conducted on
previously installed renewed samples, in order to demonstrate the state of lining
materials and lined pipes that had been exposed to operational conditions over
numerous years). Moreover, the level of quality control implemented in the previously
installed rehabilitation works was evaluated according to data gathered during and
site visits and laboratory investigations. Finally, the environmental impacts of different
renewal methods were compared by using the data and results from life-cycle
assessment analyses.
The artificial aging study indicated that the lining materials studied, which were based
on epoxy- and polyester-based polymeric systems, changed significantly while
immersed in water at higher exposure temperatures, although polyester-based lining
materials underwent comparatively less deterioration. Moreover, both materials
underwent less degradation at temperatures close to the average known
temperatures inside sewerage systems in residential buildings.
Studying the in-service performance of previously lined samples that had been
removed from the field revealed the existence of a variety of problems with these
installed liners. However, very few of these could be traced back to the deterioration
of the lining materials in service, and most were related to poor installation practices.
It

was

observed

that

majority

of

observed

defects

arose

during

the

application/installation, thus could not be indications of degradation of the liner over
time.
Monitoring the quality of the previously conducted rehabilitation works revealed a gap
between the level of quality control expected in theory and that implemented in
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practice. This suggests that greater attention should be paid to quality control at each
of several key stages (before installation, during installation, and after rehabilitation
work is completed).
The comparative life-cycle assessment indicated some environmental advantages of
alternative rehabilitation techniques (i.e. pipe linings, including the application of resinbased linings and the cured-in-place pipe technique) compared to traditional pipe
replacement practices. These results demonstrated that these techniques represent
viable alternatives to traditional replacement methods.
Due to great difficulty involved in sampling, the number of field samples that could be
removed to be made available for this study was limited, and the exposure time for
most of the obtained samples was comparatively short. One potential avenue for
future research could involve studying field samples obtained through the
predetermined sampling of previously rehabilitated lines and lines to be rehabilitated,
which would enable the regular quantitative evaluation of pipe conditions with respect
to time in service possible. Moreover, more comprehensive analyses are needed in
order to secure the data required to answer longevity-related questions with any
degree of certainty; future work could also cover additional emerging rehabilitation
techniques and materials. The development of polymer linings that achieve better
mechanical performance when exposed to degrading factors, and/or provide
increased structural strength to the deteriorated line, could be highly beneficial in
solving the problem with increasing need for the renewal of aging sewer systems in
future.
Furthermore, subsequent future work could include collating technical history and
related information from various renewal projects conducted by different contractors
in different locations over a long period. This would be useful for numerous reasons:
for example, gathering statistically significant data regarding the service conditions
and performance of relined pipes at different sites could facilitate the development of
a credible and comprehensive dataset, which could help with decision-making when
choosing between different renovation and rehabilitation methods. Well-documented
QC/QA of different rehabilitation works conducted by different contractors in different
locations over a long period of time would also provide high-quality information that
would enable the prediction of the renewed pipe’s expected service life, along with
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more accurate and reliable statistics regarding successes and failures; this would be
an invaluable resource when choosing between different renewal options. Moreover,
well-documented technical information, including details of consumables, would make
future life-cycle analyses more accurate due to their being based on more reliable
data. According to the findings of the present research, the best approach would be
to develop formal QA/QC plans for each rehabilitation technology separately. This
would also provide a more consistent quality of rehabilitation projects, consequently
increasing their effectiveness and reliability, as well as improving progress in the field.
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Baltoflake: Reinforcing glass-flake particles used to strengthen the polymer
composite. These particles are known for high abrasion resistant and provide
protection against water and mechanical attacks.
Baltoflake polyester: An ultra high build coating based on glass flake reinforced
unsaturated polyester. It is known for its fast curing (complete drying is expected in 14 days depending on the temperature of the environment) and high resistant against
water and chemical attack. Recommended by manufacturer (Jotun, 2016) to be
applied on surfaces such as carbon steel, stainless steel and aluminium. Can be sued
as a primer, mid coat or finish coat in both atmospheric as well as immersed
environments. Recommended by manufacturer to be applied as a coat with the
thickness of between 600 µm and 1500µm. A multi-component coat including resin,
catalyst/hardener, (accelerator and inhibitor). Styrene can be used as the thinner as
well as the cleaning solvent.

Optical microscopy images showing the interface of cured coupons of baltoflake (reinforced glass-flake) polyester.

