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Abstract

Abstract

The durability problems experienced by traditional materials (such as steel or reinforced
concrete) and the need for increased construction speed in civil engineering applications, have
been fostering the development of new structural solutions, using alternative construction

materials, more durable and with lower maintenance requirements.

In this context, fibre reinforced polymer (FRP) materials are playing an increasingly important
role; their demand for both new construction and rehabilitation of existing structures has been
steadily increasing in the construction sector. In particular, pultruded glass fibre reinforced
polymer (GFRP) profiles are now being used in a growing number of applications, including
structural parts or components of bridges and buildings. Compared to conventional solutions,
these profiles offer low self-weight, high specific strength, ease of handling, electromagnetic
transparency, non-corrodibility and low maintenance operations. The main disadvantages are
their brittle behaviour, the low elasticity and shear moduli, the relatively high initial costs, the

low development of connection technology and the generalised lack of specific design codes.

In spite of practical evidence of improved performance under harsh conditions, namely when
compared with more traditional materials, comprehensive and validated data on the durability
of pultruded GFRP profiles is still scarce. The quantification of the durability and of the
damage tolerance of GFRP constructions is becoming critical to their structural design. In
addition, the connection technology for pultruded GFRP profiles also presents challenges, and
despite the potential benefits of adhesively bonding these materials, there are also concerns
about their durability, namely with respect to the influence of the exposure conditions on both

the adhesives and the GFRP adherends.

The main objective of the present thesis was to study the durability of pultruded GFRP profiles
and their adhesively bonded connections. The thesis thus focused on the following four research
topics: (i) the durability of pultruded GFRP profiles for civil engineering applications; (ii) the
long-term behaviour of structural adhesives typically used to bond GFRP elements; (iii) the
durability of GFRP bonded connections in civil engineering applications; and (iv) the

performance of a GFRP structure after more than 10 years in service conditions.

The research on the durability of pultruded GFRP profiles comprised an extensive experimental
campaign, in which the physical, viscoelastic, mechanical and aesthetical properties of profiles
made of vinylester or unsaturated polyester resins were monitored. The profiles were subjected

to hygrothermal ageing, natural weathering, thermal cycles, and synergistic effects of different
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ageing conditions and sustained loading for periods up to two years. Results obtained showed
that hygrothermal degradation was the most severe conditioning, when compared to thermal
cycling or natural weathering, which produced relatively small changes over the exposure
period. Post-curing phenomena were observed for all ageing environments. For immersion in
water and salt water, the long-term material properties were predicted using Arrhenius models
and none of the estimated properties fell below 50% after 100 years. Sustained loading produced

small effects when acting synergistically with the different ageing environments.

Two different structural adhesives (epoxy and polyurethane) were experimentally studied
regarding their durability. Although post-curing effects were observed, hygrothermal ageing
had negative effects on both adhesives, causing irreversible degradation mechanisms. In a

similar way as for the GFRP profiles, the effects of natural weathering were much less severe.

Single lap bonded joints were produced with the above-mentioned adhesives and GFRP
adherends, and exposed to similar ageing conditions, i.e. hygrothermal ageing, natural
weathering and thermal cycles. The degradation of the mechanical performance of such joints,
in terms of ultimate load and stiffness and failure modes, was monitored during the exposure
period. Alongside the experiments, numerical models were developed in order to simulate the
tests and to obtain a better understanding of the mechanical behaviour of the bonded joints,
including the effects of ageing. Both hygrothermal and thermal cycles caused detrimental effects
on the joints’ response and influenced their failure modes, while natural weathering produced

smaller changes. Effects from post curing were also visible on the performance of such joints.

Regarding the case study of a GFRP construction, the visual inspection and the laboratory
tests performed on the GFRP material and profiles extracted from the construction showed
that its structural safety is presently largely fulfilled and that its structural reliability should

not be compromised, at least in the near future.

The results obtained in this thesis showed that the degradation levels exhibited by pultruded
GFRP profiles and their bonded connections, although relevant and needed to be duly
accounted for at design, seem to be compatible with their structural use in civil engineering

applications.

Key-words: Glass fibre reinforced polymers (GFRP), pultrusion, structural adhesives,

adhesively bonded joints, durability.
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Sumaério

Sumario

Os problemas de durabilidade dos materiais de construgao tradicionais (ago e betdo armado) e
a exigéncia de maiores velocidades de construcdo tém contribuido para o estudo e
desenvolvimento de solucbes estruturais inovadoras, utilizando materiais de construcéo

alternativos, mais duraveis e com menores exigéncias de manutencao.

Neste contexto, os polimeros reforcados com fibras (PRF) estao a desempenhar um papel cada
vez mais relevante. Em particular, os polimeros reforgados com fibras de vidro (PRFV) tém
vindo a aumentar as suas aplicacbes em componentes estruturais de pontes e edificios. Estes
materiais oferecem varias vantagens quando comparados com as solucées tradicionais, como o
reduzido peso proprio, os elevados valores de resisténcia mecénica, a facilidade de transporte e
montagem, a transparéncia electromagnética, a nao corrosibilidade e as reduzidas operagoes de
manutencdo. As suas principais desvantagens consistem no comportamento fragil, os reduzidos
valores de rigidez, os custos iniciais relativamente elevados, o reduzido desenvolvimento da

tecnologia das ligacoes e a falta de regulamentacao especifica consensual.

Nao obstante a boa durabilidade observada em diversas construgoes, ainda existem poucos
resultados validos e abrangentes sobre a durabilidade de perfis pultrudidos de PRFV para
aplicacoes da engenharia civil. A quantificagdo da durabilidade e da tolerancia ao dano sio
cada vez mais relevantes para o dimensionamento destes componentes estruturais. Em paralelo,
existem também dividas e preocupacoes sobre a durabilidade de ligacoes coladas entre perfis
de PRFV, nomeadamente no que se refere & influéncia das condigdes de exposicdo ambiental

que afectam tanto os adesivos de colagem, como os perfis a ligar.

O principal objectivo desta tese consistiu em estudar a durabilidade de perfis pultrudidos de PRFV
e das suas ligagoes coladas. Para tal, a tese aborda os seguintes quatro topicos de investigagdo: (i) a
durabilidade de perfis pultrudidos de PRFV para aplicacoes em engenharia civil; (ii) o
comportamento a longo prazo de adesivos estruturais utilizados na colagem de materiais PRFV;
(ili) a durabilidade de ligagoes coladas entre perfis de PRFV para aplicagoes estruturais; e (iv) a

avaliagdo do desempenho de uma estrutura PRFV apés mais de 10 anos de utilizacao.

A investigacdo acerca da durabilidade de perfis de PRFV incluiu um extenso programa experimental,
em que foram monitorizadas as propriedades fisicas, quimicas, viscoelésticas, mecanicas e estéticas de
perfis com matrizes de poliéster e viniléster. Os perfis foram submetidos a envelhecimentos acelerados
artificialmente, como exposi¢oes higrotérmicas e ciclos térmicos, a envelhecimento natural e também

a efeitos sinergéticos entre varios tipos de envelhecimento e diferentes condi¢bes de carregamento em
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flexao. Os resultados obtidos mostraram que os envelhecimentos higrotérmicos afectaram de modo
mais pronunciado as propriedades de ambos os tipos de perfis de PRFV por comparacdo com os
ciclos térmicos ou o envelhecimento natural, cujos efeitos globais foram reduzidos durante os perfodos
de exposicao. Foram observados efeitos de pos-cura em todos os envelhecimentos considerados. Varias
propriedades mecénicas foram estimadas por recurso a modelos de previsdo de longo prazo baseados
na equagdo de Arrhenius e, apos 100 anos, nenhuma apresentou redugdes superiores a 50%.
Acrescenta-se ainda que os efeitos sinergéticos dos ambientes de envelhecimento e de carregamento

em flexdo foram reduzidos.

Dois adesivos estruturais de epdxi e poliuretano foram sujeitos a ambientes de envelhecimento
semelhantes aos utilizados no estudo dos perfis de PRFV. De uma forma geral, os ambientes
higrotérmicos afectaram de forma negativa ambos os adesivos, tendo-se verificado mecanismos de
degradacao irreversiveis, mesmo quando ocorreram fenémenos de pés-cura. De uma forma andloga

aos perfis de PREV, os efeitos do envelhecimento natural também foram menos severos nos adesivos.

Foi também estudada a durabilidade de perfis colados por sobreposicio simples utilizando os perfis
e adesivos acima mencionados. Estas ligaces foram sujeitas a diferentes tipos de envelhecimentos,
nomeadamente envelhecimentos higrotérmicos, envelhecimento natural e ciclos térmicos, tendo-se
quantificado o seu efeito na degradacdo das propriedades mecénicas das ligagdes. Os
envelhecimentos higrotérmicos e os ciclos térmicos reduziram o desempenho das ligacées, tendo
também influenciado os modos de rotura; o envelhecimento natural provocou efeitos mais
reduzidos. Ao nivel das ligacGes, também foram visiveis os efeitos de pds-cura ja mencionados.
Paralelamente, foram também desenvolvidos estudos numéricos que permitiram aprofundar o efeito

da degradac@o ambiental dos diferentes materiais no comportamento das ligacoes.

Por tltimo, em relacio ao caso de estudo da estrutura em PRFV, a inspecgfo visual e os ensaios de
laboratorio efectuados no material retirado da obra mostraram que a seguranca da estrutura esta

assegurada e que ndo deveré ser comprometida ou chegar a um nivel critico num futuro préximo.

Os resultados obtidos nesta tese mostram que os niveis de degradagio apresentados pelos perfis
de PRFV e pelas suas ligacdes coladas, ndo obstante serem relevantes e terem que ser
devidamente considerados na fase de projecto, parecem ser compativeis com a sua utilizacdo em

aplicagodes estruturais de engenharia civil.

Palavras chave: Polimeros refor¢cados com fibras de vidro (PRFV), pultrusdo, adesivos

estruturais, ligacoes coladas, durabilidade.
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Part 1

Introduction

Preamble

Pultruded glass fibre reinforced polymers (GFRP) result from the
combination of glass fibres and different polymeric matrices, being
manufactured through the pultrusion method. Over the last 30 years,
the use of these materials in the construction sector has significantly
increased: in 2017, 34% of the GFRP production in Europe was applied
in this industry. Despite these significant growing trends, there is still
potential to further increase the production and use of pultruded
elements in construction. One of the factors that is hampering the
further use of pultruded GFRP in construction is the unquantified
and/or unknown susceptibility of these materials when subjected to

different ageing conditions.

Part I of this thesis presents an overview of pultruded GFRP profiles,
their constitution, manufacturing method, typical properties, shapes,
connection technology and current civil engineering applications. In
addition, the GFRP FEuropean market and the current positioning of

pultruded elements is also discussed.
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Chapter 1.

Introduction

1.1. Context and motivation

In the past few decades, the durability problems of civil engineering structures built with
conventional materials (namely steel, concrete, and timber) have increased significantly and so
have the costs involved in the corresponding repair, retrofit and maintenance operations. As
an example, the ASCE 2017 infrastructure report card [1.1] refers that almost four out of ten
bridges in the United States (US) are at least 50 years old and in need of rehabilitation. In
addition, in 2016 9.1% of the 614 387 bridges in the US were classified as structurally deficient;
this number reflects a growing trend, with the most recent estimates regarding bridge repair

needs amounting to a 123 billion dollar investment [1.1].

The limited durability of civil infrastructure has been fostering the search for alternative
construction materials and structural systems. Over the past few decades this pursuit for lighter
and more durable materials, with lower maintenance requirements, has raised the interest in

innovative materials and connection systems [1.2-1.4].

Among those materials, pultruded glass fibre reinforced polymer (GFRP) profiles are being
used in a growing number of applications, because they offer the above-mentioned advantages
at a relatively competitive life cycle cost. There are already several examples of bridges and
buildings comprising GFRP structural elements, in both new construction and rehabilitation
of degraded infrastructure [1.2-1.4]. The field of application of GFRP profiles includes the
replacement of deteriorated bridges decks made of reinforced concrete or steel, especially those
located in cold environments (where de-icing salts are used), or new structural (e.g. pultruded
frames and trusses) and non-structural components (e.g. hand-rails) exposed to relatively harsh

environmental or chemical conditions, such as water treatment plants [1.5].

The main disadvantages of GFRP profiles are their brittle behaviour and low elasticity and shear
moduli, with their design being often governed by deformability or instability phenomena and
seldom allowing the full exploitation of the material’s resistance [1.6, 1.7]. In spite of practical
evidence of improved durability, another factor that is delaying the widespread acceptance of
GFRP profiles for civil engineering structural applications is the lack of comprehensive and
validated data about their durability. In fact, although there is a wealth of information available

concerning their short-term behaviour, the durability of GFRP profiles has not yet been
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investigated to an extent that provides enough confidence to construction agents, namely when
compared with traditional materials. The need to document, evaluate and quantify the durability
performance of GFRP profiles is particularly relevant for civil engineering structural applications,
as the majority of the projects are developed considering relatively long service lives, often higher

than 50 years [1.1, 1.8].

The connection technology for pultruded GFRP profiles also presents challenges due to the
brittle and anisotropic nature of the material. GFRP profiles are usually connected via bolting
and/or adhesive bonding. While mechanical bolting typically needs drilling operations and
often leads to overdesigned GFRP components [1.5, 1.6], adhesively bonding offers more
uniform load transfer, being also more material-adapted, as both the substrate and the adhesive
are of a polymeric nature [1.7, 1.8]. Moreover, adhesives can potentially confer some ductility
to joints, compensating the brittle nature of GFRP components, thus providing some energy
dissipation capacity under cyclic/seismic actions and/or load redistribution in redundant
structures [1.9]. Sections assembled by means of adhesive bonding may also benefit the

construction process, by reducing installation times and production costs [1.10, 1.11].

As such, the use of adhesives to join GFRP components has been increasing in the construction
industry, in parallel with other industries. However, among other concerns (e.g. the behaviour
at elevated temperature), a broader use of bonded joints is pending on obtaining a better
understanding of their long-term behaviour [1.12]. Nowadays, a wide range of adhesives is
available to bond structural components made of different materials. Some industries, such as
aerospace, naval and automotive, provide anecdotal evidence of good durability properties of
bonded joints. However, limited comprehensive data is usually available regarding their long-
term performance [1.13]. Moreover, structural adhesive bonding in civil engineering
applications has very diverse requirements compared to those industries, namely different
(longer) design service lives and exposure environments. In order to properly design such
structural adhesive joints, such information is needed, namely about the environmental
degradation underwent by the adhesives (and the adherends) throughout the service life of the

construction [1.14].

The work presented in this PhD thesis follows the previous work conducted within the author’s
MSc dissertation [1.15], where preliminary and exploratory studies were conducted about the
durability of pultruded GFRP profiles. The results obtained then established the backbone

that supported the present research.
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1.2. Objectives and methodology

The main objectives of the present thesis were to overcome some of the aforementioned
limitations, namely: (i) to obtain in-depth understanding about the durability of pultruded
GFRP profiles for civil engineering applications; (ii) to study the long-term behaviour of
structural adhesives typically used to bond GFRP structural elements; (iii) to investigate the
durability of GFRP bonded connections in civil engineering applications; and (iv) to evaluate

the performance of a GFRP structure after more than 10 years in service conditions.

Regarding the first objective, the assessment of the long-term behaviour of pultruded
GFRP profiles, it was addressed through the following tasks: (i) study of the main
degradation mechanisms caused by different critical factors that affect the durability of
pultruded GFRP profiles; (ii) characterisation of long-term material properties (mechanical,
physical, and aesthetical) when GFRP profiles are subjected to different ageing environments;
(iii) prediction of the long-term behaviour at the material level, attempting to correlate and
compare the effects of the different ageing conditions on the durability of pultruded GFRP

profiles.

The first task was supported by a literature review, which allowed (i) identifying the most
pertinent issues that affect the GFRP material durability, and (ii) supporting the definition of
the materials to be used in the experimental campaign, in terms of nature of the polymeric
matrix and fibre architecture. Based on such study, two types of commercial “off-the-shelf’
GFRP profiles made of either unsaturated polyester or vinylester resins were produced by the
pultrusion method at company Alto Perfis Pultrudidos, Lda., and their mechanical, physical,
viscoelastic, chemical and aesthetical properties were initially characterised through several

experimental tests.

This task motivated the second one, in which the long-term durability behaviour of pultruded
GFRP profiles applied in mild Mediterranean climates was assessed through four different and
comprehensive experimental programmes (each one involving up to two years of ageing or 600
thermal cycles): (i) hygrothermal ageing comprising a desorption period, (ii) outdoor (natural)
and QUV (artificial) accelerated ageing, (iii) thermal cycling ageing, and (iv) synergistic effects
of different ageing conditions and sustained loading (bending). For all these experimental
programmes, different physical, chemical, viscoelastic and mechanical properties were monitored

and their changes were thoroughly analysed and discussed.
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Finally, the third task involved applying long-term prediction models to different mechanical
properties in order to estimate their long-term behaviour. As such, analytical Arrhenius type
models were successfully implemented, whenever applicable. In addition, an attempt was also

made to correlate natural and QUV artificial ageing.

Regarding the second main objective of this thesis, the durability of commonly used
structural adhesives, analogous tasks were performed towards the experimental
characterisation of their long-term behaviour. As such, two structural adhesives, an epoxy and
a polyurethane, were subjected to two environmental conditions - (i) hygrothermal ageing, and
(ii) natural ageing. The results obtained provided relevant information about the deterioration
of those adhesives when subjected to similar conditions to those used to assess the performance

of pultruded GFRP profiles.

Based on the information obtained about both the adherend (GFRP profiles) and adhesive
(epoxy and polyurethane) materials, further investigations were performed about the
durability of GFRP adhesively bonded connections, the third objective of this thesis.
Single lap bonded joints were produced and subjected to different ageing conditions, namely
(i) hygrothermal ageing, (ii) natural ageing, and (iii) thermal cycles. Single lap shear tests were
then performed in order to quantify the degradation of the mechanical performance of such
joints, in terms of ultimate load and stiffness and failure modes. The changes in the performance
of the bonded joints due to the different ageing conditions was analysed in light of the changes
underwent by both the GFRP adherends and the adhesives. Alongside the experimental tests,
numerical models were developed in order to simulate the tests and to obtain a better
understanding of the mechanical behaviour of the bonded joints, including the effects of ageing.
The numerical models were also used to assess the magnitude of the stresses developed in the
materials due (i) to the hygrothermal ageing of the materials, and (ii) the mismatch between

the coefficients of thermal expansion of the GFRP and the adhesives, due to thermal cycles.

Finally, the fourth main objective consisted of the characterisation of the durability of a
GFRP structure under actual service conditions: the Urban Transport Automated
System in Oeiras (SATU-Oeiras), which was exposed to a maritime influence during 11 years
of service. To fulfil such objective, a detailed visual inspection was conducted and an
experimental campaign was performed on GFRP components, which included: (i) assessment
of physical, mechanical and aesthetical properties of the GFRP material; and (ii) assessment
of the flexural behaviour of full-scale GFRP beams. It is worth noting that despite the

importance of results obtained from accelerated and controlled laboratory artificial ageing, the
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correlation between such results and those obtained from natural weathering is not an easy
task. In fact, the environmental aggressiveness is not always easy to quantify and there are
numerous parameters that may influence the material and structural behaviour, and their
complex interactions (e.g. changing temperatures, humidity levels, direct contact with water,
creep, fatigue, ultraviolet (UV) radiation, among others). Natural weathering studies provide
more reliable results regarding the long-term behaviour, however very few works were published

until now [1.7].
1.3. Main scientific contributions

The research presented in this thesis about the durability of pultruded GFRP profiles and their
adhesively bonded connections provided relevant scientific contributions, for both the
construction industry and the scientific community. The main contributions are highlighted in

this section.

The research about the durability of pultruded GFRP profiles deepened the understanding
about the long-term behaviour of these materials when subjected to different ageing
conditionings. The amount of experimental data obtained was paramount - over 3000 tests
were performed, some corresponding to significantly long periods of hygrothermal ageing — such
information was very scarce in the current technical literature. Comprehensive information was
obtained about the physical, viscoelastic and many mechanical properties of pultruded GFRP
material made of either unsaturated polyester of vinylester, comprising a robust database on
the effects of hygrothermal ageing (up to 2 years) after a desorption period. These data allowed
quantifying the changes suffered by those properties, analysing the degradation mechanisms
that affect GFRP profiles and applying long-term prediction models, whenever possible. In
addition, it was also possible to correlate results obtained from 3000 hours of QUV artificial
ageing with natural ageing up to 8.5 years, deepening the long-term information about these
materials. For this type of ageing, even for low to moderate degradation of mechanical
properties, the importance of fibre blooming (observed for relatively short exposure periods)
was highlighted. This thesis also provided useful and new information about the effects of
thermal cycles (up to 600 cycles) typical of mild Mediterranean climates on the physical and
mechanical properties of GFRP profiles.

The research about the durability of structural epoxy and polyurethane adhesives also
contributed to increase the knowledge about their long-term performance when subjected to
several ageing conditions representative of different civil engineering applications, namely

(i) hygrothermal ageing and (ii) natural ageing. The effects of these environments on several
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physical, viscoelastic and mechanical properties of two common structural adhesives was
assessed. The results obtained provided a better understanding of the degradation mechanisms
that affect these adhesives and the impact of those mechanisms on the adhesive properties.
The thesis provided also a wealth of experimental data (over 800 tests were performed in
adhesive specimens), which, for some properties (e.g. in plane shear properties), was not
available in the literature. The results obtained also allowed comparing the hygrothermal and
weathering resistance of the two structural adhesives - epoxy (with higher stiffness) and

polyurethane (with higher deformation capacity).

The research on adhesively bonded joints between GFRP adherends allowed assessing the
effects of hygrothermal, outdoor ageing and thermal cycles on the performance of such joints.
To the author’s best knowledge, no test results were available in the literature about the
influence of those environments on bonded joints between all-GFRP adherends. The
information obtained in this thesis allowed filling a specific gap, improving the current
knowledge about the susceptibility of such bonded joints to different types of ageing and
providing relevant and extensive data (over 260 tests were performed on bonded joints) to both
researchers and practitioners. The numerical models developed provided also interesting
insights about the stress distributions in all-GFRP bonded joints, including (i) the effects of
hygrothermal ageing on the stress peaks at the overlap ends and (ii) the magnitude of thermal

stresses caused by thermal cycles.