Buckling test: a test used to predict the longevity and long-term performance of the
products and technologies in use. One common method for pipe-lining U.S is 10000hour buckling test on sample liner to study the creep properties (EPA & WRF, 2010).
CCTV: Closed-circuit television inspection. An inspection method by closed-circuit
television camera used to inspect the interior surface of the pipeline. (The best result
when conducting CCTV can be obtained when the camera is positioned in a way that
provides an accurate view, be moved slowly and have enough lighting.) CCTV can
be conducted at the same time as application to ensure a desirable result.
CIPP: Cured-in-place pipe; a rehabilitation technique by using a resin-impregnated
tube sent into an existing pipe to form a rigid pipe inside the host pipe after curing.
The tube can be polymer or glass-fiber fabric and the resin is commonly a thermost
resin which can be cured after installation. The installation and inversion of the resinimpregnated tube before curing can be by means of water or air pressure with or
without using a turning belt.
Common Installation Process:
Step 1: The composite materials are saturated with a thermosetting epoxy resin
system either on the jobsite or in an authorized facility.
Step 2: Using water or air pressure, the tube is then inserted into the host pipe by
either a pull-in or inversion method.
Step 3: Following installation, hot water or steam is circulated throughout the tube to
cure the thermosetting resin, (A UV light might be used for curing, depending on the
liner material used).
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Step 4: The pipe is cooled, the ends are cut off and the pipe is returned to service.
Lined sections are reestablished to the existing system using standard pipe fittings.
Step 5: Service connections on the existing host pipe are restored from inside the
lined main (a remote operator may be used to robotically cut through the liner at each
service opening (InsituMain®)).

Circumferential measurement: The measurement conducted around a circular pipe
cross section.
Creep test: A technique used to define the long term performance properties of the
materials including the thermoset resins.

The result from a creep test carried for a semi-structural lining (PU Liner) after aging in water predicting a
modulus of average 7 MPa after 50 years (EPA & WRF, 2010).

Dew point: A temperature, below which water droplets begin to condense on the
surface and is measured according to the temperature and humidity. Application of
most of the coatings, is not recommended in a dew point of under 4°C.
Degree of corrosion: The amount of rusting and formation of corrosion products. The
rust grade can be rated according as table below according to ASTMD610 (ASTM,
2019c).
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Degree and classification of rusting (ASTMD610).
Parameters
Degree of rusting

Classification of the
rust distribution

Specifications
> 50%
> 33.0% and ≤ 50.0%
> 16.0% and ≤ 33.0%
> 10.0% and ≤ 16.0%
> 3.0% and ≤ 10.0%
> 1.0% and ≤ 3.0%
> 0.3% and ≤ 1.0%
> 0.1% and ≤ 0.3%
> 0.03% and ≤ 0.1%
> 0.01% and ≤ 0.03%
≤ 0.01%

0
1
2
3
4
5
6
7
8
9
10
Spot rust
General rust
Pinpoint
Hybrid

The rusting is condensed in a few localized areas of the painted surface.
The rusting is randomly distributed in sizes and in areas throughout the
painted surface.
The rusting is spread through the surface as small individual specks of
rust.
The rusting combines attributes of at least two of the previous classification

Delamination: A failure mode in which the material fractures into layers.

Examples of delaminations insdie sheets of lining samples after aging in the lab showing the delaminations with
occurrences mainly between the applied layers of the film (Paper V).
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DFT: The dry film thickness of the lining. Higher or less or non-uniform DFT than
recommendation is a failure mode and causes different issues including mechanical
failure, cracks, disturbing the flow rate, etc.

High variation in DFT of a spray-applied lining (Baltoflake)

High variation in DFT of a brush-applied lining (Elastocoat)

DMA: Dynamic mechanical analysis. DMA is a material characterization technique
providing information about the thermal transitions by using different deformation
modes. Storage modulus, loss modulus and loss tangent obtained from DMA can be
used to indicate the glass transition temperature (Tg) when the relaxation (softening
of polymer) phenomena occurs. 𝑡𝑎𝑛 δ = E”/E’; E’: storage modulus, E”: Loss modulus,
tan 𝛿: Damping.
Dynamic Properties vs Temperature
0,500

2,50E+09

0,450

100° C

2,00E+09

0,400

Tg by Tan Delta

1,00E+09

as a function of

0,300

temperature (at
a test frequency of
1 Hz).

0,250
0,200
0,150

Modulus

Tan d

Modulus/Pa

1,50E+09

0,350

Peak (damping)

54°C
Tg E' onset occurance
due to the mechanical
failure/ structural
relaxation in the glass
transition region.

Tan
Delta

0,100

5,00E+08

0,050
0,00E+00
-50,0

0,000
0,0

50,0

100,0

150,0

200,0

Temperature / °C

Example of Tg analysis in a DMA instrument for a sample from cured lining

DN: Diameter nominal/outside diameter. DN 70 identifies a pipe with the outside
diameter (OD) of 78 mm and DN 100 identifies a pipe with outside diameter (OD) of
114.30 mm.
DSC: Differential scanning calorimetry. Technique used to detect the phase transition
of a polymer from a solid to liquid/melting occurs (endothermic by heat absorption) or
when polymer crystallize (exothermic reaction by releasing heat). DSC can be used
to monitor curing of a polymer system or the glass transition temperature (Tg). This
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method involves continuous monitoring of the difference in the heat flow or the
temperature between a reference material and a test material when they are heated
or cooled at a controlled rate through the glass transition region of the test material
and analyzing the thermal curve to provide the Tg. The heat capacity is the heat flow
divided by the temperature change. (∁𝜌 =

𝑓𝑙𝑜𝑤
ℎ𝑒𝑎𝑡 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑒

𝑞
𝑡
∆𝑇
𝑡

( ) = 𝑞/∆𝑇, 𝑞: Heat flow,

∆𝑇: Heating rate, ∁𝜌: Heat capacity, t: Time).

Heat flow

Tg can be measured from
the onset (might ne
measure from the middle
of the slope as well.)

Temperature

Example of phase transitions that can happen in a DSC instrument including the softening at Tg, crystallization at Tc
or melting at Tm.
Reference

Sample

Schematic of DSC Instrument

EDS: Energy dispersive x-ray spectroscopy. Technique used to analyze the elemental
composition. EDS can be used to study a material with unknown chemical
composition.
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Spectrum
Spectrum
Spectrum
Spectrum
Spectrum

1
2
3
4

In stats.

C

O

Yes
Yes
Yes
Yes

72.25
69.45
74.81
17.74

26.05
25.35
23.59
55.55

74.81
17.74

55.55
23.59

Max.
Min.
All results in weight%

Na

Mg

Al

Si

Ca

Ti

Total

2.21

0.52
0.42
0.69
0.00

100.00
100.00
100.00
100.00

5.01

0.95

1.13

1.18
3.32
0.91
17.40

5.01
0.81

0.95
0.95

1.13
0.30

17.40
0.91

2.21
0.35

0.69
0.00

0.81

0.30

0.35

Spectrum

In stats.

C

O

Na

Mg

Al

Si

Ca

Ti

Total

Baltoflake

Yes

64.02

27.62

1.26

0.24

0.37

5.27

0.81

0.40

100.00

64.02
0.00
64.02
64.02

27.62
0.00
27.62
27.62

1.26
0.00
1.26
1.26

0.24
0.00
0.24
0.24

0.37
0.00
0.37
0.37

5.27
0.00
5.27
5.27

0.81
0.00
0.81
0.81

0.40
0.00
0.40
0.40

100.00

Mean
Std. deviation
Max.
Min.
All results in weight%

Example of the analyses for studying the composition of a reinforced polyester sample in an EDS instrument
(Kharazmi, 2019e).

Elongation: Change in the length of specimen under load in a mechanical testing
machine. The relation between the applied force, or load, and elongation is linear in
the initial part of the stress-strain curve. This linear relation is defined as Hooke’s law,
where the ratio is a constant, and the slope is known as Elongation.

A typical stress-strain curve (Instron, 2016).
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Epoxy: Resin formed by the reaction of acidic hydroxyl group (commonly a phenol
such as bisphenol A) and epichlorodydrin.

Example of Molecular structure of epoxy (EPA & WRF, 2010)

Epoxy lining: A pipe lining based on epoxy resin.

Fiberglass: A material with high strength commonly used to add reinforcement to a
polymeric system.
Flexural testing: A mechanical testing is used to measure the flexural properties for
the rigid or semi-rigid material. In this work, a three-point bending was used for
measuring the flexural properties including the modulus and strength. Three point
bending was the main mechanical testing method for characterization of the polyester
lining material in this work.
𝐹

𝐹
A beam under applied force (𝐹) in three-point bending

Flexural modulus: The ratio of stress to strain. A material with higher flexural modulus
is a stiffer material with high resistant against bending. 𝐸 = 𝐹/𝐴, E =Flexural
modulus 𝐹= Load at a given point, related to the length, width, depth or thickness of
the beam as well as the stress at midpoint of the beam, A: Area of the specimen.
Flexural strength: The strength of a material when it is bended.
FTIR: Fourier transform infrared spectroscopy. A method for polymer characterization
using IR radiation passing a sample with some parts being absorbed and some parts
passing through the sample, providing a ‘fingerprint’ of the sample. Various chemical
structures provide different fingerprints in the FTIR spectra.
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Examples of studying fingerprints and chemical compositions of epoxy and polyester lining materials in a FTIR
instrument (Kharazmi, 2019e)