In the final part of this work, a real GFRP structure - the SATU Oeiras - was thoroughly
assessed, allowing quantifying and evaluating its mechanical and structural performances after
11 years in service conditions, under maritime influence. After a detailed visual inspection, it
was possible to identify the occurrence and severity of the most significant anomalies, and the
overall state of conservation of the construction. Mechanical tests on small-scale coupons and
flexural tests on beams allowed quantifying the degradation underwent at the material and
structural levels, by comparing the performance of similar unaged pultruded material and
beams. In summary, the main contributions of this part of the work comprised the assessment
of the structural safety and long-term performance of a full-scale GFRP structure in real service

conditions.
The following ISI-indexed journal publications resulted from the contributions described above:

e Sousa JM, Correia JR, Cabral-Fonseca S, Diogo AC. Effects of thermal cycles on the
mechanical response of pultruded GFRP profiles used in civil engineering applications.

Composite Structures. 2014; 116:720-31;
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Sousa JM, Correia JR, Cabral-Fonseca S. Durability of glass fibre reinforced polymer
pultruded profiles: Comparison between QUV accelerated exposure and natural weathering
in a mediterranean climate. Experimental Techniques. 2016; 40:207-19;

Sousa JM, Correia JR, Cabral-Fonseca S. Durability of an epoxy adhesive used in civil
structural applications. Construction and Building Materials. 2018; 161:618-33;

Sousa JM, Correia JR, Cabral-Fonseca S. Some permanent effects of hygrothermal and
outdoor ageing on a structural polyurethane adhesive used in civil engineering applications.
International Journal of Adhesion and Adhesives. (doi:10.1016/j.jjadhadh.2018.04.010) 2018;
Cabral-Fonseca S, Correia JR, Custodio J, Silva HM, Machado AM, Sousa JM. Durability
of FRP - concrete bonded joints in structural rehabilitation: a review. International Journal
of Adhesion and Adhesives (in press) 2018;

Sousa JM, Correia JR, Firmo JP, Cabral-Fonseca S, Gonilha, J. Effects of thermal cycles
on adhesively bonded joints between pultruded GFRP adherends. Composite Structures (in
press). 2018;

Sousa JM, Correia JR, Gonilha, J, Cabral-Fonseca S, Firmo JP, Keller, T. Durability of
adhesively bonded joints between pultruded GFRP adherends under hygrothermal and

natural ageing. Composites Part B: Engineering (under review) 2018.

In addition to the above-mentioned publications in ISI journal papers, the research developed

in this thesis was published in the proceedings of the following International and Portuguese

conferences:

Sousa JM, Correia JR, Cabral-Fonseca S. Durabilidade de ligacoes coladas entre perfis
pultrudidos de GFRP com adesivos estruturais, Proceedings of the 5 Jornadas Portuguesas
de Engenharia de Estruturas (JPEE 2014), LNEC, Lisbon, Portugal. November 2014;

Sousa JM, Correia JR, Cabral-Fonseca S. Durabilidade de ligacbes coladas entre perfis
pultrudidos de GFRP com adesivos estruturais, Proceedings of the XIII Congresso Latino-
Americano de Patologia da Construgio (CONPAT 2015),IST, Lisbon, Portugal. October 2015;
Sousa JM, Correia JR, Cabral-Fonseca S. Durabilidade de perfis pultrudidos de GFRP em
aplicacoes estruturais — Caso de estudo SATU-Oeiras, 2° Encontro Nacional sobre
Qualidade e Inovagao na Construcao (QIC 2016), LNEC, Lisbon, Portugal. November 2016;
Cabral-Fonseca S, Correia JR, Custédio J, Silva HM, Machado AM, Sousa JM. Durability
of FRP - concrete bonded joints in structural rehabilitation: a review, 4™ International

Conference on Structural Adhesive Bonding (AB 2017), FEUP, Porto, Portugal. July 2017,
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e Sousa JM, Correia JR, Cabral-Fonseca S. Durability of adhesively bonded joints between
pultruded GFRP adherends under hygrothermal ageing, 20" International Conference on
Composite Structures (ICCS 20), Paris, France. September 2017;

e Sousa JM, Correia JR, Cabral-Fonseca S. Effects of thermal cycles on the mechanical
behaviour of adhesively bonded joints between pultruded GFRP profiles, 20" International
Conference on Composite Structures (ICCS 20), Paris, France. September 2018.

1.4. Document outline

This thesis is organised in thirteen individual chapters, which were grouped into the following

six parts:

e Part I - Introduction (chapters 1 and 2);

e Part II - Durability of pultruded GFRP profiles (chapters 3 to 7);

e Part IIT - Durability of structural adhesives for civil engineering applications (chapters
8 and 9);

e Part IV - Durability of adhesively bonded joints between pultruded GFRP profiles
(chapters 10 and 11);

e Part V - Natural weathering performance of a GFRP structure (chapter 12);

e Part VI - Conclusions and future developments (chapter 13).

The present chapter introduces the thesis subject, describing the motivation and context that
encompassed this thesis, as well as the main objectives and methodologies that were
implemented. The main scientific contributions are also highlighted and the structure of the

different parts and chapters is outlined.

The second chapter presents a brief overview of the use of pultruded GFRP profiles in civil
engineering applications. The general constitution of these materials is introduced, as well as
their typical properties and shapes, and the pultrusion manufacturing process is abridged. An
insight is provided on the connection technology and current GFRP applications in the
construction industry, and the current advantages and disadvantages of pultruded GFRP
profiles are addressed. In addition, the current trends of GFRP materials in the European

composites market are discussed, specifically in what concerns pultruded elements.

The third chapter presents a literature review on the durability of pultruded GFRP profiles.
After an introduction to this topic, the review addresses first the effects on the durability of

those materials of moisture and water, temperature, ultraviolet radiation, and creep. Next,
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insights on the effects of alkaline environments and fatigue load are briefly presented. Then,
diffusion modelling of pultruded GFRP profiles is discussed w.r.t. the analytical models used
in the current thesis. Finally, a discussion about predictive degradation models for GFRP

materials is also presented.

The fourth chapter addresses the hygrothermal ageing of pultruded GFRP profiles made of
unsaturated polyester and vinylester resin systems. The experimental programme carried out
to investigate the effects of such ageing on different GFRP material properties is first outlined,
and then a detailed description is presented about the exposure conditions, ageing environments
and durations, and characterisation methods. Next, the performance for each selected property
is presented and discussed, and the results of different diffusion models applied for each tested
environment and profile are presented. The results obtained are used to make comparisons
between the susceptibility to hygrothermal ageing of two alternative polymeric resin systems.
In addition, long-term prediction models are implemented at a material level, and the results

obtained are presented and discussed.

The fifth chapter concerns the effects of natural weathering (monitored conditions) on the
durability of pultruded GFRP material and its correlation to QUV artificial accelerated ageing.
In the first of the chapter, the experimental programme is described and the characterisation
techniques are outlined; next, the results obtained regarding several aesthetical, chemical and
mechanical properties are presented and discussed. As in the preceding chapter, two types of
GFRP profiles are compared (made of two resin systems), allowing to draw conclusions about
their susceptibility to both types of ageing, their correlation, and the comparison with other

ageing conditions.

The sixth chapter outlines the effects of thermal cycles, typical of mild Mediterranean climates,
on the two same types of pultruded GFRP profiles. Similarly to the preceding chapter, the
susceptibility to thermal cycles is assessed in terms of the changes presented by several
properties; the results of those tests are complemented with detailed scanning electron
microscopy analysis. As in previous chapters, the results obtained allow comparing both types

of profiles, as well as the influence of this type of ageing in comparison to others.

The seventh chapter refers to a smaller experimental investigation on the synergistic effects
between different ageing environments under sustained loading on the flexural properties of the
two same types of GFRP profiles. The first part of the chapter outlines the experimental
programme, and the second presents and discusses the results obtained about the combined

effects of such ageing conditions.
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The eighth chapter introduces the second part of this thesis, describing the experimental
investigations on the hygrothermal and natural weathering of cold curing epoxy adhesive. The
chapter first details the selected ageing conditions and the duration of the experimental
programme, as well as the characterisation techniques. Then, the results obtained are presented
and discussed, regarding the effects of the several degradation mechanisms that affect such
adhesives. In addition, the implementation of diffusion modelling with non-Fickian analytical

approaches is also presented and the results obtained are discussed.

The ninth chapter presents a parallel study to that described in the eighth chapter, now
regarding the long-term behaviour of a structural polyurethane adhesive when subjected to the

same conditions.

The tenth chapter introduces the third part of this thesis, addressing the hygrothermal and
natural ageing of adhesively bonded joints between pultruded GFRP adherends and epoxy or
polyurethane adhesives. The first part of the chapter describes the experimental programme,
which was defined taking into account the changes experienced by the constituent materials,
presenting the joint geometry, the preparation and manufacturing of the specimens, the selected
ageing environments and the characterisation techniques. Next, the results obtained from the
tests are presented and discussed, and the performance of the two types of bonded joints (w.r.t.
the nature of the adhesives) is compared. The second part of the chapter describes the
numerical investigations developed in order to simulate the behaviour of the adhesively bonded
joints, namely in what concerns the effects of ageing on the mechanical properties of the
constituent materials and, as a consequence, on the stress distributions in different parts of the

joints.

The eleventh chapter describes the effects of thermal cycles on adhesively bonded joints
between pultruded GFRP components. Bonded joints similar to those investigated in the
preceding chapter were produced and subjected to mild thermal cycles. The first part of the
chapter outlines the experimental programme. Next, the results obtained from the tests are
presented and discussed, including the comparison of both joint systems (w.r.t. the nature of
the adhesive). The second part of the chapter presents the numerical investigations that were
performed to quantify the magnitude of the different stress fields during the heating and cooling
stages of the thermal cycles, caused by the dissimilar coefficients of thermal expansion between

the adherends and the adhesives.

The twelfth chapter (the single chapter of the fourth part of the thesis) presents the detailed

visual inspection and experimental tests performed on a real GFRP structure subjected to
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natural weathering during 11 years in service conditions — the SATU Oeiras. The tests
performed at both material and structural levels are accompanied with a detailed visual

inspection of the construction and a description of the severity of the main anomalies.

Finally, the last chapter (and part) summarizes the main conclusions that can be drawn from

the research performed in this thesis and indicates future directions of research in this field.
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Chapter 2.
Pultruded GFRP profiles for civil engineering

applications

2.1. Introduction

Fibre reinforced polymer (FRP) composites result from the combination of at least two distinct
constituent materials (differing in terms of their properties), where the combined properties are
usually superior to those of the constituent materials. In addition, the constituent materials of
FRPs remain distinct and separate within the composite, with the reinforcement phase
(usually, fibrous materials) remaining distinct from the matrix phase (typically, polymeric

resins) [2.1].

Throughout history, the use of combined materials has been attempted, in order to increase
their individual performance and to enhance their use, such as the application of straw
reinforcement in mud, by the ancient Israelites (which can be traced back to 5000 BC), or the

combination of different veneer orientations forming plywood [2.2].

Although the concept of composite materials dates back to ancient times, the manufacturing
of FRP composites is much more recent. The first exploratory experiments started around 1930
and begun to widespread in the 1940’s, in the naval and aerospace industries associated to
defence applications [2.3]. A generalized spread to other industries occurred from the 1950’s

with the continuous development of new manufacturing techniques and FRP systems [2.1].

Although some early interest in civil engineering applications can be traced back to the 1950’s,
these materials only started to be competitive in the 1990’s, due to the development and
improvement of automated FRP production methods, such as pultrusion [2.4]. An increasing
interest and growth of FRP materials in the construction industry has been occurring in the
last 30 years, in particular in what concerns pultruded elements [2.5]. Currently, about 34% of
GFRP production in Europe is applied in the construction and infrastructure sector (the second
most relevant in 2017). More specifically, the estimate for the production of pultruded elements
in Europe was about 53 kton in 2017 [2.5], with this manufacturing technique being the one

that grew the most compared to previous years and other processes.
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This chapter presents an overview of the general constituent elements of pultruded GFRP
profiles. Next, a description of the pultrusion manufacturing technique is provided, followed by
the typical characteristics of pultruded GFRP elements and their structural shapes. A brief
overview of the current connection technology is also presented, as well as typical applications

of pultruded GFRP profiles in the construction industry.
2.2. Constitution of pultruded GFRP elements

As mentioned, pultruded GFRP composite materials are the result of a combination of two
primary raw materials - a polymeric resin matrix and the glass fibre reinforcement - that are
combined through the pultrusion process. Besides these two elements, additional constituents
are usually incorporated with the purpose of improving and optimizing the final properties or

the processing characteristics (e.g. polymerization agents, fillers or additives) [2.6].
2.2.1 Polymeric matrix

Strictly speaking, the word matrix refers to the continuous phase of a composite material that
contains another dispersed phase [2.6]. The main purposes of the polymeric matrix are to ensure
the position and orientation of the fibre layup in the profile (e.g. preventing buckling effects
due to fibre compression), to distribute the internal stresses through the glass fibres, and to
absorb energy from impact loads, while protecting the fibres from environmental degradation

agents [2.4, 2.6, 2.7].

Organic polymers have different characteristics depending upon the number and type of
functional groups existing in a polymeric chain, as well as the extent of interaction between
them [2.8]. These polymers are typically divided into two separate groups: thermosetting and
thermoplastic. The main difference between these two groups is the polymeric chain structure.
Thermosetting resins are crosslinked, forming continuous three-dimensional networks
connected through strong covalent bonds. This is not the case of thermoplastic resins, whose
molecular chains are comprised by weaker wan der Waals or hydrogen bonds [2.9]. The
described molecular differences translate in significantly different material properties.
Thermoplastic resins, despite being often reprocessable and recyclable, have higher viscosity
values (which significantly increase the difficulty in impregnation and adhesion). On the
contrary, thermoset resins do not allow welding after curing; however their lower viscosity

provide them with better impregnation and adhesive properties [2.4].

The majority of pultruded GFRP profiles are manufactured with thermosetting polymers. The

most commonly used thermosetting polymers are unsaturated polyester, vinylester, or phenolic
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resins. Epoxy resins are widely used as structural adhesives, and also incorporated in many
FRP products. However, they are typically applied in carbon fibre reinforced polymer (CFRPs),
and not commonly used in pultrusion of large scale FRP components, due to their higher costs

and processing difficulties [2.9].

Unsaturated polyester is widely used in structural pultruded GFRP profiles. According to
Correia [2.3], this resin represents about 75% of the FRP market, due to the good balance
between its properties, ease of handling and cost efficiency. Three types of unsaturated
polyester (orthophthalic, isophthalic, and terephthalic) are typically produced, based on the
type of acid monomer chosen. Ortophthalic polyester exhibits the lowest physical and
mechanical properties, while terephtalic is the best performing one. These low viscosity resins
are easily filled and pigmented, and can be formulated in different ways, which makes them

quite versatile [2.9].

Vinylester was developed in the last 30 years and tried to combine the properties of both epoxy
and unsaturated polyesters. It became increasingly attractive for pultruded components, due
to its higher environmental degradation resistance when compared to unsaturated polyesters.
More specifically, the superior resistance to alkaline corrosion makes it more suitable for rebar

applications in concrete elements [2.9].

Phenolic resins can also be used in the pultrusion of GFRP components, when there are
requirements for superior fire resistance properties, since they char and release water when
burned. However, they are difficult to pigment and usually their mechanical properties compare

to those of low performance polyesters [2.4].

Other polymeric systems, such as polyurethane, which has a wide array of formulations and
extensive use as structural adhesives and foams, have recently started being incorporated in
the pultrusion process (mostly in research activities). High-density polyurethane formulations
used in pultrusion are able to produce GFRPs with high transverse tensile and impact

strengths [2.9].

Nowadays, most manufacturers usually present both unsaturated polyester and vinylester
alternatives in their production catalogues — this was the main reason for selecting these two
resin systems for the experimental programme of the thesis on the durability of pultruded
GFRP profiles. Table 2.1 presents typical ranges of variation for the tensile properties, density

and glass transition temperature (7,) of both resins systems.
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Table 2.1. Properties of unsaturated polyester and vinylester resins for pultruded GFRP components,
adapted from [2.4, 2.7, 2.9].
Tensile Tensile Maximum

Resin system Strength Modulus Tensile Strain Density 1,
[MPa]  [GPa] [%] [g/cm’]  [*C]

Unsaturated polyester 20-70 2.0-3.5 1.0-5.0 1.20-1.30 70-120

Vinylester 68-82 3.5-4.0 3.0-6.0 1.12-1.16  102-150

2.2.2 Glass fibre reinforcement

The glass fibre reinforcement of pultruded GFRP profiles consists of several thousands of
individual filaments. These continuous fibres are used at a relatively high volume percentage
in pultrusion (30-70%), and their typical mechanical properties are significantly higher than
those of the polymeric matrix [2.10]. The diameter of the individual filaments ranges from 3 to
24 pm, although 17 pm is usually the most common for GFRP structural applications. Glass
fibres have a distinctive white and bright colour, and are usually considered as an isotropic

material.

The main purpose of glass fibres is to provide mechanical properties to the GFRP profile, such
as strength and stiffness. However, other characteristics (e.g. electrical properties), also depend

on the grade of the glass fibres [2.6].

Glass fibres combine good mechanical properties at a relatively low cost (especially in
comparison to carbon fibres), which makes them the most common type of reinforcing fibres
in the construction industry [2.3]. However, they are particularly sensitive to moisture,
especially in the presence of salts and alkaline environments. In addition, they are also
susceptible to lose strength under sustained stress, being prone to creep rupture for relatively

low stress levels [2.9].

There are several grades of glass fibres used in the production of GFRP components.
Borosilicate glass presents high electrical resistivity and is typically known as electrical glass
(E-glass). This fibre grade is the most widely used in FRP components for the construction
industry (80-90%) [2.4, 2.9]. Presently, two types of E-glass fibres are typically considered in
the market: regular or boron free. The difference stems from the boron oxide percentage
(usually 5-6% in weight), or the absence of it in order to have a lower environmental
impact [2.11]. Alkaline resistant glass (AR-glass), and window glass (A-glass) fibres are
typically used in specialized products that need specific fibre performance. Structural glass
(S-glass) fibres are usually employed in high-performance applications and are significantly

more expensive [2.9]. Table 2.2 presents typical properties of common grade glass fibres.
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Table 2.2. Properties of common grades of glass fibres, adapted from [2.9, 2.11].

Grade Tensile Tensile = Max. Tensile Density Softening
Strength ~ Modulus Strain temperature
[MPa] [GPa]  [%] |g/cm’]  [*C]

E 3100-3800 73-78 2.5-4.9 2.57 830-860

A 2410-2760 73-75 2.5-4.5 2.46 770

C 2350-3100 74-80 2.5-4.9 2.46 880

S 4380-4590 88-91 3.0-5.8 2.47 1056

Glass fibres are incorporated in pultruded GFRP elements after being subjected to several
secondary operations to produce different types of fibre systems and architectures [2.9]. These
are usually supplied in the form of continuous and unidirectional rovings (untwisted) and yarns
(twisted). These types of fibres are mainly used for the longitudinal direction of
reinforcement [2.12|. In addition, these fibres and also short fibres can be further processed in
order to produce mats, sheets and fabrics, with random or oriented reinforcement in several
directions, such as chopped (short fibres) or continuous (long fibres) strand mats and fabrics
(woven, stitched, braided and knitted). In addition, a thin outer layer mat can be applied at
the surface of the pultruded component (surface veil) to confer additional protection, and
strengthen the resin rich surface of composite parts [2.3, 2.12]. Synthetic surface veils made of
polyester are also used in order to diminish the susceptibility to fibre blooming effects [2.13].

Figure 2.1 displays typical examples of different fibre systems for pultruded GFRP components.

Pl

Figure 2.1. Typical glass fibre reinforcement for GFRP components: (a) unidirectional glass roving, (b)
glass continuous filament mat, (¢) woven glass roving fabric, and (d) stitched glass fibre fabric,
adapted from [2.9].
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2.2.3 Additional constituents

According to Bank [2.9], the following three types of additional constituents can be added to
promote the polymerization reaction, modify processing variables, or even to tailor the

properties of the GFRP final product: polymerization agents, fillers, and additives.

Polymerization agents are usually catalysts, curing agents or hardeners, that depend on the
type of polymeric matrix that will be used in the GFRP element. These have the function of
inducing the curing reaction and preventing curing in the resin bath, before proper
impregnation. Thus, these catalysts only cause the polymerization process to occur at a
controlled time and position in the pultrusion line. In unsaturated polyester and vinylester
resins, organic peroxides are typically used, in quantities that can vary in the 0.25-1,50% range
of the resin weight; however, higher quantities can be used (up to 15%) to aid in processing,

since peroxides usually reduce the resin viscosity and reduce costs [2.4, 2.9].

Fillers are inorganic chemical inert products, whose main goal is three-fold: (i) to reduce
production costs, (ii) to improve processing dynamics, and (iii) to improve some characteristics
of the final cured product [2.14]. The particle geometry is usually spherical or plate-like and
dimensions range between 0.5-8 pm. In pultrusion, calcium carbonate, aluminium silicate,
alumina trihydrate, and calcium sulphate are typically used [2.3]. The last two additives are
also used as fire-retardant additives [2.3, 2.9]. In terms of quantities, the amount of
incorporated filler content can range between 10-30% for the usual pultruded GFRP profiles
made of unsaturated polyester and vinylester; however, small pultruded parts can present much
lower content (0-5%). In addition, the recent incorporation of nanosized particle fillers can

increase corrosion resistance [2.9].

Finally, additives can be used to modify the properties of the final components, and also to
improve processing during manufacturing. Chemical release agents can be used to prevent
curing of the final GFRP component inside the mould, and foaming agents are employed to
remove entrapped air from the resin bath [2.4]. Pigments can be used to confer different colours,
and ultraviolet (UV) stabilizers can also be added in specific elements, where high sunlight due
to outdoor exposure is expected. In addition, flame retardant additives, such as antimony
trioxide, may also be added. Moreover, toughening, thickening and viscosity control agents are
also available for pultruded GFRP profiles. All the aforementioned additives correspond to
usually less than 1% in weight of the resin. The only exception is additives that prevent

shrinkage (low profile additives) [2.9].
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2.3. Pultrusion manufacturing process

The term pultrusion arises from the combination of the words "pull" and “extrusion”. Extrusion,
very succinctly, consists of the forced passage of material through spindles of specific geometry,

to obtain the desired shapes [2.15].

Pultrusion is a fully automated closed mould and continuous method used for manufacturing
of GFRP profiles. In the 1950’s, Brant Goldsworthy developed a process based on a
manufacturing line in which continuous fibres, rovings and mats (cf. Section 2.2.2), pass
through a resin bath, and are subsequently drawn through a preforming die that shape the
profile configuration, and lastly cured in a heated die [2.1, 2.10]. The preforming and heating
die can also be joined in a single die. The several stages of the pultrusion process are illustrated

in Figure 2.2.

Continuous
Rovings

Guide
Plates
Forming .
and curing die Pulling Rollers

Saw

Resin bath
R ——

Fabrics

Figure 2.2 Pultrusion line: components and stages of manufacturing, adapted from [2.16]

The automated process is designed to evenly distribute fibre rovings, mats and other fabrics or
veils, in the cross section to be produced, conferring the selected fibre architecture [2.10]. The
fibres are completely impregnated in the resin bath (in newer pultrusion equipment the resin
bath can be closed, and the resin is injected under pressure inside an injection chamber, which
is commonly part of the die [2.4]). The composite is then compacted in the die, eliminating
most voids and possible defects, and also heated and cured. The curing temperature depends
on the resin system used. Afterwards, the profile detaches from the die due to curing shrinkage,
being pulled by pulling rollers and cut to the desired length with an automated saw [2.3].
Production rates strongly depend on the pultrusion equipment, with average values around

2 m/min and 20 m*/min for profiles and panels, respectively [2.3].

The continuity and automation make the pultrusion process a high-production manufacturing
process with no limitations in terms of profile length [2.7]; it results in high quality GFRP

materials, while reducing the waste of raw materials. This process also allows for higher fibre
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contents (especially when compared to traditional processes, such as hand layup) and reduces
the probability of defects and voids [2.1]. In addition, typically 80-90% of the production cost
is the unit cost of the raw materials themselves [2.4]. The main disadvantages stem from the
fact that it only enables the production of constant cross-section elements, and also the

predominant unidirectional fibre architecture [2.10].

The most common pultruded GFRP profiles have a general fibre architecture that is illustrated
in Figure 2.3. While the fibre architecture of most GFRP profiles has the same backbone, there
may be differences regarding the inclusion of different types of mats and fabrics or the use of
surface veils, and the resulting fibre architecture may considerably affect the final properties

and performance of pultruded GFRP profiles.

Veil:

Mats:

Rovings:

Figure 2.3. Typical fibre architecture of pultruded GFRP elements [2.17].

Quality control is a crucial factor in the processing of FRP products, and GFRP pultrusion is
no exception. The performance, overall integrity and durability of the resulting components is
strongly affected by a sound and effective quality control system. In the global scope of
engineering structures, these facts gain relevance as the components are likely to be exposed to
aggressive and constantly changing environmental exposure conditions for extended periods of
time, and in several cases, without regular inspection and maintenance procedures [2.18]. Even
considering fully automated methods, such as pultrusion, achieving a reliable product relies on
the use of good quality procedures, high quality labour training, and appropriate levels of
process monitoring and control of the manufacturing environment. Aspects such as storage and
handling of raw materials, mixing of resin components, and correct fibre orientation through
the guiding plates must be taken into account to avoid possible defects or problems (usually
related to incorrect curing and shrinkage) [2.2]. Defects attributed to material reception, or
related to processing, can have a substantial effect on the durability and reliability of the final

installed products [2.18].
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Figure 2.4 presents a general view of ALTO pultrusion line, where the pultruded profiles used

in this present thesis were manufactured.

Figure 2.4. ALTO pultrusion line.

Several types of pultruded structural shapes can be manufactured. The first and most frequent
shapes reproduced those from metal construction, namely open or closed thin-walled sections,
as illustrated in Figure 2.5. Recent research has shown that these shapes are not fully material

adapted, being quite prone to instability phenomena.

Figure 2.5. Typical pultruded structural profile shapes, open or closed sections, adapted from [2.19].

New structural shapes have emerged, more material-adapted, aiming to improve the
performance of GFRP profiles and widen their application fields in the construction industry.
Nowadays, besides the standard shapes mentioned above, several producers provide
multicellular panels, forming plate elements (e.g. bridge deck panels or load bearing flooring
systems) that are usually joined through interlocking mechanisms or bonding operations. Figure

2.6 highlights recent pultruded shapes.
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-
H
1
H,

Figure 2.6. Pultruded GFRP profile structural systems: (a) Fiberline FBD600 bridge deck for heavy
vehicles, (b) Fiberline FBD300 bridge deck for access road bridges, (¢) Fiberline pultruded gratings,
and (d) Strongwell DURASHIELD fibreglass foam and hollow core structural building panels, adapted
from [2.19, 2.20].

In addition, other systems are available, such as pultruded gratings (Figure 2.6 (c)), entire
staircases made only with pultruded elements (and bolted connections) and handrails systems.
Pultruded sandwich panels are also emerging (e.g. Figure 2.6 (d)), combining the lightness and
insulation properties of a multitude of different core materials with the high mechanical

properties of pultruded GFRP laminates.

According to Keller [2.12], there are two main reasons for an historical regularity in the shapes
of new building materials and the evolution of their structural forms. The first one is related to
the lack of knowledge of the most adaptable forms when a new material is introduced — thus,
there is a “scientific or technical” reason for a substitution phase. On the other hand, the
reproduction of structural forms of materials that are already widely known guarantees a better
acceptance of the newer material — there is also a “commercial” reason for this replacement

stage [2.21].

2.4. Typical properties of pultruded GFRP profiles

The properties of pultruded GFRP profiles depend on the type and relative proportion of
polymeric matrix and glass fibre reinforcement; as aforementioned, the typical combinations
comprise E-glass fibres with unsaturated polyester or vinylester resins. The fibre architecture

and the fibre-matrix interaction also influence the properties of GFRP profiles [2.3]. Comparing
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with steel profiles, which exhibit isotropic material properties, pultruded GFRP profiles have

strongly anisotropic behaviour [2.12].

The various possibilities of combining these elements make the characterisation of typical
material properties harder, since they can significantly change among manufacturers. Table 2.3
provides a summary of the physical, electrical and mechanical properties of GFRP profiles
produced by six different pultrusion companies. The table lists also the requirements set in
EN 13706-3 [2.22] for some of those properties, namely the minimum values that structural

pultruded profiles should present.

From the analysis of Table 2.3, one can see that a significantly wide range of properties can be
found considering different manufacturers. In addition, although many standards are available for
pultruded GFRP materials at the laminate level [2.9], there is no consensus between material
suppliers, manufacturers and structural engineers on precisely which test methods to use, with
different test methods being usually reported by different manufacturers' (e.g. Creative Pultrusion
uses ASTM standards and Roechling uses ISO standards). The inexistence of standardised formats
for providing mechanical and physical properties, which often can be incomplete, results in a high

variability of test methods and results (especially in heterogeneous materials) [2.9].

Full-scale standardised tests, such as the ones described in EN 13706-2 standard [2.23] (which
defines specifications for pultruded elements) are still scarce [2.7, 2.9], and some manufacturers
still rely on unspecialized standardisation, such as the Appendix B of ASTM D 198
standard [2.24] (applicable to structural wood) for determining the full-scale properties of

pultruded beams [2.25].

In spite of the abovementioned difficulties, it is possible to set a typical range of variation for
the mechanical and physical properties (c¢f. Table 2.3) of pultruded GFRP properties, which is

in general agreement with data reported elsewhere (2.3, 2.4, 2.7].

Figure 2.7 presents the constitutive relation and physical properties of one typical commercial

GFRP profile (produced by ALTO) comparing them with other materials 2.3, 2.26].

! Take as an example the numerous standards for FRP materials of the American Society for Testing
and Materials (ASTM) and the International Organisation for Standardisation (ISO).
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Table 2.3. Typical mechanical, physical and electrical properties of pultruded GFRP profiles (standard shapes) from different pultrusion manufacturers.

Property" Abv. C. Pultrusions Fiberline Top Glass Alto” Strongwell Roechling Summary EN 13706-3¢
Material properties®

Tensile strength 0° [MPa] G, o 208-317 240 300-400 450 138-207 300-600 207-450 170-240
Tensile strength 90° [MPa] Gt 000  02-82 50 20-30 48-69 20-82 30-50
Tensile modulus 0° [GPal Eioo  17-29 22-26 12-18 12-29 17-23
Tensile modulus 90° [GPa Ei o0 6-10 7-8 o-7 6-10 o-7
Compressive strength 0° [MPa] Ge o 227-258 240 160-220 350 165-207 150-250 150-258
Compressive strength 90° [MPa] Ge o 113-138 70 55-70 103-121 55-138

Compressive modulus 0° [GPa| E.o 21 15-18 23 12-18 12-21

Compressive modulus 90° [GPa Ee o 7-8 6-7 5-7 5-8

Flexural strength 0° [MPa] Gi, or 227-258 240 300-400 450 207-241 300-600 207-600 170-240
Flexural strength 90° [MPa oi g  16-86 100 60-70 69-124 100-250 60-300 70-100
Flexural modulus 0° [GPal Efoe 11-14 20 8-11 10-20 8-20

Flexural modulus 90° [GPa| E¢or  6-7 6-7 6-9 6-9

Interlaminar shear strength 0° [MPa] o4 ¢ 31 25 31 25-31 15-25
In-plane shear strength 0° [MPa] T o 48 20-30 20-48

Bearing strength, 0° [MPa] o o 206-261 130-170 207-221 130-261 90-150
Bearing strength, 90° [MPa| o g 124-182 60-70 60-182 50-70
Poisson ratio 0° Voo 0.35 0.23 0.28 0.31-0.33 0.23-0.35

Poisson ratio 90° V. oo 0.15 0.09 0.12 0.09-0.15

Full section properties

Elasticity modulus [GPa] E 19-22 23-28 25 28 17-19 17-25 17-23
Shear modulus [GPa] G 2.9 3.0 2.4-3.0 2.9 2.4-3.0

Physical properties

Barcol hardness [°B] H 45 45-50 50 40-45 40-50

Water absorption [% max] Muax 0.6 04 0.15 0.6 0.2-0.6

Density [g/cm?| p 1.66-1.93 1.80-2.00 1.8 1.66-1.94 1.65-2.10 1.65-2.10

Thermal exp. coeff. 0° [10°/K] o o 8 9-11 11 7-8 5-15 5-15

Thermal conductivity [W/m.K] A 0.58 0.3-0.35 0.58 0.3-0.58

Electrical properties

Dielectric Str. 0° [kV/mm)| Eu 1.58 5-10 1.38 1.4-10

Dielectric constant [50-60 Hz]] € 5.2 5 5

(1) Properties are available in the manufacturers technical data sheets; (2) 0° and 90° refers to the longitudinal and transverse directions, respectively;
(3) ALTO supplied the profiles for the present thesis; (4) EN-13706 range values correspond to E17 (lower grade) and E23 (upper grade) of minimum material requirements.
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In comparison to steel (the main competitor), pultruded GFRP presents linear elastic behaviour
up to failure, without ductility. In addition, GFRP profiles present lower stiffness (10-20%),
which is one of the main limitations in design, due to high deformability and susceptibility to
instability; however, pultruded GFRP profiles exhibit lower density, usually 20-25% less
compared to steel, and also much lower thermal conductivity. In terms of thermal expansion,

typically the coefficients of these two materials are similar, being slightly lower for pultruded

GFRP profiles [2.3].
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Figure 2.7. Properties of pultruded GFRP profiles in comparison with other materials, adapted
from [2.3, 2.26].

2.5. Connection technology of pultruded GFRP profiles

Connections between pultruded GFRP profiles are typically divided into four categories,
regarding the type of connection: (i) bolted, (ii) bonded, (iii) mixed, and also (iv) interlocking
connections. The first three are the most usual connections types; the latter, despite being
adequate from a conceptual point of view, presents significant technical limitations, such as

high geometrical tolerance requirements [2.3].
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In terms of structural role, the Eurocomp Design Code and Handbook [2.27] classifies three
types of connections: (i) primary joints, which provide major strength and stiffness throughout
the structural components service life; (ii) secondary structural joints, comprising only local
failure without compromising the remaining structure; and (iii) non-structural connections,

with main roles of protection against environmental agents [2.28].

Typical joint design comprises the following procedures: (i) identifying the joint requirements;
(ii) selecting the adequate joint category and type; (iii) selecting the joint configuration,
cf. Figure 2.8 (all types can be fastened bonded or combined with the exception of scarf and
butt joints, which can only be bonded); (iv) detailing joint design; and (v) performing design

and analysis verifications [2.1].

= ———

(2] [0] [d]
_‘1 — — — @\_
[e] [f] (]

Figure 2.8. Typical joint configurations: (a) single-lap, (b) double-lap, (¢) lap-strap, (d) single-strap,
(e) scarf, (f) stepped, (g) butt, and (i) tee joints, adapted from [2.1].

Similar to the appearance of structural shapes mimicking other industries, the first and still
most used method for connecting pultruded shapes are bolted connections [2.3]. However, while
mechanical bolting typically needs drilling operations and often leads to overdesigned GFRP
components [2.29, 2.30|, adhesively bonding offers more uniform load transfer, being also more
material-adapted, as both the substrate and the adhesive are of a polymeric nature [2.31, 2.32].
Moreover, adhesives can be used to increase the ductility of structural joints, compensating the
brittle nature of GFRP components [2.33]. Figure 2.9 presents typical examples of bolted,
bonded and mixed joints between pultruded GFRP profiles.

Detailed information about the current state of the art on adhesively bonded connections
between pultruded FRP components used in civil engineering applications can be found in [2.3],

including a thorough analysis of (i) stress states, (ii) influence of adherend and adhesive
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mechanical properties, (iii) influence of joint geometry, (iv) stress reduction methods, and

(v) failure criteria and design rules.

Figure 2.9. Typical connection types in pultruded GFRP elements; (a) bolted connections from SATU
Oeiras, (b) bolted connections in Vilamoura water treatment facility, (c) bonded connection of
Fiberline FBD 300 bridge deck [2.19], and (d) bonded connections between a GFRP bridge deck panel
and steel girders (courtesy of Méario Sa [2.34]).

2.6. Applications of pultruded GFRP profiles in civil engineering

The use of pultruded GFRP profiles in civil engineering started essentially in non-structural
applications, where factors such as low specific weight or resistance to more aggressive
environments became essential in their choice. In this way, there are several applications of
GFRP profiles in water and sewer residual water treatment plants, ports, railway industry and

thermoelectric industry [2.3].

Several products produced via GFRP pultruded profiles had applications in these industries,
such as, for example, handrails and staircases exposed to aggressive environments, which are
quite common in Portuguese water treatment facilities (cf. Figure 2.10). The use of these
profiles in these small-scale projects is motivated by the low specific weight and minimum
maintenance requires by the GFRP material. Examples of such applications include also entire
walkways located in areas with difficult/limited accessibility (Figure 2.11 (a)), or
electromagnetic compatibility measuring stations (Figure 2.11 (b)). In the latter type of

structures, the use of pultruded GFRP profiles stems from their electromagnetic transparency,
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which eliminates electrical interference. For these reasons, the use of non-metallic materials

becomes imperative as they could affect test results.

Figure 2.10. Handrails, and walkways made with pultruded GFRP components in Portuguese water
treatment facilities (a) all-GFRP walkway, (b)-(c)-(d) handrails and staircases.

Figure 2.11. (a) 400 m GFRP walkway in Spain (500 m deep excavation), (b) Electromagnetic
transparent measuring stations [2.19].

Complex and innovative projects can also illustrate the potential of pultruded GFRP components
in bridge applications. There are already several pedestrian and road bridges with a hybrid
structure (i.e. where GFRP components are combined with traditional materials) or an all-GFRP
structure. Amongst the most well-known examples are the Aberfeldy Bridge (cf. Figure 2.12 (a)),
the first bridge built with composite materials (1990, United Kingdom). This bridge, which links
two golf courses, was designed for pedestrian use and for small vehicles associated with sport and
has a length of 113 meters [2.35]. Two other bridges are highlighted, both making use of the low
specific weight of these profiles. The Bonds Mill road lift bridge (cf. Figure 2.12 (b)) was the first

road bridge made with composite materials. The lightness of GFRP was particularly advantageous,
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as it allowed considerable savings in the lifting system. The Pontresina pedestrian bridge, located
in Switzerland in a harsh Alpine climate (c¢f. Figure 2.12 (c)), consists of two simply supported
truss-beams using only GFRP pultruded profiles. The bridge was designed to be removed at the
end of the winter before there is risk of flooding due to snow melting and reinstalled afterwards.
Another example of the ease of installation of GFRP bridges can be seen in Svendborg Bridge, in
Denmark (cf. Figure 2.12 (d)), where the entire bridge deck (already with rails) was installed with

a moving crane.

Figure 2.12. (a) Aberfeldy Bridge, (b) Bond-Mills Bridge, (c) Pontresina Brigde, (d) Svendborg Bridge
2.7, 2.19].

GFRP profiles have also been used in hybrid bridges. The S. Mateus and S. Silvestre pedestrian
bridges are remarkable examples of hybrid applications, comprising pultruded GFRP material
in the deck and girders, respectively, allowing for the exploitation of these innovative materials.
Those projects resulted from prime examples of collaboration between research groups from

the academia and the composites industry, cf. Figure 2.13.

Large roofs and buildings structures can also be entirely built with pultruded GFRP materials.
Again, factors such as low specific weight and reduced maintenance make these products
competitive. An example of such applications can be seen in a suspended train station roof in
Copenhagen (Figure 2.14 (a) and (b)), built entirely with pultruded GFRP decks, requiring no

supporting beams.
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Figure 2.13. (a) S. Mateus, and (b) S. Silvestre pedestrian hybrid composite bridges [2.7, 2.34].
Another remarkable example is the 5-storey building Fyecatcher, originally presented at an
exhibition in Switzerland, with a main structure made of pultruded GFRP profiles. The main
structure of the building comprises three trapezoidal frames, two of which constitute the lateral
facades of the building. At the end of the exhibition, the building was dismantled and is now
an office building in Basel (Figure 2.14 (¢) and (d)).

Figure 2.14. Lindevang suspended deck cover: (a) general view, (b) during installation process [2.19];
Eyecatcher building: (c) general view, and (d) sketch of GFRP frame structure [2.31].

2.7. The GFRP and pultruded GFRP market

According to a recent report [2.5], glass fibre reinforced polymers largely govern the composites

market, accounting for 95% of its total volume.

In 2017, the GFRP market grew for the fifth consecutive year and increased 2% when compared
to 2016. In addition, the volume of European manufactured GFRP is estimated to be about

1118 ktons in 2017 [2.5].
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Despite the higher generalised growth of thermoplastic production (primarily for the automobile

industry), compared to thermosets, in 2017, the strongest area of growth in production volume was

continuous processing, which amounted to 5%, especially the pultrusion process. In terms of

production value, a steady growth trend is visible, and production volume is currently not contracting

in any European country or region. In particular, the GFRP market has been consolidating in

Southern Europe, in countries such as Italy, France, Spain and Portugal. Figure 2.15 shows the total

GFRP market in terms of production volume in Europe since 1999 to 2017 [2.5]. Following the

decreased production volume during the economic and financial crisis between 2007 and 2009,

the GFRP industry is currently presenting a sustained increasing trend.
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Figure 2.15. GFRP production volume in Europe (1999-2017), adapted from [2.5].

Figure 2.16 depicts the impact of different sectors on the GFRP market [2.5]. The largest

sectors using GFRP components are transport and construction. Each of these sectors represent

about one third of the total annual production and both play a major role in national economies.

[ | Construction / Infrastructure
[ |Electronics
I Sports / Leisure
I Transport

I Other
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Figure 2.16. GFRP production in Europe as a function of different application sectors in 2017, adapted

from [2.5].
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Continuous processing techniques, such as pultrusion or filament winding, evidenced the highest
growth among all manufacturing techniques, with the total estimated production volume in
Europe amounting to 146 000 tons in 2017 [2.5]. Among continuous processing techniques,
pultrusion represented the highest increase in market percentage (per individual manufacturing

technique), which is estimated to be around 6%, amounting to 53 000 tons in 2017.

In terms of production volume, the pultrusion market is still significantly lower when compared
to the two largest manufacturing techniques in terms of production volume: compared to sheet
moulding compound (SMC) and hand layup techniques, pultrusion represents about 26% and

38% of the total production volume, respectively [2.5].

Regarding the end wusers of pultruded components, the construction industry and the
consumer/private sector are the larger applications, each with around 20% of the market share.
The pultrusion industry is very fragmented, like other composites and GFRP segments.
However, despite the existence of about 350 certified pultrusion companies worldwide, the

largest companies hold approximately 40% of the market [2.5]

Further opportunities to the pultrusion market are being hindered by legal regulations, or their
inexistence, namely the lack of national approval procedures or proper standardisation; efforts
are being currently made to overcome this difficulty. In addition, the significant investment by
R&D departments of pultrusion companies is allowing further developing newer and improved
techniques for the pultrusion process, grating lower production costs and an increasing

attractiveness of these solutions [2.3, 2.5].
2.8. Concluding remarks

In the last three decades, the use of pultruded GFRP elements for civil engineering applications
has steadily increased (in line with the GFRP market) due to their advantages when compared
to conventional solutions. However, the total production volume of these components still has
a large room to grow and widespread [2.3, 2.5]. For this to happen, there is a need to overcome
the inherent technical difficulties of GFRP materials; to that end, research institutes are

essential in providing answers for the current material unknowns and limitations.

Table 2.4 summarizes the main advantages and limitations of pultruded GFRP profiles. There
is room for improvement at the different stages of the service life of GFRP constructions, such
as (i) manufacturing (e.g. minimizing production costs through the increase of pultrusion
efficiency), (ii) design (e.g. newer and more material adapted structural shapes, improvements

in the connection technology systems, or development of specific design codes), and (iii) use
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(e.g. development of appropriate and specific inspection systems for pultruded GFRP
components) 2.3, 2.4, 2.7].