Flexible sleeve: In this work, referred to the method using an impregnated flexible
tube inverted inside the existing pipe to form a new rigid pipe inside after curing. Also
known as CIPP or ‘Strumpa’ in Swedish.
Fold and form: A renewal mwthod in which a plastic pipe is reduced in dimeter before
insertation and is returned to its original diameter after by pressure or heat.
High built: High density coat which can be built in multiple layers and forms a
protective layer on the substrate.
Gravity sewer: A sewer line that is uses gravity to transport flow (pumps may be used
if necessary).
GRP: Glass reinforced plastic.
HDPE: High density polyethylene.
Host pipe: The existing/deteriorated pipe.
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Holidays: A failure mode in which areas of substrate are not coated properly, creating
flaws in the coating film.
Hydrolysis: Referred to the process in which a material reacts with water and can form
new substances.
In situ: In this work, referred to a liner/lining which can be cured after placing in the
desired position, e.g. inside the existing deteriorated pipe.
Inversion: The process of turning the soft tube inside out during installation of for
example CIPP and before the tube is hard.
LCA: Life Cycle Assessment. A technique to evaluate the potential environmental
impacts of different stages in the life of a product such as raw material, manufacturing,
transport, usage and disposal.
Light microscopy: Obtaining magnified images using a light source, also referred to
as optical microscopy.
Liner: Mainly refer to a fabric tube impregnated with a resin (usually a thermoset
resin).
Lined pipe: A pipe that has been rehabilitated by one of the pipe lining
methods/materials
Lining: Mainly refer to a renewal process with a coating material or a resinimpregnated tube is used for extending the service life of a deteriorated existing host
pipe.
Localized repair: Renewal of a segment of a deteriorated pipeline for example
between two access points.
Normalised time: Normalised time in water absorption measurement refers to the
square root of time/ thickness of the sample. To enable long-term prediction of water
sorption in thick samples or short-term in thin samples, the amount of water sorption
can be plot against square root of time/thickness because it is expected for the mass
uptake to increase linearly with the square root of time (Fick’s law or idea Fickian
behavior).
Needled felt: The prefabricated tube used in CIPP method with high absorbance.
Peeling: A failure mode in which the coat detaches from the substrate at some areas.
Pinhole: A failure mode in coats referring to hole in the coat caused by entrampment
of moisture, air or fluids.
Pipe renewal: Referred to the in-situ renewal of a deteriorated pipe, can also mean
rehabilitation and renovation.
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Pipe fracture test: A technique used to measure the fracture toughness of a pipe
segment.

Set up for pipe fracture test (EPA &WRF, 2010)

Plastic: Thermoset or thermoplast polymeric materials can refer to PVC, epoxy,
polyester, etc.
Polyester: Resin produced by the condensation of polybasic acids with polyhydric
alcohols.

Example of molecular structure of polyester

Polyester lining: A resin-based pipe lining based on polyester resin.
Polymer coatings: usually thermoset coatings based on epoxy, polyester or
polyurethane resins which have the ability to adhere to the metallic surfaces and act
as a protection against corrosion.
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PVC: Polyvinyl chloride, a thermoplastic pipe used in sliplining and fold and form
renewal techniques.
Quality assurance (QA): Inspection and testing methods to reach the desired products
or services.
Quality control (QC): Test results from inspection and testing methods. In general,
can be used for any activity associated with the quality of the products or services.
Relining: In this work, referred to any technique in which the old pipe is renewed using
a pipe lining method. In Swedish, it can be used to referred to the pipe lining by coating
while the ‘infodring’ can be used for techniques with mechanism similar to CIPP by
utilizing a needled felt resin -impregnated tube. May be used to refer to pipe
lining/rehabilitation/renovation/renewal.