Table 2.4. Advantages and limitations of GFRP pultruded profiles, adapted from [2.3, 2.7]

Advantages Limitations

Low specific weight High deformability (reduced elasticity and shear moduli)
High strength to weight ratio Brittle failure

High fatigue strength Fire behaviour

Ease of application and installation Lack of specific design codes

High corrosion resistance Necessity of innovative material adapted structural shapes
Low maintenance costs Need for improvements in the connection technology
Electromagnetic transparency Initial costs still not competitive (vs. conventional solutions)

In addition to the above-mentioned disadvantages, durability concerns are also extremely
relevant for the delay in a more general acceptance of pultruded GFRP materials in civil
engineering; in fact, validated long-term data on these “new” materials are still very scarce,
regarding both pultruded GFRP elements and adhesively bonded connections between GFRP
adherends. The long-term behaviour of GFRP constructions can be considerably influenced by
environmental conditions (addressed in Chapter 4) and, in this field, the majority of the
research was performed in other industries, such as aerospace and maritime, in which the
material requirements are significantly different [2.2]. Gathering a deeper knowledge about the
long-term durability of pultruded GFRP profiles and their connections has been pointed out
as one of the most relevant factors for the widespread application of these materials in civil
infrastructure. In this respect, further investigation (2.2, 2.3, 2.6, 2.36, 2.37] is needed and this

is the main motivation of the present thesis.
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Part 11

Durability of pultruded GFRP
profiles

Preamble

The long-term behaviour of pultruded glass fibre reinforced polymers
(GFRP) is an important factor that is hindering their widespread
applications in the civil engineering sector. Despite the potential
benefits that stem from their several advantages when compared to
conventional solutions, these materials are still relatively “innovative”
and “recent” in the construction industry. Therefore, it is crucial to
obtain reliable information on the effects of several types of possible
environmental exposures (which are not always well defined), to develop

methodologies that allow understanding the degradation mechanisms

that affect those materials, and to predict their long-term behaviour.

Part II of this thesis presents first a detailed literature review of the
several factors that affect the durability of FRP composites and
pultruded GFRP profiles. Next, results of a comprehensive experimental
program carried out in order to assess the influence of hygrothermal,
thermal cycling, natural and accelerated outdoor (with UV radiation)
ageing are presented; these experiments focused also on possible
synergies between those environments and applied loads. The test
results were used to implement predictive degradation models, whenever
applicable, in an attempt to estimate the long-term mechanical
performance of pultruded GFRP material and its general susceptibility

to each of the ageing conditions.
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Chapter 3.
Literature review on the durability of pultruded

GFRP profiles

3.1. Introduction

Pultruded glass fibre reinforced polymer (GFRP) materials applied in civil engineering
infrastructure are subjected to several types of exposure environments that may contribute,
individually or synergistically, to material degradation. The synergistic interaction may be
relevant, since GFRP materials are often exposed to several/simultaneous degradation
agents [3.1]. According to Karbhari [3.2], the durability of a material or structure is defined as
its ability to resist cracking, oxidation, chemical degradation, delamination, wear and/or the
effects of external damage for a specific period of time, under the applicable load conditions,

and under specified environmental conditions [3.2, 3.3].

In design, this concept is applied through damage tolerance criteria. Damage tolerance is
characterized as the ability of a material or structure to resist failure and to continue
performing at prescribed levels of performance in the presence of flaws, cracks or other forms
of damage/degradation for a specified period of time under specified environmental
conditions [3.4]. The overall concept is shown schematically in Figure 3.1. The use of this
concept allows designing a structure using performance values that change with time due to
external influences; such performance shall not fall below prescribed minimum levels, thereby
accommodating the degradation that is likely to take place with any material system due to

mechanical, physical or chemical factors [3.5].
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Figure 3.1. Concepts of durability and damage tolerance to design, adapted from [3.5].
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Material properties are not constant during service life conditions, even in the absence of visible
mechanical degradation. Changes in material properties are usually seen as a measure of the
deterioration extent. Nevertheless, not all properties have the same change rate and, as such,
the most significant properties to consider need careful consideration [3.1]. It is worth
mentioning that the GFRP systems applied in the civil engineering industry have diverse
critical differences in terms of loading, exposure environments, constituent materials and/or
production processes when compared to the combinations usually applied in other industries,
such as marine or aerospace applications. In addition, engineers now aim to design structures
with service lives generally above 50 years, thereby requiring design methods that allow
predicting the durability and service life of newer GFRP materials used in civil

infrastructure [3.2, 3.6, 3.7].

There are several potential causes of degradation and the identification of the most conditioning
causes is a complex non-linear process. One of the major issues that contributes to this difficulty
is the absence of detailed data about these topics, which can often lead to significant overdesign
situations. In addition, this can ultimately compromise the general acceptance and
competitiveness of these systems in civil engineering applications when compared to traditional
materials (i.e. steel and concrete structures), hindering their widespread use in this

industry [3.8].

In spite of the above-mentioned difficulty, there has been an increased number of studies and
investigations on the durability of GFRP components over the last years [3.2, 3.9-3.16|. In
those studies, the following aspects are frequently considered as critical in terms of GFRP

materials’ durability®:

= Moisture and water related effects;
= Thermal effects;

= Ultraviolet radiation;

= Alkaline environments;

= Creep/relaxation;

= Fatigue.

Research about the durability of GFRP composites, in the context of civil infrastructure, aims

at analysing the time-dependent changes in material properties and using this information to

? The last two aspects have a “mechanical” origin.
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efficiently characterize the degradation/deterioration phenomena suffered by these materials.
The expected service life of civil infrastructures presents a unique challenge to the issue of
durability, where environmental conditions can involve a multitude of exposures [3.6]. In
addition, the properties of pultruded products (void content, interface quality, manufacturing
process, fibre distribution) and the nature of the aggressive environment can lead to important

changes in the behaviour and durability of the final product [3.7].

This chapter reviews the durability issues affecting pultruded GFRP profiles, namely those
made of the most used resin matrices, such as unsaturated polyesters, vinylesters and epoxies.
Since limited information is available in some cases, the review of some of the following sections
may also comprise information about FRP materials in general, since similar or comparable

effects are expected to occur when comparing to pultruded GFRP profiles.

As such, an overview of the damage mechanisms of FRP and pultruded GFRP materials
associated with each of the relevant environmental conditions is discussed. Discussion about
the effects of alkaline environments and fatigue is less detailed, since they were not covered by

this thesis.

In the last sections, an overview of analytical diffusion models is provided, being followed by a
brief description of the long-term prediction model used to estimate GFRP material level

degradation that was considered in Chapter 4 (Experimental Program).

3.2. Review of the durability of FRP/GFRP composites for civil

engineering applications
3.2.1 Moisture and water related effects on the durability of GFRP composites

GFRP composites have a long history of use in marine vessels, piping, corrosion equipment
and underground storage tanks. Exposure to moisture and aqueous environments include direct
contact to rain, humidity, moisture or diffuse solution through other substrates, in addition to
immersion in aqueous solutions, as in the case of bridge applications that could have overflow

in times of heavy rain.

Limited testing show that they can be applied and have long service life when in contact with
moisture and aqueous solution [3.4]. However, moisture diffuses into all organic polymers,
leading to changes in physical, mechanical and chemical properties. The primary effect of the
absorption is on the resin itself, which may cause both reversible and irreversible changes in

the polymer structure. In some cases, the moisture wicks along the fibre-matrix interphase and
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has been shown to cause deterioration effects to the fibre-matrix bond, resulting in loss of
integrity [3.2]. In the case of glass fibres, moisture and chemicals have also been shown to cause
degradation at the fibre level. This degradation is initiated by moisture extracting ions from
the fibres, thereby altering their structure. These ions combine with water to form bases, which
pit the fibre surface (forming localized cavities in a localized area damaging the fibre surface)
and may result in flaws that significantly degrade strength, and can result in premature fracture
and failure of the fibres. Basic solutions, when in direct contact with glass fibres, can cause
significant pitting and leaching, often resulting in the fibre losing its core over a short period

of time with the outer sheath being reactive, thus accelerating the leaching process [3.2, 3.17].

The effect of moisture sorption on the degradation of GFRP materials can be best understood
by considering the effect of water on the constituent elements of the system. Thus, the
degradation of polymers due to moisture may be broken up into chemical and physical
degradation. Physical ageing refers to the reversible alteration of the material properties. The
property changes are essentially temperature dependent but can be recovered to some extent
upon drying. Chemical ageing occurs with longer exposure duration and mainly involve
irreversible degradation of the resin and the fibres, as well as the interface at the molecular
level. Chemical degradation mainly includes hydrolysis of the polymer matrix chain, causing
chain scission and also affecting the interfacial bond or even cause pitting effects at the fibre
level, while physical degradation includes swelling, plasticization and relaxation of the

polymer [3.18, 3.19].

Hydrolysis of the ester groups is the primary reason for chemical degradation of the polymer
structure [3.20, 3.21]. Hydrolysis typically occurs through the hydrolytic molecular bond
cleavage due to exposure to moisture or water molecules, to form water soluble fragments [3.22].
In addition, the alkaline hydrolysis of esters, known as saponification, can also occur in the
presence of water and a strong base typically found in alkaline environments. In this reaction,
the ester groups may be cleaved back into a carboxylic acid and an alcohol reacting with the

hydroxide ions [3.23].

The incorporation of low-molecular weight molecules into a polymer network may act as a
diluent or plasticizer, through a mechanism commonly known as plasticization. This physical
mechanism occurs without increasing the specific volume, since incorporated molecules fill the
empty voids between the polymer macromolecules [3.24]. Swelling describes volumetric changes
due to moisture content alone, independent of thermal expansion. Since water is polar, it can
form hydrogen bonds with hydroxyl groups. Therefore, interchain hydrogen bonds can be

disrupted to increase the inter segmental hydrogen bond length. The swelling volume increase
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in polymers is usually lower than the volume of water absorbed. This is due to the fact that
when water is absorbed by a polymeric material, the comparatively small water molecules must
either occupy the free volume as described above (plasticization) or cause these swelling

effects [3.21].

Polymer relaxation usually allows low molecular weight segments to leach out or residual cross
linking to occur. This mechanism comprises the redistribution of the voids and free volumes in the
polymer network due to swelling effects caused by penetrant molecules, forcing macro-molecular

movement - through relaxation more moisture content can be absorbed in the polymer [3.25].

With the described physical and chemical changes, leaching of low molecular weight segments
within the polymer matrix can also occur. Water can act as percolating fluid and promote the
extraction of low molecular weight degradation products from the polymer matrix, especially at
elevated temperatures. Similar residual low molecular weight segments due to the initial
polymerization reaction and cure may also be leached out at elevated temperatures, resulting in
an apparent weight loss of the polymer [3.26]. These effects can also extend to interface or glass

reinforcement, observed through permanent weight loss not observed in the neat resin [3.27].

Mechanical degradation can thus occur due to the combination of different physical and
chemical mechanisms, as swelling promotes microcracking in the hydrolysed weakened resin
and also debonding effects at the interface [3.28]. An overview of the different moisture induced

degradation mechanisms and their classification is presented in Table 3.1.

Table 3.1. Classification of the most relevant moisture induced composite degradation
mechanisms [3.17].

. . . . Location -
Classification Degradation mechanism Fibre Matriv _Inferphase Reversibility
Hydrolysis No
Chain scission X No*
Chemical Pitting X No*
Debonding X No*
Leaching X X X No
Plasticization X X Yes*
Physical Swelling X Yes®
Relaxation X No

a — Processes which have been reported both as irreversible and reversible

It should be noted that reversible processes will never be fully reversible since the
rearrangement of molecules will always lead to increased entropy of the system [3.17]. While
hydrolysis is generally considered to be an irreversible degradation mechanism [3.18], there is
evidence that hydrolysed bonds can experience a condensation or hydration reaction that can

partially reverse the effect of hydrolysis [3.29, 3.30]. Even though a lot of research has been
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concentrated on the study of the effects of moisture on composite properties, the mechanisms

of water-induced degradation are still not fully understood.

It is possible to protect the reinforcing glass fibres to a significant extent from rapid attack
through the selection of appropriate resins systems, processing conditions and the application
of gel coats and protective coatings. In general, degradation may be significantly retarded if
the resin/composite is completely cured prior to use in a service environment and has not

undergone any form of physical/mechanical deterioration.

Since most GFRP composites in civil infrastructure will come in contact with moisture and
various solutions during their service life, it is essential that both the short- and long-term

effects of these solutions are well understood and documented [3.2].
3.2.1.1 Effects on the polymeric matrix component

The role of the polymer matrix is three-fold. It is used to protect fibres against environmental
attack, it serves as a load-transfer medium and it also acts as an energy-dissipation outlet for
crack propagation. Hence, it is of crucial importance to determine the effects of water on the
resin properties since the absorption of water molecules in the resin may cause a slow but

significant degradation of the composite properties.

While an incomplete cross-linking of the resin as well as the presence of a large number of ester
links induces low heat stability and greater susceptibility to moisture related degradation [3.20],
such as hydrolysis and leaching out of low molecular weight elements, the addition of the
styrene monomer in the resin mixture, as its done in unsaturated polyesters and vinylesters,

can help improving the hydrolytic stability by increasing the polymer’s hydrophobicity [3.31].

Vinylester resins are typically less susceptible to hydrolysis compared to unsaturated polyester
resins due to their terminal ester functional groups that are shielded by methyl groups [3.32].
Moreover, it has been shown that vinylester resins absorb less moisture as compared with
polyester resins in water immersion at several temperatures [3.11, 3.12, 3.16]. Apicella et
al. [3.20] observed the opposite at 20 °C; however, the isophthalic polyester resin used in that
study exhibited a lower hydrolytic stability, undergoing significant weight loss during exposure,
as compared with the vinylester resin. Moreover, according to Ghorbel and Valentin [3.33]
results, vinylesters resins had a higher moisture saturation level when compared with
unsaturated polyester resins. These contradictory results often stem from significant differences

in the chemical formulation of the different polymeric matrixes, the use of additives or other
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incorporated substances, as well as dissimilar manufacturing processes, which can induce

significant differences in material behaviour [3.12].

It is generally accepted that absorbed moisture can act as a plasticizer, hydrolyser and post-
curing promoting agent, increasing or decreasing the mechanical integrity of the ester matrix to
a degree dependent upon the exposure temperature [3.20]. At first, water penetration in
thermosetting polymers causes physical ageing known as plasticization. As mentioned,
plasticization results in an increase in molecular mobility due to small water molecules occupying
positions between large polymer chains. This increases the intermolecular distance, thereby
decreasing intermolecular cohesive forces. This reversible process primarily results in a decrease
in glass transition temperature (7)) due to the higher molecular mobility [3.33]. In the case of
long exposure to water, chemical ageing simultaneously occurs through hydrolysis, with chemical
attack on the ester linkages of the resin, which are the reactive groups mostly involved in the
breakdown and leaching observed in polyester and vinylester systems [3.20]. Hydrolysis
irreversibly affects the chemical structure of the resin and causes a decrease in its 7, [3.33]. The
hydrolysis of ester groups results in the formation of carboxyl and hydroxyl groups with the
former carboxyl groups being able to auto catalyse further decomposition [3.34, 3.35]. However,
chemical ageing can also occur in the form of post-curing, causing T}, to increase. Indeed, ageing
in water can lead to further reaction, previously inhibited by the presence of oxygen in the air,
increasing the amount of cross-linking of the polymer network [3.36]. Ghorbel and Valentin [3.33]
reported that the ageing of neat vinylester and unsaturated polyester resins in water at elevated
temperatures was primarily governed by plasticization, with hydrolysis becoming significant for
longer exposure time. In addition, and similarly, ageing of glass unsaturated polyester and
vinylester composites was initially governed by plasticization effects and later by hydrolysis.
Furthermore, chemical ageing of the vinylester composites was counterbalanced by post-curing

effects resulting in a substantial final increase in 7.
3.2.1.2 Effects on glass fibres

It is well known that polymeric resins are sensitive to moisture. However, it should not be
overlooked that glass fibres can undergo degradation by moisture too. Two main approaches
exist to explain the stress corrosion of glass fibres by water, which can both be related to the
Griffith-Irwin-Orowan equation [3.37]. One approach postulates that moisture adsorption
causes a decrease in the surface energy of glass fibres, thereby reducing the cohesive strength
of the material [3.38]. The second approach attributes the loss of strength of glass fibres in a
moisture environment to the slow growth of cracks until a critical size is reached that leads to

failure [3.37]. The first corrosion mechanism for glass was proposed by Charles [3.38]|, who
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showed that the corrosion of glass is temperature-dependent with an activation energy of about
20 kcal. The author postulated a mechanism for stress corrosion involving terminal groups in
the silica network where the rate of dissolution of the silicate glass is expected to rise with

time.

The other theory was proposed by Schmitz and Metcalfe [3.39], which aimed to show how
existing structural flaws could serve as a site for hydrolysis and ion exchange reactions,
ultimately leading to fibre failure. Their results showed that incubation and flaw growth by
corrosion of E-glass fibres involves a two-stage mechanism preceding fracture and that stress
corrosion occurs at flaws located at the glass fibres surface. A first incubation period, which
extends to 95% or more of the fibre life duration, occurs until the pH reaches the necessary
level for corrosion to occur; during this period, the fibres experience no strength loss. Once the
critical pH level is reached, subsequent corrosion of the surrounding silica network takes place
until a critical size flaw is formed, promoting the occurrence of fracture. In a later study on
the mechanism of stress corrosion for E-glass filaments [3.37], the same authors conducted an
investigation of the ion exchange involved during immersion of E-glass fibres in various
environments, ranging from acidic to alkaline solutions. Ion exchange was found to occur at
the glass fibre surface between sodium ions in the glass and hydrogen ions from the
surroundings, which occurred in all E-type glass fibres. Three main observations were made in
this study [3.37]: (i) if the ion exchange kept occurring, it could lead to a reversal of the initial
strength loss; (ii) the maximum strength loss was related to the alkali metal content of glass;
(iii) the filaments could crack spontaneously before the residual strength has reached zero. An
incubation period was also shown to precede strength loss in static fatigue tests, suggesting
that theories involving slow crack growth were not valid for glass fibres. Michalske and
Freiman [3.40] have also proposed a similar molecular model for stress corrosion of glasses in

which the silicate network (Si-O-Si bond) is destroyed by water molecules.

Bascom [3.41] conducted an extensive review on the adsorption of water into silicate glasses
and the subsequent degradation of glass fibres by water, through moisture crack propagation.
According to the author, failure is anticipated to begin with the formation of superficial flaws
or cracks on glass that will start propagating under an applied stress. The stage of crack growth
at which failure occurs will depend on the specimen dimensions and the manner in which load
is applied. A crack will tend to propagate when the condition 8F, > 8o + 8W is observed,
where the elastic strain energy due to applied stress (3F,) needs to be higher than the energy
needed to create a new surface (30) plus the energy expended in plastic deformation (3W). The

decrease in fibre reinforcement strength due to moisture was typically related to reductions in
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the surface energy due to the adsorption of moisture onto the glass fibre surfaces as the crack
propagated [3.2]. Water could assist failure in other ways, such as the surface corrosion of the
glass fibres by water, as well as water condensation into the crack tip, which may increase the

capillary pressure and subsequently open flaws [3.41].
3.2.1.8 Effects on the interface

The two previous subsections considered the separate effects of aqueous environments on the
fibres and the resin components. However, it is also important to understand the alterations
that occur at the interface level between them. Moisture can chemically reduce the bond
strength between the fibres and the matrix, by reacting with coupling agents and wicking along
the interfaces. In addition, matrix swelling that generally accompanies water absorption can
also have negative effects at the interface level. Residual stresses that develop in the matrix
during cure of the resin (shrinkage) and cooling down of the composite after cure (for T < T,)
are typically tensile, parallel to the fibres, and compressive at the interfaces, due to the typically
greater thermal expansion coefficient of the polymer matrix compared to the glass fibres. The
moisture related swelling of the resin will reduce these residual stresses and relax the interfacial

compressive stress, reducing the interfacial shear strength of the composite [3.2, 3.42].

It is also worth mentioning that the rapid cure and cooling down of the composites during
pultrusion result in high resin shrinkage and subsequent microcracking in resin pockets within
the composites, which can become sites for accelerated degradation [3.43]. According to
Ishai [3.44, 3.45], the fibre/matrix interface region performs a critical role in composites
durability in aqueous environments. Fluid attack in the interface region may cause several
detachments between fibres and the matrix. Bonding agents (chemical substances that interact
with the fibres and the matrix of a composite, and promote a higher bond resistant in the
interface [3.46]) tend to delay the interface corrosion process and can minimize mechanical loss.
Antoon and Koening [3.18] propose that matrix wearing by fluid absorption reveals itself as a
secondary process when compared to the interface region degradation; composite delamination

was verified through matrix plasticization combined with detachments at interface regions.
3.2.1.4 Water uptake

Water may penetrate into a polymer resin/composite either by diffusion or capillarity. The
generally accepted mechanism for moisture penetration in polymers is an activated
absorption/diffusion process [3.47|. The water molecules are first dissolved into the polymer

surface and, at the same time as they diffuse through the bulk, they start forming a “solution”
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with the polymer. The diffusion mechanism occurs by the direct transport of water molecules
in holes of the polymer matrix via random molecular motion and is driven by a concentration
gradient [3.48]. The capillarity mechanism involves flow of water molecules along the
fibre/matrix interface caused by surface tension. This mechanism depends on the relative
magnitude of the cohesive forces between water molecules and adhesive forces of water

molecules to the glass fibre surface [3.47].

The diffusion behaviour of moisture in GFRP polymer matrixes predominantly used in civil
infrastructure applications, can be classified as follows [3.2, 3.49]: (i) Case I, or Fickian, where
the rate of moisture diffusion is much lower than polymer segment mobility; (ii) Case II, where
the rate of diffusion is much higher than polymer segment mobility and is strongly dependent
on swelling kinetics, and (iii) Case III, or Non-Fickian, where the rate of diffusion is comparable

to polymer segment mobility.

It has been shown that moisture sorption can be Fickian by direct diffusion through the
polymeric matrix [3.50], non-Fickian by diffusion through existing voids or cracks in the matrix,

or capillary by wicking along fibre/matrix interfaces [3.51].

The Fickian diffusion model, derived from the one-dimensional form of Fick’s second law, will be
addressed in further detail in Section 3.3.1. While Fickian response is often assumed, in reality,
various types of sorption curves can be obtained for the immersion of polymer resin and

composites in humid or wet environments. The most frequent are indicated in Figure 3.2.
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Figure 3.2. Typical range of mass uptake responses (M;/Ms, M; and M« being respectively the mass
uptake at time t and mass at saturation), considering Fickian diffusion (A, LF), two-stage Fickian
diffusion (B), moving diffusion front (S), and anomalous deviations (C, D) from those responses. [3.2].

The curve LF represents a linear Fickian diffusion behaviour. However, composites usually
exhibit one of the other profiles. Curves A, B and S represent anomalous weight gain due to the

inherent viscoelastic nature of the polymer matrix, with curve A corresponding to a pseudo-
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Fickian behaviour with a continuous gradual increase in weight, curve B to a two-stage diffusion
due to relaxation effects, and curve S corresponding to a moving diffusion front. Finally, curves
C and D represent profiles where the departure from LF is due to irreversible degradation of the
material [3.2, 3.52|. Thermoset resins and glass-fibre reinforced composite systems usually follow

Fickian behaviour (curves A or LF), as long as no permanent damage occurs [3.53].
3.2.1.5 Effect of moisture on mechanical and physical properties

The presence of moisture significantly affects the mechanical properties of GFRP composites,
as a result of the degradation of the matrix, the fibres and the interfaces. However, degradation
is generally less sensitive when compared to neat resins due to the presence of the glass fibres.
Still, they are affected by fibre debonding favoured by hydrolysis of the matrix and
delamination. Additionally, tensile properties for instance, can be influenced both by
plasticization of the matrix, due to water sorption, and by increase in stiffness, due to loss of

low-molecular-weight substances from the matrix [3.20, 3.47].

Liao et al. [3.11] studied vinylester GFRP composites immersed in deionized water and saline
solutions (5% and 10% NaCl) at different temperatures (25 °C and 75 °C). The authors
observed degradation of the composite properties in water immersion. However, the presence
of salt did not affect the mechanical properties of the materials significantly. They also
highlighted the significant fibre wear and the importance of the interface region contribution
to environmental degradation. Figure 3.3 presents resin micro fractures observed by Visco et
al. [3.54] when studying GFRP vinylester and unsaturated polyester composites exposed to salt

water immersions.

7.

7
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Figure 3.3. SEM micrographs of: (a) vinylester and (b) unsaturated polyester GFRP (150%); (c)
vinylester and (d) unsaturated polyester GFRP (1000%) [3.54].
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The authors pointed out the higher extent of fractures presented by the unsaturated polyester
composite compared to the vinylester one. Reductions in longitudinal and transverse tensile,
compressive, shear and flexural properties are frequently observed, as a consequence of fibres,

matrix and interface moisture related degradation, [3.11, 3.42, 3.43, 3.54, 3.55].

8.2.1.6 Summary

Although both resins and glass fibres are susceptible to deterioration as a result of hygrothermal
exposure, careful material selection, quality control during processing and use of appropriate
coatings can result in FRP materials and components that show significantly enhanced
durability over conventional materials under these exposure conditions. Karbhari et al. [3.4]

proposed the following recommendations for aqueous environments:

(i). Since the polymeric resin plays a critical role in protecting the fibres and slowing the
diffusion process, preference should be given to the use of appropriate epoxies and
vinylesters, in detriment of polyesters.

(ii). In order to decrease the possibility of rapid movement of moisture and chemicals in
solution into the bulk composite and towards the fibre surface, it is critical that an
appropriate thickness of resin rich surface exists in FRP composites. This effect can be
augmented by the use of gel coats and surface scrim layers.

(iii). It is recommended that the resin and the FRP composite system are completely cured
prior to use in the field.

(iv). It is emphasized that testing over short periods of time followed by extrapolation of results
can lead to erroneous estimates especially for ambient temperature cured systems.

(v). Due to the effect of moisture on 7, composites must be cured such that the T, achieved
is significantly higher than the maximum service temperature (a minimum margin of

30 °C is recommended).
3.2.2 Effects of alkaline environments on the durability of FRP composites

FRP composites can be exposed to alkaline media though several source interactions, such as
alkaline chemicals, soil (solutions that are diffused through it) or concrete. In the last case,
GFRP bars used for concrete reinforcement are naturally the most affected GFRP components
by this environment, and hence the majority of the available literature is focused on this
application [3.2|. However, pultruded GFRP components may also be in contact with concrete

in hybrid structural elements [3.56, 3.57] but this contact besides being punctual in the
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connection areas, also benefits from the resin rich layers that usually exist in the extremities

of the components and that should adequately protect the glass fibres.

The main concerns stem from the potential effects of degradation due to concrete pore water
solution, which is known to have a hydrogen ion concentration level as high as 13.5 [3.2]. Bare
glass fibres are severely degraded due to a combination of different chemical mechanisms (e.g.
hydrolysis or leaching). When considering an FRP composite, alkaline solutions can also
accelerate the degradation of the resins, especially if not fully cured. However, as
aforementioned, the polymeric matrix presence around individual filaments confers some

protection to the attack on the fibres [3.58].

Regarding corrosion of glass fibres in alkaline media, the predominant mechanism over pH 10
is the degradation of the silica network. Hydroxide ions of the alkaline solution lead directly to
the break-up of Si-O-Si linkages This effect is increased by elevated temperatures and prolonged

exposure time [3.59].
3.2.3 Effects of thermal cycles on the durability of FRP composites

Thermal effects are one of the most relevant types of environmental agents that FRP materials
are subjected to, namely in outdoor applications. Thermal effects include response changes due
to temperatures above the cure temperature, freezing and freeze-thaw conditions, temperature
variations and cycles. FRP composites can also be exposed to very high temperatures and fire,
but this type of degradation is out of the scope of the present thesis (detailed information in

this respect can be found in [3.60, 3.61]).

It is known that not all thermal exposure has a negative effect since in several cases it can
foster post-curing phenomena due to additional cross-linking and continuous reticulation of the
polymeric matrix [3.62]. It is also acknowledged that polymeric materials soften over a
temperature range that increases their viscoelastic response, reducing its mechanical
performance (stiffness and strength) and increasing its susceptibility to moisture
absorption [3.4, 3.14]. Prior research indicates a wide range of thermal effects in GFRP
composites. Sub-zero temperature exposure can result in matrix hardening, microcracking and
fibre/matrix bond degradation. Also, freeze-thaw in the presence of salt can result in
accelerated degradation due to the formation and expansion of salt deposits in addition to
effects of moisture induced swelling and drying. Exposure to temperature above the processing
temperature can result in an initial post-cure followed by degradation. In general, polymeric

resins have coefficients of thermal expansion at least an order of magnitude greater than those
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of the glass fibres [3.4]. Changes in temperature may cause thermal gradients and shrinkage
effects in the composite system, which result in the formation of residual stress at the interface
between the resin and the fibre. The contraction in the bulk resin is constrained by the stiffer

glass fibres [3.63, 3.64].

Although thermal cycles can have a potential deleterious effect in the performance of FRP
composites in general and in pultruded GFRP materials in particular, studies reported in the
literature are relatively scarce. As discussed later in this section, the materials and exposure

conditions used in those studies can vary significantly, which has led to contradictory results.

One of the first studies addressing the effects of thermal cycles on the performance of FRP
composites was presented by Dutta and Hui [3.65]. These authors analysed the variation on
the flexural properties of two different FRP composites made of isophthalic polyester resin
after being exposed to thermal cycles between -60 °C and 50 °C. The first FRP composite,
reinforced with E-glass rovings and produced by pultrusion, was subjected to 100 cycles,
whereas the second one, reinforced with S2-glass fabric and produced by the vacuum bag
technique, was subjected to 250 cycles. The E-glass composite specimens suffered severe
degradation after exposure to the thermal cycles, exhibiting extensive cracking in the interior
of the material that the authors attributed to the formation of residual stresses from curing.
Therefore, no further flexural tests were performed on this material. In opposition, the S2-glass
composite specimens showed no visible signs of degradation and their Young’s and shear moduli
suffered very slight reductions of 6.4% and 6.3%, respectively. Although the performance of the
pultruded specimens was unsatisfactory, the authors recognized that the limits of temperatures

used in the tests were too extreme and unlikely to be experienced in real applications.

Gomez and Casto [3.66] evaluated the flexural properties of two commercially available GFRP
pultruded systems, made of either isophthalic polyester or vinylester resins, after immersion in a
2% sodium chloride solution and subsequently exposed to 300 cycles of freezing and thawing,
between -17.8 °C and 4.4 °C (typical of very cold climates). Results obtained showed considerable
reductions of both flexural strength and stiffness, which were more pronounced in the vinylester
system: flexural strength decreased 19% and 32%, respectively in the unsaturated polyester and

vinylester systems, while the corresponding elasticity modulus reductions were 18% and 35%.

Zhang et al. [3.67] evaluated the effects of freeze and freeze-thaw exposure on FRP composite
systems used in column wrapping. The authors characterized the material response and failure
mechanisms through Naval Ordinance Laboratory NOL-ring burst tests, short-beam-shear tests,

dynamical mechanical thermal analyses and microscopy. Different systems encompassing a range
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of materials, reinforcement forms and processing techniques were investigated. These included E-
glass, carbon and aramid fibre types and polyester and epoxy matrices. Several sample specimens
were immersed in a 5% NaCl solution for a period of five weeks and later subjected to freeze and
freeze-thaw regimes for 90 and 180 cycles (24 hours at -26 °C with 24 hours at 23 °C for six and
twelve months). For all composite systems, the authors reported a general decrease in NOL based
tensile strength and glass transition temperature levels at 180 cycles (10-16% and 4-13% reductions,
respectively). Regarding short beam shear strength, significant reductions were obtained (8-25%

reductions) with the exception of one composite system, whose strength increased 2%.

Karbhari et al. [3.68] studied the hygrothermal degradation of ambient cured E-glass and carbon
reinforced vinylester composites produced by the wet layup process due to exposure to 100 freeze
thaw cycles (between -10 °C and 22.5 °C), both in the presence of aqueous solutions (deionized
water and salt water) and just ambient humidity. Changes in mechanical (tensile and compressive
properties) and thermo-mechanical dynamic characteristics were measured, and short-term effects
of environmental exposure were assessed. For both types of composites, the authors reported
significant reductions in the mechanical properties due to the exposure to thermal cycles (8-9% and
9-18% reduction of longitudinal tensile and transverse compressive strengths, respectively). These
variations increased in the presence of aqueous solutions (14-16% and 30%, respectively) due to
moisture diffusion and wicking of NaCl. The values of the glass transition temperature (7)),
determined from both the tan § curve peaks and the E’decay curves, were also reduced after freeze-

thaw cycles (reductions of 3-7% and 3-10%, respectively in dry and wet conditions).

Tann and Delpak [3.69] reported the influence of freeze and thaw actions on the tensile
properties of aramid, carbon and glass FRP fabric strips (unfortunately, the authors did not
specify the resin matrix) commonly used in structural strengthening. The material was
subjected to freeze thaw cycles (21 cycles between -20 °C and 25 °C) at every three days for a
period of nine weeks. The tensile strength of carbon and aramid FRP specimens presented a
slight increase of 1.0-1.5%, whereas that of glass FRP suffered a very slight reduction of 1%.
The tensile modulus of all FRP systems varied 1.0-2.5%. Given the scatter of the experimental
data, the authors concluded that such freeze and thaw actions do not appear to have significant
influence on the mechanical properties of common FRP strips used in civil engineering

applications.

Haramis et al. [3.70] examined the performance in tension (stiffness, strength and failure strain)
of pultruded glass-vinylester and glass-epoxy cross-ply laminates in different moisture and
freeze-thaw ageing environments. The freeze-thaw conditioning parameters varied

between -17.8 °C and 4.4 °C with a ten cycle per day rate (75% cycle time for freezing and 25%
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for thawing). One set of samples was previously saturated and remained fully immersed during
freeze-thaw cycling and a complementary set remained dry before and during the experiment.
Within each set, part of the samples remained unloaded, whereas other samples were loaded in
four-point bending (maximum axial strain of 0.55%). Results indicated significant degradation
of tensile strength (-40.5%) and no significant degradation of stiffness (+9.8%) for all types of
specimens due to saturation. In opposition, freeze-thaw conditioning and loading did not seem

to cause any effects on the tensile properties.

Sheikh and Tam [3.71] published an experimental study on the effects of freeze thaw cycles on
the tensile properties of two FRP systems, made of epoxy resin reinforced with either E-glass
and carbon fibres. In order to understand the effect of the extreme Canadian winter condition,
specimens were exposed to either (i) freeze-thaw cycles immersed in water (between -20 °C and
20 °C), (ii) sustained loading and (iii) a combination thereof. The exposure to freeze-thaw
cycles and sustained loading caused low to moderate changes in the tensile properties of the
materials. For the GFRP specimens, the maximum reduction of tensile strength was only 2.5%,
whereas the tensile modulus even increased up to 7.5%. For the CFRP specimens, maximum
reductions of tensile strength and stiffness were 12% and 7%, respectively. For both materials,

the synergetic effect of sustained loading proved to be reduced or even negligible.

Wu et al. [3.72] investigated the effects of freeze-thaw on the flexural properties and glass
transition temperature of GFRP multicellular decks used in bridge decks. To this end,
laminates made of E-glass fibres and vinylester resin were subjected to thermal cycles
between -17.8 °C and 4.4 °C (625 cycles of 2 hours or 250 cycles of 5 hours). This investigation
considered the combined effects of exposure to distilled water and salt-water immersion, as well
as ambient temperature. In addition, several specimens were subjected to simultaneous
environmental exposure and sustained loading up to 25% of the ultimate strain. After thermal
cycling, no significant change was found in the flexural strength and storage modulus, as they
were within data scatter. The authors presented also small reductions (1%) in the storage

modulus of pre-strained specimens subjected to 250 thermal cycles immersed in water.

Kim et al. [3.73] studied the degradation of interfacial shear strength of two different (vinylester
and modified vinylester) pultruded E-glass composite rods. The specimens were immersed in
an alkaline solution (simulating the chemical composition of concrete pores solution) and
exposed to 110 thermal cycles varying between -25 °C and 30 °C. In this study, the reductions
of the interfacial shear strength caused by the environmental exposure were very significant in
one of the reinforcing bars (29%) and reduced in the other (6%). The authors attributed the

differences due to the higher chemical resistance properties of the modified vinylester rods.
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Li et al. [3.74] published an investigation about the freeze-thaw resistance (tensile properties) of
unidirectional glass, carbon and basalt fibre reinforced laminates fabricated with epoxy systems
using the wet-layup process. The materials were subjected to 90 cycles of 24 hours, including a
freezing state (12 hours at -30 °C) and a thawing state (12 hours at 30 °C). The tensile strength
and modulus obtained for the glass and basalt composite systems after 90 cycles were within the
experimental error, thus indicating a negligible effect of the freeze-thaw cycles. Still, carbon fibre

specimens presented reductions of tensile strength and modulus of respectively 16% and 18%.

Aniskevich et al. [3.75] conducted experimental investigations regarding the short-term exposure
of polyester-based pultruded GFRP to severe freeze-thaw cycles between -30 °C to 20 °C, in both
dry and wet condition. Flexural properties and linear thermal expansion coefficient changes were
assessed. After 125 cycles, the authors reported an increase of the flexural modulus (14%) and a
slight decrease of the flexural strength (13%). No remarkable differences were encountered

between dry and wet condition specimens. The T, suffered a slight decrease (5%).

Overall, the experimental work reported above, regarding the effects of thermal cycles on the
physical and mechanical properties of pultruded GFRP composites, is very limited. Moreover,
the test methods used in these studies vary considerably, with respect to the constituent materials
(fibre and resin nature), manufacturing processes, type (number of cycles and temperature range)
and exposure conditions (dry, saturated in different solutions, loaded/unloaded) and
characterization techniques. Thus, some results are contradictory and present clearly distinctive
degradation magnitudes. It is also worth mentioning that none of the studies reported above
provide degradation models able (i) to predict/simulate the effects of thermal cycles on the GFRP
physical and mechanical properties and/or (ii) to link experimental laboratory results with

actual/field exposure during service life.
3.2.4 Effects of ultraviolet radiation on the durability of FRP composites

Ultraviolet (UV) radiation that reaches Earth’s surface comprises about 6% of the total solar
radiant flux and has wavelengths between 290 nm and 400 nm. The remainder of the photolytic
active solar radiation is composed of visible (52%) and infrared (42%) radiation. UV radiation
between 280 nm and 315 nm is commonly called UVB radiation, while the range between
315 nm and 400 nm is called UVA radiation [3.76]. UV radiation is considered to be one of the
most critical weathering elements because it initiates photochemical reactions that lead to
irreversible material degradation, yet many of its effects on FRP composites are not fully

understood. Since the polymeric matrix transfers load to the reinforcing fibres, damage to this
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critical component can be detrimental to the overall mechanical properties of the FRP

composite and limit its service life [3.77].
3.2.4.1 Ultraviolet radiation effects on polymers

Commercial polymers are susceptible to photodegradation initiated by the UV component of
solar radiation. To understand the effects of UV radiation on FRP composites, it is necessary
to have a general understanding of the same effect on the polymeric matrix component. Since
most polymers have bond dissociation energies on those wavelengths orders, they are greatly
affected by exposure to this portion of the solar spectrum [3.77]. The lower the wavelength of
the incident radiation, the higher the photon energies and quantum efficiencies, and the more
potentially active it is in initiating bond breakage on polymeric materials. Any decrease in the
stratospheric ozone column thickness could lead to an increase in the photoactive UVB
radiation flux and a corresponding decrease in the photoactive lifetime of polymeric systems

used in outdoor applications [3.78].

Of the radiation that is absorbed only a percentage of the absorbed wavelengths are effective
in initiating damage [3.79]. When UV radiation is absorbed in the presence of oxygen, a
complex series of photochemical reactions are initiated, leading to chemical changes in the
material, including the generation of oxygen containing functional groups. Other chemical
reactions that may occur in UV-irradiated polymers include chain scission, branching,

crosslinking and rearrangement processes [3.80.

Chin et al. [3.81] conducted a study about accelerated UV exposure involving cast films of non-
UV stabilized vinylester and isophthalic polyester irradiated with a 1000 W xenon arc source
for 1200 hours. They reported changes in the surface topography using atomic force microscopy
(AFM). Both vinylester and isophthalic polyester specimens showed a substantial degree of
cratering and cracking after 1200 hours of UV exposure. No changes in the glass transition
temperatures of the exposed specimens were observed following the exposure period. Increases
in the surface oxygen concentration indicated the formation of new oxygen-containing
functional groups. Due to the fact that absorption of UV radiation diminishes rapidly with
depth, these photochemical reactions are generally limited to the topmost several microns to

1 mm [3.82].

Chemical and morphological changes induced by UV exposure are precursors to changes in the
physical, mechanical and optical properties of the bulk polymer, ranging from changes in gloss

and colour, to extensive mechanical property degradation that severely impacts the service life
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of the polymeric component of FRP composites [3.80]. The first signs of UV macro damage
usually appear as gloss loss, chalking and yellowing. Gloss loss and chalking are phenomena
related to the surface erosion that occur as fragmented polymer chains are removed from the
surface of the polymer. For some polymers, yellowing is the result of unreacted double bonds
in incompletely cured resins being photo-oxidized to coloured products, or to the formation of
conjugated double bonds [3.76]. Polymers containing styrene crosslinks, such as vinylester and

isophthalic polyester, are particularly prone to UV-induced yellowing [3.83].

After prolonged periods of exposure, more severe damage in form of surface crazing and cracking
may occur. Cracking is often the result of chain scission reactions initiated by UV exposure, in
which the fragments resulting from it occupy more volume than the original polymers, causing
stresses that lead to crack formation. If the degradation products are volatile or gaseous, pore
and pit formation may also occur [3.78, 3.80]. The surface morphological features resulting from
UV exposure described above can potentially serve as sites for moisture sorption and fracture
initiation that contribute to the degradation of mechanical properties. Signor et al. [3.84] carried
out a UV exposure study on non-reinforced vinylester matrix resins using a xenon arc lamp
source and observed significant decreases in toughness and strain to failure. After 4000 hours of

UV exposure, the authors also registered increases in surface hardness and modulus.
3.2.4.2 Ultraviolet radiation effects on FRP composites

As for any polymeric system, the durability, the performance and the rate of degradation of
FRP composites are significantly influenced by the material composition and the
environmental /climatic conditions to which they are exposed. In general, the variability in
weathering behaviour due to temporal changes in temperature, rainfall/relative humidity and
UV radiation are not fully understood [3.85]. According to Chin [3.77], UV-induced degradation

in FRP composites typically follows the sequence below:

i). Loss of surface gloss;
ii). Surface discoloration;
iii). Chalking;

iv). Flaking of surface resin;

vi). Microcracking;
vii). Blistering;
viii). Severe loss of resin from outer surface, fibres not yet visible;

(
(
(
(
(v). Pitting;
(
(
(
(

ix). Severe loss of resin from outer surface, fibres visible (blooming);
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(x). Fibres visible and loosened from the surface;

(xi). Delamination of topmost ply.

When the polymeric matrix is prone to UV-induced chain-scission reactions, the molecular
mass or chain length of the surface polymers will decrease, making it more susceptible to water
erosion of the low molecular weight segments. With additional exposure, this degradation by
scission will continue to affect the top layers of the FRP composite, until the reinforcing fibres
become visible, a mechanism often known as fibre blooming. If the structure of the polymer
favours crosslinking reactions, then the increased crosslink density of the surface material may
lead to embrittlement and microcracking of the resin matrix [3.85]. As damage progresses,
tensile and also impact properties may also decrease as the polymeric matrix and interface
region degrades [3.86]. This deterioration of mechanical properties should be related to
embrittlement of the matrix or the ingress of moisture into surface microcracks. It is believed
that the harshest effects of UV damage, which are limited to the surface region, are not due to
direct photolytic UV damage, but to the increased susceptibility for moisture diffusion into

fragilized areas [3.77].

Overall, the published literature on the effects of UV radiation on the mechanical properties of
FRP composites report contradictory results. However, only minor changes in mechanical
properties are usually found after UV exposure. In general, it has been shown that UV radiation
effects on mechanical properties are less apparent in thicker specimens, whereas thinner

specimens exhibit larger changes in mechanical properties |3.87].