Examples of spray-on relining being used for water main (Municipal Sewer and Water Magazine®)

Renovation: Can refer to pipe renewal, rehabilitation, or replacement.
Repair: Reconstruction of a hole or leakage in a segment of a pipeline before
rehabilitation of the pipeline.
Replacement: Replacing the deteriorated old pipe with a new pipe by an open-cut,
trench technology. This can include the pipe bursting with inline replacement.
Resin impregnation: Impregnating the prefabricated tube in CIPP technique with a
thermoset resin. This usually is done on site or in the manufacturer facility. Air can be
removed from the tube during impregnation by a vacuum suction if necessary.
Resin: Thermoplastic or thermoset polymer in a liquid or solid form.
Semi-structural liner: A liner that does not need to be stand-alone to fulfill its required
functionality in rehabilitation of the pipeline but provide some level of structural support
against internal pressure.
Segregation: A failure mode in which the cured layer of the lining is separated from
the host pipe. Good adhesion of the lining to the inner surface of the host pipe is
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particularly important for the non-structural or semi structural lining which fulfil their
expected functionality to act as a protective layer which can stabilize the condition of
the existing pipe by adherence to the host pipe. The adhesion ability is less crucial
when using stand alone and structural pipe liners compared to the non-structural pipe
lining such as epoxy lining.

Examples of segregation of spray-applied lining films from the substrate (Paper III)

SEM: Scanning electron microscopy.
Sewer: A pipe transporting water and wastewater in buildings or stormwater outside
buildings. Sewer pipes are also used to transfer wastewater to a treatment facility.
Sliplining: A renewal technique by sending a new plastic pipe (usually PVC or HDPE
or FRP) in the old deteriorated pipe.
Note: Sliplining have also been used occasionally as a general term referring to the
renewal method based on the mechanism of obtaining a new pipe inside the old pipe
(including the CIPP, although the mechanisms are different).
Steel rod: A mechanical cleaning tool used for cleaning of inside line before pipe
lining. Also known as drag scraper.
Stress-strain curve: A curve showing the relation between applied force/load and
elongation/strain/change in length.
Stress: Stress in mechanical testing is related to the load applied in a mechanical
testing and the cross sectional area. The known stress here is related to the crosssectional area and the load; 𝛿 = 𝐿𝑜𝑎𝑑/𝐴𝑟𝑒𝑎, 𝛿: Stress.
Strain: Change in the length of the sample being tested during a tensile/flexural
mechanical testing. 𝜀: Strain, 𝜀 = (𝐿2 − 𝐿1)/𝐿2 , whereas 𝐿2 is the length of the
material at maximum strength, and 𝐿1 is the original length of the material.

Tensile specimens: Samples prepared to be used in the tensile testing, cut in a
dumbbell/dog-bone shape.
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Tensile specimens prepared in a dumbbell-shape for the tensile testing of the lining materials.

Tensile modulus: The slope of the initial linear part (Hook’s law) of the stress-strain
curve also known as elasticity or young’s modulus.
Tensile strength: The resistant of a material against breakage.
Tg: Glass transition temperature. The range of the temperatures in which softening in
material occurs. Tg can be different in different instruments depending on the
mechanism (e.g. in DSC or DMA) and it is not an absolute point but a range of
temperatures.
Spray-on: An application technique using a rotating head to spray a resin based pipe
lining in the liquid form. Mixing the multi-component pipe linings can be done before
or at the same time as the application.
Steel rod: Tool used for mechanical cleaning of inside pipeline, may also be called
drag or pipe scraper.
Sorption: In this work referred to any phenomena (physical or chemical) in which the
material takes up water inside while immersed.
T25: STVF guidance for conducting CCTV.
TDS: Technical data sheet, provided by the manufacturer.
Thermoset: A polymeric material that will not melt and reformed when reheating in a
cured state. Thermoset resins such as epoxies undergo a chemical reaction after
mixing with the catalyst in the liquid state and the process is not reversible.
Tensile testing: A method to measure the mechanical properties of a material
including the modulus and strength. The main mechanical testing method for
characterization of the epoxy lining material in this work.
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Examples of the stress-strain curves obtained during measurements of the mechanical properties in an Instron
machine for different samples of the epoxy lining (Kharazmi, 2019d).

Tensile strength: The force required to break a material when it is pulled.
Type I lining material: Lining material providing a non-structural type of pipe
rehabilitation.
Trenchless: A no-cut/no-dig technique. This can refer to inspection, rehabilitation,
replacement or repair.
Trenchless pipe replacement: Method in which the existing pipe can be broken or
removed excavation to remove the old pipe. The new pipe can be installed by pulling
or pushing. An example of trenchless pipe replacement is “Pipe bursting” method.
UV: Ultraviolent, UV light source can be used to cure reinforced glass fiber CIPP with
diameter of 150mm to 1200mm (Insituform, 2019 )
Water jetting: Internal cleaning of a pipeline using high-pressure water jet.
Water main: Mainly referred to pipe installed underground to convey water.
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Young’s modulus: The elastic/stiffness property of a material undergoing load
application. The value is related to the stress (force applied per unit area) and strain
(deformation). Young’s modulus=Stress/Strain.
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