Segovia et al. [3.88] observed that glass fibre unsaturated polyester composites exhibited 15%
and 20% reductions in elastic modulus and tensile strength, respectively, following 7000 hours
of an accelerated laboratory UV exposure. Tensile strain at failure exhibited losses ranging
from 20% to 56%, and the majority of the degradation occurred primarily in the surface resin,

whereas the glass fibre reinforcement presented no signs of deterioration.

Cabral-Fonseca et al. [3.12] studied pultruded GFRP unsaturated polyester and vinylester
composites subjected to 3000 hours of artificial accelerated in QUV chamber. The effects of the
artificial accelerated QUV ageing were considered to be much less significant when compared
to hygrothermal effects on the same materials. After 3000 hours, the tensile and the
interlaminar shear strengths of the vinylester profile were marginally affected, while the
unsaturated polyester tensile strength suffered a 21% reduction. FTIR analysis evidenced the
occurrence of chemical changes at the surface of both materials. The authors also confirmed

that the overall effects of UV radiation were confined to the top microns of the superficial
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layer, which caused only slight reductions found in mechanical properties. However, UV
radiation caused significant aesthetical changes, as the colour and gloss of both profiles were

severely affected.

Physical properties of pultruded glass vinylester and unsaturated polyester profiles were
evaluated by Bogner and Borja [3.89] following 10000 hours of accelerated laboratory UV
exposure and Florida outdoor exposure. After 10000 hours of exposure in a fluorescent device,
flexural strength and flexural modulus of both types of FRP profiles were reduced only up to
4% compared to unexposed control specimens. The unsaturated polyester profile retained its
performance, but the vinylester profile lost 28% of its initial flexural strength and modulus. In

both cases, signs of gloss loss, chalking and surface erosion were evident.

UV testing procedures in FRP composites should be undertaken with caution, whether the testing
is carried out outdoor or in a laboratory weathering device. The variability and uncertainty
associated with different test methodologies may incur in incomparable results. Outdoor test
results are influenced by fluctuations in temperature, moisture and UV irradiation [3.90]. The
intensity of UV irradiance changes with the test location, sample orientation, the season and
climatological variations. Therefore, results of testing in outdoor environments are seldom
reproducible, due to highly variable nature of the weather and associated climatic factors.

However, some correlations can be achieved between artificial and natural weathering [3.77].
3.2.4.8 UV protection techniques

Polymer photodegradation due to UV exposure can be hindered or delayed by introducing
stabilizers into the polymer matrix or applying gel coats or appropriate paints to the surface

of the FRP component.

The concentrations of stabilizers (UV blockers) employed are typically 0.05-2% by mass and
their presence should significantly extend the lifetime of a polymer product [3.78]. Stabilizers
need to be compatible with the polymer and other additives in order to be effective.
Combinations of stabilizers are also often used to protect against more than one mechanism or
to provide synergistic protection [3.84]. UV stabilizers function in various ways. Some control the
amount of radiation that reaches the polymer and others inhibit chemical reactions initiated by
the absorption of the radiation [3.78, 3.86]. UV blockers or absorbers are compounds that function
by restricting UV penetration into the topmost surface regions of a polymer and they are effective

only if the compound has a larger absorption coefficient than the polymer for the wavelengths of
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interest. The greatest effectiveness is found when the blocker/absorber is concentrated on the

surface, as in an applied coating or film on the polymeric component [3.91].

Another typical practice, when considering natural ageing conditions, is the application of gel coats
or other surface coatings, like paints and varnishes, in order to protect the FRP components surface
from direct UV radiation. Gel coats are made of polymeric coatings which can be reinforced or
pigmented, as appropriate for each case of application. Note that these coatings are not themselves
unaffected by UV radiation, but act as a sacrificial layer, and thus delay the UV degradation of
the protected FRP composite [3.77]. This method will require further periodic inspection of the
protective layer to ensure that the FRP composite underneath is not in direct contact with UV

radiation. The repair of such coats usually involves the application of another new layer [3.78].

3.2.5 Effects of creep and time-dependent effects on the durability of FRP

composites
3.2.5.1 Creep and relaxation

Creep is the time-dependent and permanent deformation of materials when subjected to an
externally applied load over an extended period of time [3.10]. Stress relaxation is the inverse
of creep, corresponding to the stress reduction over time when a material is subjected to a

constant strain [3.92].

When unidirectional composites are subjected to a constant load, it is often assumed that the
reinforcement fibres display an elastic behaviour, while the polymeric matrix displays
viscoelastic behaviour. Creep in FRP composites involves a stress transfer from the matrix to

the fibres, causing an increase in the fibres (and composite) strain [3.93].

An idealized creep strain curve is shown in Figure 3.4. The primary phase is characterized by
decreasing strain rate over time, progressing towards a stabilization of the strain rate value
(secondary phase). In the third creep phase, a significant increase in creep strain rate occurs

until fracture or rupture of the FRP component [3.94].

Creep behaviour of FRP composites depends on fibre orientation, fibre volume fraction and
structure of the material. However, it will be mainly dependent on the properties of the
polymeric matrix [3.10], the main source of creep. In fact, the resin systems typically used in
FRP composites are viscoelastic, thus dependent on time and temperature, making time-
(temperature)-dependent behaviour of composite materials an important issue that can affect

these materials in design stages [3.95]. In addition to the resin matrix viscoelasticity, the
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occurrence of creep in FRPs can be attributed to microcracking initiation coupled with residual
strain in the matrix, leading to fibre-matrix debonding and cracking, both these mechanisms

being time-dependent [3.10].
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Figure 3.4. Typical creep strain response under constant applied load [3.94].

Microscopic damage in composite materials in the form of microcracking can be a result of
several factors that include environmental conditions and loading cycles; it can alter the creep
behaviour and shorten the life span of an FRP composite. In addition, FRP composites are
more susceptible to creep due to the resins used in their constitution when compared to most
traditional materials [3.10]. Thus, there is a need to increase the understanding of the
synergistic influence on creep behaviour of several different conditions, such as moisture and

temperature, for the design and performance of FRPs in civil engineering applications [3.96].

In terms of durability, creep evaluation of composite materials typically involves the use of
isothermal, short-term creep tests, where a constant load is applied for a specific duration of
time and for a certain range of temperatures. The loading period is followed by a recovery
period where the load is removed and the material returns to its initial state assuming damage
has not taken place. The creep strain is modelled using a constitutive law relating time,

temperature, and stress to the time-dependent strain response of the material.

The development of such models, used to predict long term creep response of FRP materials,
also have to account the effects of moisture and physical ageing on the creep and relaxation
behaviour. The development of such models is of utmost importance, since they could

potentially enable a more accurate estimate of the structure service life [3.96].

Several analytical models have been developed to model and predict the creep strain response of
polymers and polymer composites under the individual and combined influences of stress,

temperature and moisture. These constitutive models have been typically based on fundamental
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concepts such as energy methods or damage mechanics [3.97]. The most popular analytical
models used in the literature to predict long-term creep response are Findley’s power law and
the Boltzmann superposition principle. More information about these models can be found

in [3.95, 3.98, 3.99|.
3.2.5.2  Synergistic effects on the time-dependent response

The time-dependent response of FRP materials is a result of complex interactions between the
creep behaviour and the environmental conditions affecting a given application. The effects of
such interactions on FRP materials are typically related to stiffness degradation, due to time-
dependent creep, and modulus and strength deterioration, attributed to damage from the

existent environmental factors [3.97].

As discussed in Section 3.2.2, FRP composites are sensitive to temperature. Usually, when
exposed to temperatures in the range of their T), the mechanical properties of FRPs can be
significantly changed [3.100]. A rise in the environmental temperature may cause an increase
in creep behaviour over time, due to softening of the polymeric matrix. According to

Scott [3.95], increasing temperature also may have the following effects on creep behaviour:

(i). Changes in the linear viscoelastic behaviour of unidirectional FRPs;
(ii). If the FRP is under significant stress at the time of exposure, significant strength
reduction may occur;

(iii). Buckling strength reduction;

As discussed in Section 3.2.1, when exposed to water, FRP composites are subjected to several
physical and chemical changes [3.97], which may also alter their creep behaviour, similarly to
aforementioned effects due to increasing temperature [3.101]. In addition, moisture can have a
significant impact on nonlinear viscoelastic due to plasticization effects, and also promote the

initial and steady-state creep levels at lower stress values [3.95].

In addition, the interaction of fatigue and creep is also an important consideration that may
significantly shorten the life of FRP composites in infrastructure applications due to

degradation of strength from cyclic mechanical loading [3.97].

Ellyin and Rohrbacher [3.102] investigated the effects of aqueous environments, temperature
and cyclic loading on GFRP epoxy laminates. Several specimens with different fibre
configurations were exposed to distilled water immersions, at ambient temperature and at

90 °C, for over four months, followed by cyclic tensile tests. The accumulated cyclic creep strain

64



Chapter 3. Literature review on the durability of pultruded GFRP profiles

of the immersed specimens was characterized by an increase, especially in the early life of the
material, being higher in the specimens immersed at 90 °C than in those conditioned at ambient
temperature. In addition, immersion at 90 °C resulted in excessive swelling and cracking, and

considerable reduction in the fatigue resistance.

The time-dependent response of FRP materials used in civil structural applications needs to
be duly considered, especially when dealing with complex interactions, such as creep, fatigue,
moisture and temperature [3.96]. However, at present there is no universal or widely accepted
creep model to account for the various durability factors that affect the different types of FRP

materials.
3.2.6 Effects of fatigue loads on the durability of FRP composites

Fatigue is generally defined as the physical phenomenon that causes damage and failure of
material or structural components subjected to several cyclic conditions, even though its level
is not high enough to cause failure on the first cycle. Fatigue life is usually measured as the

number of cycles to failure for a given applied load level [3.103].

In recent years, the fatigue of FRP materials has been being increasingly focused in theoretical
and experimental research, especially considering civil engineering applications, where they
could be subjected to several cyclic conditions. Under fatigue loads, FRP materials can be
susceptible to microcracking, delamination, fibre fracture, or fibre matrix debonding. These
damage modes will accumulate and interact under fatigue load, and subsequently the material

will lose resistance that eventually will lead to fracture [3.104].

Several factors may affect the fatigue life of FRPs, including the properties of the constituent
materials (fibres and the matrix types), the interface between them, the manufacturing process,
the loading parameters (such as frequency, stress range and stress ratio) and the environmental
exposure conditions. The latter will have a synergistic effect and may degrade the FRPs

properties, generally diminishing fatigue life [3.103].

Loading parameters and the different exposure conditions are the most uncertain factors and still
require further research, since they are critical parameters that affect fatigue life. However, the
mechanisms of the effects that occur in FRPs, and especially their synergistic interactions, are
not fully well understood. In addition, predictions usually rely on extensive laboratory testing,
and empirical curve fitting methods. Semi-empirical methods, such as the S-N curves, are more

practical and reliable for assessing fatigue performance [3.105].
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3.3. Diffusion modelling of pultruded GFRP profiles

As discussed in Section 3.2.1.4, several sorption behaviours can occur in pultruded GFRP

profiles. However, the most commonly assumed type of response is Fickian [3.2].

Fick’s law characterises the diffusion of a fluid into a distinct absorbing medium from a higher
concentration to a lower concentration. His second law makes considerations for a non-steady-
state of diffusion, where a concentration profile can be investigated considering the concentration
of the sorbate, time and the diffusion coefficient, D. The rate of diffusion is given by this
coefficient in units of area per time [3.17]. These parameters can be affected by different
characteristics of the GFRP profiles, such as their geometry, constitution or manufacturing
processes. In addition, Fick’s law typically requires an equilibrium content to be reached, where

the rate of uptake slows to zero [3.17].

The diffusion coefficient can be assumed to be independent of concentration and time. This
coefficient can be determined either by monitoring the concentration profile throughout the
volume or via gravimetric measurements [3.106]. Simple geometries are highly desirable for
both methodologies. Gravimetric measurements require the weighing of a specimen with known
geometry for each step, allowing for the diffusion of the sorbate into a single sorbent specimen
to be monitored over time and providing the total weight change due to uptake or loss of the
sorbate rather than concentration. Nonetheless, the diffusion coefficient still needs to be

calculated according to a theoretical model used to fit the trends of experimental data.

3.3.1 Fickian Diffusion Model

To model moisture diffusion, numerous analytical models exist in the literature. The model
most often employed for polymeric materials is the one-dimensional Fickian model, due to its
simplicity [3.107]. The one-dimensional case of Fick’s second law assumes that the diffusion

coefficient is concentration independent,

~_pZtx (3.1)

where C is the concentration of sorbate per unit of sorbent, t is time, x is the distance in thickness

through the sorbate and D is the Fickian diffusion coefficient.

Additionally, if the diffusion coefficient is independent of time and position, when considering

a uniform initial distribution of sorbent (C;) and a plane plate kept at constant surface
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concentration (C,), the analytical solution of the concentration distribution (C(x,t)) through a

polymeric plate with thickness (h) over time is,

CxnN-C _, 4< (D" Dt , ) (2n+1)7zx
Cc =1 ﬂznz_(;(z”ﬂ)exp[ hz7r(2n+1) }cos[—h } (3.2)

where x represents the spatial coordinate measured in parallel to the diffusion direction, from
-h/2 to +h/2. The total weight change of substance over time (M;) can be estimated by

integrating the concentration distribution over the thickness,

8 < 1 Dt , 2
M, =Mw{l——zzmexp[—ﬁﬂ (2n+1) }} (3.3)

where M, is the maximum equilibrium moisture content. The Fickian diffusion model is
frequently expressed by plotting the moisture absorption content as a function of the square

root of time, as depicted in Figure 3.2, displaying an initial linear trend.

Crank [3.107] provided a linear approximation for Eq. (3.3), for short term periods (\/ﬁ /h<0.2):

A, & 3.4
h \ (3.4)

M,

Knowing two points of the linear part at times t; and t, and considering that M. is also known

from gravimetric measurements, it is possible to determine the diffusion coefficient using Eq. (3.4),

h ¥(M-M, (. h hY?
2”(4“/'00} [\/t:—\/g} (1+T+W) (3.5)

where 1 and w are, respectively, the length and width of the polymeric plate. As already

mentioned, in Eq. (3.5) it is assumed that moisture diffusion uptake occurs predominantly in
the through-thickness direction. However, the third parameter in the equation is a correction
that accounts for the contribution in moisture absorption through the edges of the material,
according to Shen and Springer [3.108|. They also provided an approximation to Eq. (3.3) that

can be applied more readily and has been widely used:

M, *M,_ {1— exp{—?.B(%)o.m” (3.6)
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Diffusion coefficients may be obtained from Eq. (3.4) for short times or from curve fitting Eq. (3.6).

3.3.2 Two Phase Fickian Diffusion Model

Jacob and Jones [3.109] considered a Fickian-based model, which consists of two phases, where
the moisture uptake is a consequence of two independent diffusion phenomena (one phase being

denser than the other),

0.75 0.75
%:vd 1—exp[—7.3(%j } +(1-Vy) 1—exp[—7-3(%j } (3.7)

o0

where V, is the volume fraction of the denser phase, D, is the diffusion coefficient of the denser

phase, and D, is the diffusion coefficient of the less dense phase.

The model considers that two independent Fickian phases occur, which begin their diffusion at
the same time. Consequently, two areas of the moisture uptake curves exist, where sorption is
dominated by each phase. When the less dense phase approaches equilibrium, the slope of the

uptake curve should be characteristic of diffusion in the denser phase.

Maggana and Pissis [3.110] generalized the more and less dense phases to two arbitrary
independent phases. For the two moisture mechanisms with two maximum moisture contents,

M, and M,, and two diffusion coefficients, D; and D,, moisture uptake is described by,

Where:

M, =M, +M, (3.9)

When exposing a GFRP composite to hygrothermal environments, two water phases can be
observed: the first phase sorption is related to the amount of water in the atmosphere and the

second phase is related to temperature and time [3.111].

The diffusion coefficients in Eq. (3.7) may be determined from simple linear curve fits of each

phase-dominated region, as depicted in Figure 3.5. The initial slope of the uptake curve

68



Chapter 3. Literature review on the durability of pultruded GFRP profiles

provides the approximate diffusion coefficient, D,,, for the bulk after the traditional Fickian

approach.

It should be noted that the initial uptake is obtained by adding the uptake of the two phases [3.109],

EIREIRE]

where the subscripts d and 1 refer to the more and less dense phases, respectively.

Moisture uptake

Sqrt(time)

Figure 3.5. Two phase Fickian parameters.

At later durations of hygrothermal exposure, the slope represents the uptake in the denser
phase and the uptake in the other approaches equilibrium. By extending a line from the region
characterized by sorption of the denser region to the ordinate axis, the equilibrium content for
the less dense phase can be determined from the intercept, as depicted in Figure 3.5, allowing
for the calculation of the corresponding diffusions coefficients [3.109]. In the case of GFRP
composites, not only the bulk material is heterogeneous, but also the resin matrix itself can be
considered as a biphasic material, where the total moisture content increases with temperature
and the maximum moisture content of those two phases may also vary with temperature at

two different rates [3.17].

3.3.3 Thermal dependency of the diffusion coefficient

The diffusion coefficient is typically temperature-dependent and can be used to determine the

activation energy for diffusion E; using an Arrhenius type relationship [3.112],
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)

D(t) = D, eXp(RT (3.11)

where D, is a temperature-independent empirical constant, E, is the activation energy, R
(8.3144 J/mol) is the universal gas constant, T is the temperature in Kelvin and D is the
apparent diffusion coefficient. The Arrhenius relation can be used for any diffusion with
temperature dependency, where D, and E; are determined for each model, by plotting In(D)

vs. the inverse of absolute temperature (1/T).
3.4. Predictive degradation model for GFRP materials

Lifetime prediction studies on polymeric materials rely heavily on the use of accelerated ageing
exposures. Failure times or degradation rates are determined at elevated temperatures and
these data are used to extrapolate material performance to ambient conditions. The most
commonly used methodology for such extrapolations in FRP ageing studies, which is still being
used nowadays, is based on the Arrhenius relationship [3.17]. However, linear Arrhenius
behaviour is often limited by the availability of experimental data, and the occurrence of only

one chemical degradation phenomenon [3.113].

In developing degradation models, a property, P, (e.g. tensile or flexural strength) is monitored
over a period of environmental exposure. For the purpose of accelerated testing, these
environments are usually water immersions, where elevated temperature accelerates the
diffusion characteristics and the chemical degradation rate. Prolonged exposure periods over a
series of different temperatures usually allows correlating the degradation rate with
temperature. As such, it would allow the prediction of the degradation rate at a defined

temperature.

There are generally two types of degradation models: (i) the ones that characterize time to
failure defined by a material property reaching a critical level and (ii) the ones that predict a
property level as a function of time. As this thesis aims to evaluate material degradation applied

to civil infrastructure it will focus on the second group of models.

The Arrhenius model, or Arrhenius based models, employ the Arrhenius equation to describe
the degradation rate of a material property P, which is assumed to be dependent on

temperature [3.114],

o

B -
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where A is a pre-exponential constant, E, is the activation energy for the reaction responsible for

the degradation, R is the gas constant, T is the absolute temperature in Kelvin, and t is time.

The model also assumes that,

t(P)a(z—Tj_ (3.13)

which implies that:
In[t(P)]a T (3.14)

As such, the temporal variation of P can be determined as,
~E,
P(t)=Bexp a7 In(t)+F, (3.15)

where B is an integration constant and P, is the property at time zero. Eq. (3.15) represents
the Arrhenius rate degradation model, and it is usually considered that E, is well represented

by the activation energy for the diffusion process [3.115].

The Arrhenius relationship has been used to predict temperature-accelerated degradation of
products used in many fields, including pharmaceuticals, insulation materials, adhesives and
batteries. Key assumptions in the simple application of the Arrhenius model are that the same
process controls degradation at both elevated and in-service temperatures, and that this single
process continues to control degradation throughout the service life of the material. If these
assumptions hold, then a value of the activation energy can be determined from experimental
and/or service data over a range of temperatures and used to predict degradation or service

life at different temperatures [3.116].

It may be possible that the curve(s) Int(P)v. T~! of a certain material demonstrate non-
linearity; this means that the rate of degradation in the material is controlled by more than

one degradation mechanism [3.114], i.e. the above mentioned assumption is not valid.

Other predictive degradation models have been suggested, typically ranging from a simple
based parameter in the Arrhenius rate degradation model to more complex models. However,

their application is limited and most of them have been specifically adapted to different
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materials, other than pultruded GFRP elements. In addition, most of the different degradation

models presented assume that Arrhenius model holds, just as for diffusion.

Svetlik [3.17] applied several different modelling and time-temperature superposition and crack
propagation models, and these models predicted non-conservative values at early times of
environmental exposure. As such, different models other than the typical Arrhenius degradation
one will not be implemented in Chapter 4. Detailed information about empirically based
alternative models, which also include statistical modelling, can be found in the following
references: (i) time-temperature superposition models [3.117, 3.118|; (ii) crack propagation
models [3.119, 3.120]; (iii) multicomponent degradation models [3.121-3.123], and (iv) metric

based numerical analysis [3.124].
3.5. Concluding remarks

In this chapter, the most relevant critical aspects that affect FRP durability have been
reviewed, with a particular emphasis on pultruded GFRP profiles. The general effects of
different exposure environments critical for civil engineering applications were presented, their

general effects were highlighted, and their potential degradation mechanisms were discussed.

The effects of moisture and water related environments cause physical and chemical changes
in pultruded GFRP elements, with plasticization in the short-term and hydrolysis in the long-
term being the most common degradation mechanisms. Alkaline environments, briefly

described in this chapter, can cause severe corrosion of glass fibres.

Temperature also affects GFRP degradation, especially in what concerns the viscoelasticity of
the polymeric matrix and the interface, and can contribute to accelerate the degradation
mechanisms if acting synergistically with other exposure agents. In addition, exposure to several
thermal cycles may also have a negative influence in the material properties, due to the increase
of cumulative residual stresses that stem from the different thermal expansion coefficients of
the glass fibres and the polymeric matrix. Solar and most importantly UV radiation can also
contribute to GFRP degradation, especially in terms of colour and gloss loss, chalking and fibre

blooming.

Prolonged exposure to creep can lead to microcracking initiation and may increase residual
strains in the matrix, which in turn can aggravate or induce fibre-matrix debonding and
cracking, both these mechanisms being time dependent. Fatigue effects, very briefly abridged
in this chapter, can increase the susceptibility of GFRP composites to microcracking,

delamination or fibre matrix debonding.
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In the final part of this chapter, two typical analytical diffusion models that are used to
simulate the sorption behaviour of GFRP materials were described, together with a brief
overview of predictive degradation models used to estimate the long-term mechanical response

of pultruded GFRP profiles at a material level.
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Chapter 4.

Hygrothermal ageing of pultruded GFRP profiles

4.1. Introduction

Currently, the number of research studies about the long-term behaviour of fibre reinforced
polymer (FRP) composites in civil engineering applications is increasing, since many knowledge
“gaps” need to be fulfilled in this industry. Results obtained in studies conducted in other
industries (e.g. aerospace or naval), where more documentation and a better understanding
were already obtained [4.1], show that several competitive mechanisms may affect the FRP
durability during exposure to hygrothermal ageing conditions: (i) additional cross-linking due
to residual curing of the polymeric resin; (ii) secondary cross-linking between polymer chains
and water molecules; (iii) swelling; (iv) micro-cracking; (v) plasticization; (vi) hydrolysis;

(vii) leaching of low molecular weight segments, and (viii) relaxation phenomena [4.2-4.6].

In the specific case of pultruded GFRP profiles, comprehensive and validated data on their
durability is still limited and there is a lack of understanding about the ageing and degradation
mechanism suffered by GFRP materials when subjected to different service conditions found
in civil engineering applications. Since the required service life for most structures is usually
above 50 years and there is a typical lack of routine inspections and maintenance found in this
industry when compared to the aerospace and marine sectors, the availability of such
information is of extreme importance. In addition, some limitations or particularities of previous
studies (cf. Chapter 3) make it difficult to draw general conclusions about the durability of
pultruded GFRP materials in civil engineering applications, namely when considering
hygrothermal (moisture and temperature) ageing. In fact, the test methods, exposure conditions
and characterisation techniques often vary considerably, which can lead to contradictory
results. Moreover, even considering the same manufacturing technique (pultrusion), the final
GFRP element can have different fibre and void contents, matrix/fibre combinations, or
reinforcement architecture (e.g. the number of mats, unidirectional rovings and/or surface veils
and their positioning in the cross section). Experiments under accelerated conditions are rarely
longer than one year and only a few studies compare alternative resin systems. No systematic
information is available regarding the “dry state” behaviour of pultruded GFRP profiles (i.e.
after a desorption period up to constant mass, following hygrothermal ageing), which is
paradoxical since most of civil engineering applications (apart from submersed elements) are

not typically in permanent contact with aqueous solutions during their service life, and are
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often subjected to ‘dryer’ periods, during the warmer seasons, especially in mild Mediterranean
climates, such as Portugal. Finally, very little information is available on the effects of
hygrothermal ageing on the in-plane shear properties; according to the author’s best knowledge,
no long-term estimates are available for such properties, which are frequently very relevant for
the design of GFRP structures, which exhibit limited shear strength and significant shear

deformations.

Due to the aforementioned reasons, an extensive experimental programme was carried out in
the present thesis to investigate the effects of hygrothermal ageing on the durability
performance of two commercial GFRP profiles made of two alternative resin systems —
unsaturated polyester and vinylester (both comprising the same fibre content and architecture).
Specimens of the two types of profiles were subjected to different ageing environments, namely
immersion in demineralised and salt water at three different temperatures (20 °C, 40 °C, and
60 °C) and continuous condensation at 40 °C for up to two years, and were tested after a
desorption period, thus including the potential property recovery after drying to constant mass
due to the reversibility nature of some physical degradation mechanisms [4.7]. The performance
of both profiles was analysed and compared regarding their physical, viscoelastic and
mechanical responses, after subjected to hygrothermal ageing. Finally, long-term prediction

models (Arrhenius based) were implemented, when applicable.

4.2. Experimental programme

4.2.1 Materials

For this experimental study, two types of “off-the-shelf” pultruded GFRP profiles (3 m long)
were manufactured by ALTO Perfis Pultrudidos. The profiles had 33 x 5 mm?® of rectangular
cross section and comprised E-glass unidirectional rovings with linear density of 4800 tex
(typically corresponding to a filament diameter of =24 pm) in the core region, and two outer
continuous strand mats (CSM) with a weight of 450 g/m’* embedded in either unsaturated

polyester (UP profile) or vinylester (VE profile) resins.

The pultruded profiles were produced by pulling the fibres with a silane sizing through a bath
of resin, at an average speed of 0.25 m/min, passing through a heated die, where temperatures

ranged between 130 °C and 165 °C.

The criteria for choosing the different resin matrixes were as follows: UP resin was selected,
since this polymeric matrix is used in most structural applications when there are no

requirements in terms of environmental harshness; on the other hand, the VE resin was chosen
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as it is often selected for applications in relatively harsh or corrosive environments. Both profiles
had the same glass fibre content and architecture, thus allowing for a direct comparison of the
durability performance of their resins. Figure 4.1 (a) illustrates the pultruded GFRP profiles,
and Figure 4.1 (b) depicts the cross section of a representative UP profile. Figure 4.1 (¢) and
(d) presents different amplifications for the cross section: 50x amplification of the whole section
and 220X amplification of the central part of the cross section. These images were acquired
through a Dino-Lite Premier digital microscope (some glass fibres can be easily identified as

the black dots with a very different gloss, probably due to charring during the cutting process).

Figure 4.1. Pultruded GFRP profiles: (a) 3 m long (as received), (b) cross section, (¢) 50X and (d)
220X magnification (core region).

4.2.2 Ageing environments

Different ageing environments were chosen to evaluate the susceptibility to degradation of
pultruded GFRP profiles typical of civil engineering applications. In particular, the degradation
effects of such exposure can be related to wet environments, coastal areas and outdoor
conditions, as they are typical for GFRP structures, which are often selected due to their

improved performance in relatively harsh environments.

Taking these factors into consideration, specimens of both types of profiles were subjected to
the following environments, as shown in Table 4.1: (i) immersion in demineralized water at
20 °C, 40 °C and 60 °C; (ii) immersion in salt water at the same temperatures, and

(iii) continuous condensation at 40 °C.
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Immersion ageing in the above mentioned media was based on ISO 175 standard [4.8|, while
the salt water concentration was selected as indicated in ASTM D 1141 standard [4.9]. The
20 °C temperature was set as normal room temperature, corresponding to typical average

temperatures encountered in mild climates, such as southern European countries.

Table 4.1. Ageing environments conditions

Ageing environments Label Duration [months]  Conditions @
W20 T:20 £ 3 °C
Immersion in demineralised water W40 0,3,6,9,12, 18, 24 T:40 £ 2 °C
W60 T: 60 £ 2 °C
S20 T: 20 + 3 °C; 35 g/1 NaCl
Immersion in salt water 540 0,3,6,9,12, 18, 24 T: 40 + 2 °C; 35 g/1 NaCl
S60 T: 60 + 2 °C; 35 g/1 NaCl
Continuous condensation C40 0, 3,6,9, 12 T: 40 £ 2 °C; RH: 100%

™ Temperature (T); Relative Humidity (RH)

Higher temperatures of 40 °C and 60 °C were selected to accelerate the diffusion process and
to promote the hygrothermal degradation mechanisms; these values were carefully set, taking
into account the need to remain well below the GFRP glass transition temperature ( 7,), which
was in the range of 106-112 °C for both UP and VE profiles (taken from onset of the E’ modulus
curve obtained from DMA tests, cf. Section 4.3.1), in order to avoid or limit any additional
degradation mechanisms that occur when such temperature is approached or

exceeded [4.6, 4.10].

The continuous condensation environment was provided by a condensation chamber that combines
the effects of moisture and temperature. Specimens were hanged inside the chamber, not contacting
with the chamber walls. Temperature and relative humidity (RH) values were defined according to
ISO 6270-1 standard [4.11]. The considered ageing environments (appropriate chambers and

containers) are depicted in Figure 4.2.

Prior to ageing, only longitudinal cuts were made in the GFRP material, using a water-cooled
diamond saw blade; those cuts included 20 mm gaps for each side of the profile (as depicted in
Figure 4.3 for tensile and flexural specimens), in order to accurately represent the bulk material
and to minimize the cut sections, which are preferable points for water ingress. In other words,
specimens were aged with the biggest geometry possible, instead of ageing small scale specimens
(with geometries set by the standards corresponding to the different tests). After executing the
longitudinal cuts, the profiles (33 X 340 mm?®) were preconditioned until constant weight in a
ventilated chamber at 80 °C, according to ASTM D 5229 standard [4.12], before exposure to

the different ageing environments.

At predefined exposure times, specimens were removed from the ageing environments, and then

cut with the same diamond saw, in appropriate dimensions for characterisation testing
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(described in the next section). In addition, later they were subjected to a desorption period,
through conditioning until constant weight, through the same method described above,

guaranteeing the aforementioned “dry-state”.

Figure 4.2. Ageing environments: (a) containers for immersions at 20 °C; (b) and (c) chambers used for
immersions at 40 °C and 60 °C; (d) condensation chamber.

Tensile specimen

Flexural specimens (x4)

ol — —

20 150 150 20

(mm]

Figure 4.3. Specimen geometry during ageing (33 X 340 X 5 mm?).

Finally, the specimens were placed in hermetically closed polyethylene recipients for
transportation purposes and tested without further conditioning at controlled room

temperature (20 £ 2 °C).
4.2.3 Characterisation methods

Both UP and VE profiles were subjected to different characterisation tests in order to determine
their physical, viscoelastic and mechanical response when subjected to hygrothermal ageing,

namely: (i) media diffusion, through gravimetric changes; (ii) thermo-mechanical behaviour,
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through dynamic mechanical analysis (DMA); and (iii) mechanical behaviour, by means of
tensile, flexural, and in-plane and interlaminar shear tests. Characterisation tests were

conducted on each batch of test specimens after predetermined periods (c¢f. Table 4.1).

The mass variations during the hygrothermal ageing were assessed by means of gravimetric
measurements. Specimens with 5 X 15 X 60 mm® of geometry were periodically removed from
the recipients and, after wiping the superficial water from all surfaces, were immediately
weighted using a Mettler analytical balance to determine the percentage of absorbed water,
according to ASTM D 5229 standard [4.12]. Subsequently, the specimens were immediately
returned to the recipient. T'wo specimens per ageing condition were considered, as preliminary

tests provided very consistent measurements (insignificant error margin).

The temperature-dependent behaviour and glass transition temperature (7}) of the materials
was assessed through dynamic mechanical analysis (DMA), according to parts 1 and 5 of
ISO 6721 standard [4.13], using a DMA analyser from TA instruments, model Q800. GFRP
specimens with geometry of 5 X 15 X 60 mm® were tested in a three-point bending
configuration at a constant frequency of 1 Hz and strain amplitude of 15 pm, from room
temperature to 200 °C (in air), at a rate of 2 °C/min. The T, was determined from the peak of
the loss factor (tan 8) curve and from the storage modulus (E’) curve as the extrapolated onset
of its sigmoidal change, per the definition of ASTM E 1640 standard [4.14]. Three specimens
per ageing condition and duration period were tested. Unfortunately, the results obtained from
DMA tests for the last two batches of the UP specimens (i.e. at 18 and 24 months of ageing)

were anomalous. Figure 4.4 illustrates the DMA equipment.

4 g
B ] Ek

Figure 4.4. DMA equipment: (a) general view; (b) three-point bending configuration.

As mentioned, the mechanical properties were determined through (i) tensile, (ii) flexural,
(iii) in-plane shear and (iv) interlaminar shear tests. At least five specimens were tested for

each material and type of test.
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The tensile properties of the GFRP laminates were determined according to parts 1 and 4 of
ISO 527 standard [4.15] in rectangular specimens with 5 X 25 X 300 mm®, without end tabs;
tests were carried out in an Instron 4803 universal testing machine (UTM) with 100 kN of load
capacity, under displacement control, at a speed of 2 mm/min. The longitudinal strains were

measured with an Instron 2630-112 clip-on extensometer, with a gauge length of 50 mm.

The flexural properties of the GFRP laminates were assessed according to ISO 14125
standard [4.16] in rectangular test specimens with 5 X 15 X 150 mm?®; specimens were tested in
a three-point bending configuration in a 100 mm span using a Seidner Form testing machine

with 10 kN of load capacity, under displacement control, at a speed of 2 mm /min.

The in-plane shear properties were determined from V-notched beam tests according to
ASTM D 5379/D 5379 M standard [4.17]. The geometry of the specimens was 5 X 20 x50 mm?®
for the GFRP laminates, comprising a 4 mm deep notch on both sides. Specimens were tested
under displacement control, at a speed of 0.5 mm /min, using an Instron 4803 UTS, integrating
a 10 kN load cell and the losipescu apparatus. Shear strains at the notch were measured with
a video extensometer constituted by a high definition Sony XCG 5005E video camera coupled
with Fujinon Fujifilm HF50SA-1 lens, which continuously monitored the position of target
dots marked at the notched centre of the test specimens. Eight target dots were marked on each
specimen, forming two square grids with size of 6 mm and 10 mm, at an equal distance from the

specimen centre. The variation of their coordinates was used to calculate the shear strains.

The interlaminar shear strength of the GFRP laminates was determined in accordance to
ASTM D 2344 standard [4.18] in specimens with 5 X 15 x 30 mm?®, tested in a 20 mm span.
Tests were carried under displacement control at a speed of 1 mm/min, with the above-

mentioned Seidner Form system.

The fixtures used for the mechanical tests are shown in Figure 4.5. For all the mechanical
characterisation tests, at least five specimens per ageing condition and duration period were

tested (ten for the unaged material).

Moreover, additional chemical and physical tests were performed to fully characterise the
unaged materials, namely: (i) chemical composition, through Fourier Transform Infrared
(FTIR) spectroscopy; (ii) constituent materials proportion, through calcination; and

(iii) density, through the immersion method.

Infrared spectra of both profiles were assessed for initial characterisation by means of Fourier

Transform Infrared (FTIR) spectroscopy in the 450-4000 cm™ region. For these measurements,
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powder samples, scraped from the surfaces of test specimens, were mixed with dry spectroscopic
grade potassium bromide and pressed into pellets. 32 scans were collected and averaged at a
spectral resolution of 4 cm™ in a Bruker Tensor 27 spectroscope, according to ASTM E 1252
standard [4.19]. This technique was used to provide initial detailed data on the surface

constituents of the GFRP material.

Figure 4.5. Mechanical tests: (a) tensile; (b) in-plane shear; (¢) flexural, and (d) interlaminar shear.

The glass fibre content was determined by the calcination method, described in ISO 1172
standard [4.20], in three specimens with 20 X 10 X 5 mm®, and the density of the materials
was determined in accordance with method A of ISO 1183 (Part 1) standard [4.21], in three
0.5 mm?® cubic specimens with 0.1 mg. Figure 4.6 illustrates the furnace as well as the remaining
glass fibres (after calcination) in a representative specimen, where the CSM is easily identified

above the unidirectional rovings.

Figure 4.6. (a) Furnace; (b) remaining glass fibres after calcination.

92



Chapter 4. Hygrothermal ageing of pultruded GFRP profiles

4.3. Experimental results and discussion

4.3.1 Characterisation of reference GFRP materials (unaged)

The experimental results of physical-chemical characterisation of both profiles before ageing

are listed in Table 4.2 (average + standard deviation values are listed, where applicable).

Table 4.2. Physical and chemical properties of the unaged GFRP profiles.

Property Method UP profile VE profile
Chemical FTIR spectra consistent with unsaturated polyester or
. FTIR . . . o1
composition vinylester, with presence of calcium carbonate and silica
Glass fibre Calcination %] 65.3 + 1.8 67.9 + 1.8
content
Deunsity Immersion [g/cm?] 1.92 1.96
, Ty (Eouset) [°C] 112.3 + 3.6 106.6 + 1.3
Ty DMA T, (tan 8) [°C] 136.6 + 0.4 124.1 + 0.3
Tensile G [MPa) 479.5 + 28.9 430.0 + 33.8
response
E: [GPa] 37.4 £+ 2.3 39.2 £ 0.5
€[] 0.014 + 0.001 0.012 + 0.001
Flexural o [MPa] 552.6 + 40.2 561.1 + 16.8
Mechanical respotise
ec o E: [GPal 21.4 + 2.3 23.0 + 0.8
properies en [] 0.024 + 0.003 0.021 + 0.001
In-plane shear  Tua. [MPa) 53.7 £ 1.9 67.6 £ 2.1
G [GPa] 3.0+05 3.8+ 0.6
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The chemical composition of both materials, determined by FTIR spectroscopy, was fairly

similar and is illustrated in Figure 4.7.
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Figure 4.7. FTIR spectra of unaged UP and VE profiles.
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The peaks’ intensity and localisation confirmed the presence of the ester group, as well as

aromatic and aliphatic molecular structures, usually common in both unsaturated polyester
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and vinylester polymers. The FTIR spectra also show the presence of calcium carbonate (filler)
and silica (from E-glass fibres). However, comparing both spectra it is possible to observe that
the C=0 peak located at 1730 cm™ is more intense in the UP profile, which is indicative of the
higher amount of ester groups present in unsaturated polyester in their chemical composition,

as depicted in Figure 4.8.
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Figure 4.8.Chemical structure of UP and VE resins (adapted from [4.22]).

The glass fibre content and density of the UP profile were slightly lower when compared with
the VE profile. The values obtained for both these physical properties are in the typical range

for this type of materials, being consistent with previous works on these materials [4.5].

Figure 4.9 presents representative DMA curves (storage modulus, E’, left axis - dashed lines

and loss factor, tan 8, right axis - continuous lines).
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Figure 4.9. DMA experimental curves for unaged UP and VE profiles.
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The E’ curves presented the typical sigmoidal shape usually found in polymers and fibre
reinforced polymer structures, with the onset of the reduction of E’ occurring at 112 °C and
107 °C for the UP and VE profiles, respectively. From a mechanical point of view, these
temperatures correspond to the beginning of a steep reduction in the profiles flexural stiffness.
Moreover, the VE profile depicted higher values of the initial E’ modulus, which should be
related to the higher flexural stiffness when comparing both profiles (¢f. Table 4.2), as well as

a steeper drop in this curve, compared to the UP profile.

In a less conservative approach, the tan & curve exhibited peaks at a higher temperature range
of 124-137 °C, and the curve peak value was lower for the VE profile. The T, values obtained
from both the tan & curve and the onset of the E’ curve were slightly higher in the UP profile.
Moreover, the tan & peak value was significantly lower in the UP profile; this fact stems from
the denser molecular arrangement of the ester groups in the polymeric chain of the UP profile,

making it less sensitive to molecular rearrangements due to temperature [4.5].

Figure 4.10 presents representative stress ws. strain curves (stress wvs. displacement in the

interlaminar shear test) obtained from the different mechanical tests.
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Figure 4.10. Representative experimental curves for different mechanical properties: (a) tensile;
(b) flexural; (¢) in-plane shear; (d) interlaminar shear.
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In general, as expected, the mechanical tests indicated linear elastic behaviour until rupture,
for both profiles; the single exception was the in-plane shear tests, where the material presented
a progressive stiffness reduction (non-linear behaviour) after an initial linear response. The
average mechanical properties obtained for both profiles are listed in Table 4.2. Overall, the
VE profile presented higher elastic properties (stiffness), which is visible in Figure 4.10.
Regarding the flexural, in-plane, and interlaminar shear strength, the two profiles presented
similar values, slightly higher in the VE profile. However, the UP profile disclosed superior

performance regarding the tensile strength properties, when compared to the VE profile.

Figure 4.11 illustrates the typical failure modes observed in the mechanical tests, which were
as expected and quite similar for both profiles. Tensile failure (Figure 4.11 (a)) started with
rupture of the CSM outer layers, followed by progressive rupture of the unidirectional glass
fibres. Flexural failure started in the lower outer layer (cf. Figure 4.11 (b)), where tensile
stresses are maximum, and progressed to the upper part of the section, causing rupture in the
longitudinal fibres. In-plane shear failure (Figure 4.11 (¢)) was characterised by vertical
cracking between the notched edges of both the matrix and fibres (in the transverse direction).
Finally, the interlaminar shear test caused failure to occur in the matrix at the central part of
the specimen, and the consequent interlaminar delamination (cf. Figure 4.11 (d)). It is also
worth mentioning that the failure modes were unaffected by hygrothermal ageing, while the

mechanical properties suffered considerable variations.

Figure 4.11. Typical failure modes in different mechanical tests: (a) tensile; (b) in-plane shear;
(¢) flexural; (d) interlaminar shear.
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4.3.2 Sorption behaviour

Figure 4.12 shows the mass variation (experimental curves) as a function of the square root of
the exposure time, for the different hygrothermal environments — immersions in demineralized
and salt water at different temperatures (20, 40 and 60 °C) and continuous condensation at

40 °C, for both profiles.
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Figure 4.12. Mass uptake during hygrothermal ageing for (a) UP and (b) VE profiles.

Overall, mass uptake in the different ageing conditions showed a roughly approximated Fickian
response. In fact, for both profiles water diffusion was significantly higher in earlier periods and
approximated to nearly constant values at the later periods. However, as discussed in
Chapter 3, water uptake can deviate from purely Fickian behaviour when considering longer
exposure periods, where effects such as polymer relaxation may occur, causing differences from
the theoretical response, as seen for some of the exposure environments, especially at higher
temperatures (e.g. W60 and S60). In such cases, the water content is seemingly absorbed by
the resin due the redistribution of voids and free volumes in the polymer network that are
created through swelling effects caused by penetrant molecules. In addition, these molecules
can force macro-molecular movement, causing even more water absorption by the

polymer [4.23, 4.24].

In general, as expected, the UP profile had higher mass uptake in almost all ageing
environments (excluding S20), when compared to the VE profile, due to the chemical nature
of both matrix polymers, as pointed out by Chin et al. [4.25] and Cabral-Fonseca et al. [4.5].
According to those authors, moisture diffusion into the polymeric matrix occurs in different
ways, in terms of moisture profile throughout the thickness, water uptake capacity and
moisture ingress rate, and depend upon several microstructural and molecular aspects (i.e.

molecular structure polarity and degree of cross-linking). These higher UP sorption parameters
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are evident in Table 4.3, where the maximum experimental weight gain content (M,.)

measured for each environment and respective time (t) are listed.

A clear and consistent temperature effect was noted in the experimental results for both
profiles, where higher immersion temperatures corresponded progressively to higher water

uptake, which is consistent with results reported in several previous works [4.2, 4.4-4.6].

Table 4.3. Maximum experimental weight changes.
Profile W20 S20 W40 S40 W60 S60 C40
Muax [%]  0.57  0.43 0.87 0.60 1.02 0.92 0.56
t [days] 532 743 479 511 511 479 420
Muax [70]  0.49  0.48 0.62 0.60 0.75 0.72 0.37
t [days] 743 743 449 420 511 511 57

UP

VE

For instance, considering the VE profiles (cf. Figure 4.12 (b)), water uptake at 111 h™" was
0.46%, 0.61% and 0.75% respectively for W20, W40, and W60 environments. However, higher
temperatures can revert mass uptake, which is attributed to mass loss by extraction of low
molecular weight segments. This effect, expected to increase with temperature, was found at
80 °C in a recent study concerning pultruded GFRP profiles with polyester matrix [4.6], and
has also been reported to occur up from 60 °C in pultruded GFRP materials [4.5, 4.26, 4.29].

However, these effects were not found during the present experimental campaign.

For both profiles, when comparing both water and salt water at the same temperatures, it can
be seen that the mass uptake is higher in the former medium. According to Jones [4.28], this
effect can be attributed to the cross-linked polymeric matrix behaviour, enabling water
movements and haltering large inorganic ions, thus acting as a semipermeable membrane.
Previous studies [4.5, 4.31] also reported that the presence of salts such as NaCl in immersion

media result in a reduction of the saturation value.

Continuous condensation at 40 °C, when compared to water immersions at the same
temperature, involved a levelling off, with a saturation stage being reached clearly at lower
exposure periods (around 50 and 25 h™ for both UP and VE profiles, respectively) and for lower
water uptake values (0.55% and 0.35%, respectively). However, in the earlier periods, during
which higher diffusion rates were observed, the absorption for continuous condensation was
comparable to that in water and salt-water immersion. These results are in accordance with
Svetlik [4.4] findings, when comparing saturated to fully immersed environments. However, a
contrary trend was reported in another study regarding the same materials [4.5|, with higher

initial rate of water absorption in the saturated environments.

98



Chapter 4. Hygrothermal ageing of pultruded GFRP profiles

Concerning the modelling of the diffusion process, both Fickian and two-phase Fickian diffusion
models, explained in detail in Chapter 3, were implemented. Both models were fitted to the
experimental data through a nonlinear curve fit, using an orthogonal distance regression
iteration algorithm, available in the commercial software package OriginPro that retrieved the
diffusion parameters of such models. Figure 4.13 depicts the comparison between the

experimental results and the analytical models. Table 4.4 shows the moisture diffusion

coefficients and the mean absolute percentage errors (MAPE) obtained.

10k @ \éVZZ(;) sasnss  |UP Profile 10 = W20 VE Profile
2 o 820
o o W40
) o S840
08 o 081 | 4 weo
A L a4 S60 M“
[ v C40] o
TO06} 06 =
= e & % 5580
= = (3 90°°
04 04 20 gmoo Haa @HE?E
3 -5 ot 8
&%
L\' o
X o
02} 02} 8/&Lk8
—— Fickian Model| 5% | —— Fickian Model
0 0 1 1 1 1 1 1 0 0 ; 1 1 1 L 1 I 1 " 1 L 1
0 20 40 60 80 100 120 140 20 40 60 80 100 120 140
[a] Jt [Vhours | b Jt [ vhours |
10F | = w20 pamhase m’ 1,0 o W20! [VE Profile
o 520 s = 20
0 W40‘ e o W40
o 840 L oS40
081 | & weol G o 0:8 s W0
| KOO, YV
s S60 pe AR s S60 A
C40| & “ooo" C40
§ 0,6 ; o PR EE, 0,6 7 e 622
s o S s Sk
04 od 9 oo oom o 0.4 7 0
B < - B dﬂafx’ -
o -7
(=)
o
0,2 - 0,2
o
—— Two Phase Fickian Model —— Two Phase Fickian Model
0,0 " 1 " 1 " 1 " 1 n 1 n 1 i 1 0’0 n 1 n 1 L 1 " 1 n 1 L 1 " 1
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

[c] Vi [\/hours]

E Jt [\/hours]

Figure 4.13. Diffusion models: (a) and (b) Fickian approach for UP and VE profiles; (¢) and (d) two-
phase Fickian approach for UP and VE profiles.

Overall, both models provided good fitting to the test data, which is reflected in the general
low values of the MAPE. However, the two-phase Fickian diffusion model provided better
agreement for both UP and VE profiles, with the MAPE ranging from 2.9% to 7.4%. The
relative differences between the models should be due to the deviation of the experimental test
data to a theoretical Fickian behaviour. Moreover, the diffusion coefficients obtained reflected

the expected temperature-dependence of the GFRP profiles, increasing with temperature in
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both water and salt water immersions. Comparing the different environments, there are no
substantial differences in the quality of the estimates obtained for lower and higher temperature
immersion results, and almost every estimate provided a good fit, which increases the method
reliability. However, some difficulties were found in the C40 environment, in which higher
MAPE values were obtained (8-17% in the Fickian diffusion model in both profiles). In
addition, significantly high covariance values can be identified for the diffusion coefficients,
proving to be somewhat inaccurate in this environment. This issue was also found when
estimating the D, coefficient for the two-phase Fickian model in the same environment (VE
profile). Another discrepancy was found in the S60 environment (VE profile) concerning the
Fickian diffusion model. In this case, the MAPE is relatively higher (16%) than that obtained
for the remaining environments for both profiles. Nonetheless, the diffusion coefficient has an

acceptable covariance value (9%).

Table 4.4. UP and VE profiles diffusion properties.

Profile Model Coefficients W20 S20 W40 S40 W60 S60 C40
M. [%] 0.57 0.43 0.87 0.60 1.02 0.92 0.53
Up Fickian D [X107 mm?/g] 1.87 145 284 2.10 3.02 239 204
Cov. D [x10" mm?/s|] 0.03 0.07 0.08 0.17 0.15 0.09 16.3
MAPE [%] 5.4 10.5 103 12,5 10.0 9.5 174
M. [%] 0.49 0.48 0.62 0.60 0.75 0.72 0.37
VE Fickian D [X107 mm?/g] 2.85  2.17 4.09 326 482 3.73 27.7
Cov. D [x10" mm?/s|] 0.23 0.08 0.32 0.20 0.30 0.31 2.89
MAPE [%] 9.3 86 11.9 119 114 156 7.5
M [%)] 0.14 0.15 0.19 0.22 030 0.19 0.29
Mo [%] 0.43 0.28 0.68 0.38 0.72 0.73 0.27
Two Phase D, [X107 mm?/s] 1.87 9.03 14.8 21.9 199 228 229
UP Fickian © Cov.D; [x10" mm?/s] 0.29 1.18 2.72 1.65 2.82 453 3.36
D, [x107 mm?/s] 1.87 0.98 1.52 1.41 1.84 1.72 2.57
Cov. Dy [X10" mm?/s 0.10 0.04 0.07 0.03 0.06 0.05 0.25
MAPE [%] 5.4 57 6.4 2.9 4.7 3.4 6.0
M [%)] 0.33 0.28 0.32 0.25 0.38 0.30 0.21
M. [%] 0.16 0.20 0.30 0.35 0.37 0.42 0.16
Two Phase D, [X107 mm?/s] 8.69 550 194 20.1 19.9 43.9 43.7
VE Fickian Cov. Dy [X10" mm?/s] 045 0.27 1.38 224 1.62 6.41 20.5
’ D, [X107 mm?/s] 0.72 0.84 1.38 1.50 1.50 1.33 16.9
Cov. D, [x10" mm?/s 0.04 0.03 0.06 0.07 0.07 0.06 7.53
MAPE [%] 3.6 3.9 3.7 4.7 3.9 44 7.4

4.3.3 Characterisation of the thermo-mechanical response

Figure 4.14 shows representative DMA curves (storage modulus, E’, left axis - dashed lines and
loss factor, tan 8, right axis — continuous lines) obtained for unaged and aged profiles subjected
to the different ageing environments for the selected periods. Note that salt water and

continuous condensation environments are not represented; in fact, in both UP and VE profiles
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their behaviour was fairly similar when compared to water immersion environments at the

same temperature.
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Figure 4.14. DMA curves for water immersion at distinct temperatures and periods of time: at 20 °C for (a)
UP and (b) VE profiles; at 40 °C for UP (¢) and VE (d) profiles; at 60 °C for UP (e) and VE (f) profiles.

Concerning water immersion in both profiles, regardless of the immersion time and
temperature, the E’ curves present the typical sigmoidal shape of these materials: after a glassy
plateau, the storage modulus drops (more steeply for the VE profile, and more softly for the

UP profile) up to approximately 10-20% of the initial values. The curve shape reflects mainly
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the changes in the viscoelastic polymer matrix (progressing from a glassy to an elastomeric
state), since the glass fibres do not suffer stiffness reduction in this temperature range [4.5] and
did not seem to be affected by ageing; some deviations occurred (e.g. Figure 4.14 (a) E’ curve
at 6 months), which consisted of two inflexion changes before the curve drop, first decreasing
and subsequently increasing the storage modulus values. It is important to add that this

deviation occurred only in just a few specimens and periods of time.

Nonetheless, this fact should stem from residual water molecules that were still trapped inside
the specimens (even considering the drying process), since it occurred somewhat close to 100 °C.
Considering 25 °C as a representative temperature of the glassy plateau, an initial decrease can
be identified in both profiles. This decrease was softer for the UP profile at W20, where a
progressive lowering can be seen up to 12 months of ageing, followed by a later stabilisation in
the subsequent periods. This effect was more pronounced at higher temperatures and can be
attributed to the remaining absorbed water acting as a plasticizer [4.7]. As for the VE profile,
this decrease was harsher right after 2 months of ageing regardless of the exposing temperature.
Grammatikos et al. [4.6] observed this tendency for pultruded UP profile at lower temperatures
(20 °C). However, at 40 °C an initial drop was reported followed by an increase that exceeded
the unaged values; while at 60 °C the increase occurred right after 28 days and this trend
continued for the remainder of the studied period. These differences should stem from the
different “dry” wvs. “wet” conditioning. However, Cabral-Fonseca et al. [4.5] studied similar

profiles in a wet condition and reported in general similar trends for the E’ curve.

In addition, concerning the UP profile, the tan 6 curve presented a right shift, that occurred
progressively up to 12 months. This shift was significantly temperature-dependent and
consequently increased the T,. Similar effects have been reported in previous works, but only
for higher temperatures [4.5] or lower exposure times [4.7], and have been attributed to post-
curing phenomena. However, the main difference between the studies lies in the drying
procedure, that should contribute to accentuate the post-curing effects, while attenuating some
physical degradation (plasticization) that the specimens might have suffered, both effects
contributing positively to this change. Post-cure is bound to happen during hygrothermal
ageing of GFRP profiles, especially at higher temperatures, and is well
documented [4.5, 4.7, 4.10, 4.30]. The tan & curves also presented some widening of the base,
which seemed to increase with temperature, and suggested that some changes occurred at the

molecular structure.
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Concerning the VE profile, little changes occurred in the tan & curve, except some progressive
lowering of the curve height, which was also more noticeable at higher temperatures; this
suggests the occurrence of post-cure phenomena, also reported by Karbhari [4.7]. The results
for salt water immersion and continuous condensation were very similar to those discussed

above, regarding the main trends of variation and the corresponding T}, values (described next).

Figure 4.15 present the changes in T, estimates (average + standard deviation) obtained from
the two alternate methods described in Section 4.2.3: (i) the peak of the tan & curve (7}, tums),
and (ii) the onset of the drop in the E’ curve (7T}, gonser)-
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Figure 4.15. Variations of the glass transition temperature for the different ageing environments and
profiles: (a) Tyyans, and (b) Ty ronser.

? As mentioned above, it was not possible to obtain estimates of the T, of the UP profile after 18 and 24 months of
ageing.
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For the UP profile, water immersion showed a general increasing trend of T, from the unaged
values up to 12 months, which was accentuated with temperature. This effect was clearer in
T, w5, which showed increases of 5%, 17% and 27% for W20, W40 and W60 environments,

respectively.

Since the material could have not been fully cured, the degradation suffered by the ageing
mechanisms may have resulted in a competing process with post-curing phenomenon. In fact,
the higher temperature may have also contributed to these post-curing effects, attenuating and
even compensating the overall degradation. These findings are consistent with the parallel

study performed on polymeric adhesives for similar periods, presented in Chapters 8 and 9.

Salt water and continuous condensation showed the exact same trends when compared to
immersion at the same temperature (slightly higher increase of T, for S40 and S60, compared
to W40 and S60, respectively). Moreover, the same overall trend of increasing T, (with some
fluctuations for the salt water immersions) can also be found in the T, pons: for the UP profile,
although with slightly less increases (5%, 9% and 16% for W20, W40 and W60 at 12 months,
respectively) and coupled with some irregular drops. This non-monotonic pattern of variation

of the T, has also been reported elsewhere [4.7].

Regarding the VE profile, little changes occurred in T (., 5, with some insignificant increases
at the higher temperatures (maximum of 4%) for the later exposure periods. The variation was
less dependent from the immersion temperature, and less significant when compared to the UP
profile, which is in accordance with previous investigations [4.5]. The consistency of the results
obtained for water, salt water and continuous condensation is also observed, including for the
different temperatures (in case of immersions). The T, pos: presented similar variation
compared to the T, .., (i.e. small variations). Comparing with the results obtained for the UP
profile, the nature of VE polymer (less ester groups, positioned in the extremities of the
molecular structure, and a tougher chain) makes it less susceptible to water degradation by
hydrolysis [4.22], and also more resistant to the above-mentioned plasticization
mechanisms [4.5]. As such, the same positive effects due to drying resulted in a very stable T,

performance, even at higher temperatures (up to 60 °C).

In summary, in the present study, less overall degradation on 7, has been found for both
profiles when comparing to other investigations [4.4-4.7, 4.25|. As already discussed, this was
most likely due to the drying process, which allowed to attenuate some degradation mechanisms
and fomented a competing post-curing effect. Altogether, this resulted in fluctuations in the T,

as a function of the exposure period, which was more evident in the UP profile.
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4.3.4 Characterisation of the tensile response

All tensile tests were conducted up to the specimen failure. The failure mode (cf. Section 4.3.1)
was the same throughout the different ageing periods. However, hygrothermal ageing affected
both tensile strength (o;) and modulus (E;). Figure 4.16 depicts the stress vs. strain curves for
representative specimens of both profiles subjected to one of the ageing environments (W60 -

the harsher), as an example, where the ageing effects on both properties are evident.
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Figure 4.16. Tensile stress vs. strain curves at different ageing times for immersion in water at 60 °C:
(a) UP and (b) VE profiles.

The effects of hygrothermal ageing on the tensile strength and modulus of the UP and VE profiles

for all ageing environments (average + standard deviation) are shown in Figure 4.17.

Regarding the UP profile, the global negative effect of water uptake on the tensile properties
was more evident in the tensile strength. General progressive reductions occurred for both
properties and they were clearly temperature dependent. The results obtained indicate that
irreversible degradation took place. In addition, the tensile strength of the UP profile presented
a higher initial reduction at 3 months, corresponding to the initial period where higher water
uptake also occurred. Reductions between 8-12%, 18-21%, and 21-28% occurred for immersions
at 20 °C, 40 °C, and 60 °C, respectively. Afterwards, it increased (as mentioned) or stabilised for
W20 and S20, respectively, which most likely stemmed from the desorption period that should
have attenuated some reversible degradation, and possibly increased the post curing effects.
However, the decreasing trend was still noted at the remaining ageing environments, although
at a lower rate, suggesting that the high temperatures continued to promote irreversible
degradation mechanisms, such as hydrolysis. These competing degradation mechanism have

already been reported in previous works [4.2, 4.4, 4.7, 4.10, 4.25, 4.28].
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Figure 4.17. Variations of tensile (a) strength and (b) modulus, for both profiles, during the different
ageing environments.

In agreement to the water uptake behaviour, salt water environments caused similar changes
when compared to water at the same temperature, although indicating less overall degradation
(especially at higher temperatures). In addition, the continuous condensation environment also

presented similar trends when compared to immersions at the same temperature.

After 24 months of hygrothermal ageing, reductions in tensile strength of 15-16%, 29-37%,
36-45% and 30% were observed for immersions at 20 °C, 40 °C, 60 °C, and C40, respectively.

The tensile modulus of the UP profile was less affected - despite not showing a higher initial
drop (observed in the tensile strength), it presented a general decaying trend over the time of
exposure, with a monotonic/steady reduction trend with almost no signs of recovery (apart
from 3 months at W20, S20, and C40, for which the tensile modulus was 3-5% higher than that
of unaged specimens). Although the reduction of tensile modulus was more pronounced for

higher temperatures, this effect was not so evident when compared to tensile strength. Salt
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water immersions had roughly the same effects as water immersions and the same can be said

for C40 compared to immersion at 40 °C.

After 24 months of exposure, the tensile modulus reduced by 8-10%, 16-17%, 18-19%, and 16%
for immersions at 20 °C, 40 °C, 60 °C, and C40, respectively.

Different effects were found in the VE profile. In fact, apart from immersions at 60 °C (W60
and S60), in all ageing environments the tensile strength presented an early decrease up to 9
months, which was of the same order of magnitude for the 20 °C and 40 °C immersions (10-15%,
11-14% reductions, respectively), and was followed by a progressive increase up to 24 months
of exposure, even exceeding the unaged values for some environments. This increase probably
stemmed from the already mentioned residual curing competing mechanisms, and seemed to
be more significant in the lower temperature environments. In the last exposure period at W40
this increase was not observed, with tensile strength presenting a slight reduction. C40
presented similar changes when compared to W40 and S40. Immersions at 60 °C caused the
highest degradation in tensile strength: for W60 there was an almost monotonic decrease during
the whole exposure period and for S60 a general reduction trend took place (with a slight
increase from 12 to 18 months), suggesting that irreversible degradation occurs and is more
relevant at higher temperatures. After 24 months of hygrothermal ageing, the tensile strength
increased by 11-15%, 2% and 5% for the 20 °C immersions, S40, and C40 respectively. On the
other hand, reductions of 10%, 31% and 22% were observed for W40, W60 and S60
environments at the same period. Overall, compared to the UP profiles, the tensile strength of
the VE profile was less affected. Even considering that the VE profile had lower initial tensile

strength, it was less susceptible to hygrothermal degradation effects.

The tensile modulus of the VE profile presented an initial higher drop at 3 months of ageing
for all environments, a subsequent lower reduction throughout the exposure time, and then
tended to a plateau at later stages of exposure. The 20 °C immersions and W40 also showed
some property recovery up from 12 months. In this case, the temperature dependency of the
tensile modulus variation was not evident, 7.e. this property exhibited similar degradation levels
for lower and higher temperatures of immersion (despite the last periods at 20 °C). Similarly,
the tensile strength (and tensile properties of the UP profile), as expected, salt water and
continuous condensation had the same correlations with immersion in water at the same
temperatures. At 24 months, the tensile modulus presented reductions of 1-3%, 12-17%,

14-15%, and 13% for immersions at 20 °C, 40 °C, 60 °C, and C40, respectively.
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The same degradation mechanisms that were referred to affect the tensile properties of the UP
profile should have also affected the VE profile. The differences between the magnitudes and
trends of the degradation experienced by their tensile properties should stem from (i) the higher
chemical resistance of the VE profile, together with (ii) the reduction of the physical
degradation mechanisms due to the drying process, which made the post-curing phenomena

more relevant, since it had less “competition” in the VE profile.

These results are consistent with findings reported in previous works on the tensile properties
of similar pultruded profiles [4.5, 4.6, 4.27]. However, the degradation levels in the present
study were lower, and the performance increase exhibited by the VE profile was higher, and
this should be attributed to the desorption period before testing the specimens. Chu et al. [4.2]
also studied pultruded vinylester-GFRP and reported similar decaying trends, which were also
more significant at early stages, in agreement with the results obtained here. However, despite
the occurrence of post-curing, noted in DMA tests, its effects were not visible in the retention
of tensile properties. It is also worth mentioning that the desorption period used in that study
did not cause significant differences in tensile properties retention. These differences to the

present study may be due to dissimilarities in specimen thickness (only 1.6 mm in [4.2]).
4.3.5 Characterisation of the flexural response

As for the tensile tests, all specimens were tested monotonically in bending until rupture.
Despite maintaining the same failure mechanisms throughout the ageing periods, flexural
properties were also affected by hygrothermal ageing. Figure 4.18 depicts experimental stress
vs. strain curves for representative specimens of both profiles exposed to one of the ageing

environments (W60), as an example of the changes in flexural strength (o;) and stiffness (Ex).

A generalised reduction of flexural strength can be identified with the increase of exposure
time, while stiffness presented irregular (non-monotonic) variations with some sign of recovery.
It is also interesting to note that the constitutive behaviour in the brink of collapse changed
during ageing: while for unaged specimens and for shorter ageing durations, there was some
stress recovery after the tensile failure of the lower CSM, for the latter periods of exposure,
where higher degradation effects are bound to occur, the flexural stress did not increase after
the failure of the lower CSM; this is indicative of degradation of the unidirectional rovings and

of the interfaces between layers of fibre reinforcement.

108



Chapter 4. Hygrothermal ageing of pultruded GFRP profiles

700 700

stress increased =
UP Profile above CSM failure VE Profile
600 | W60 = 600 - W60
TS ]
500 | 500
— \ —
& 400 | [stress did not & 400+
= increase above| i~ =3 ") TN
6 500 | CSM failure \ 7y © 300 L ~
L pAA Unaged L Unaged
3 —— 3 months —— 3 months
200 |- —— 6 months 200 - —— 6 months
3 NG —— 9 months F —— 9 months
100 —— 12 months! 100 + —— 12 months
—— 18 months —— 18 months'
24 months 24 months
D " 1 " 1 1 1 M 0 1 1 " 1 1 1 M
0,00 0,01 0,02 0,03 0,04 0,00 0,01 0,02 0,03 0,04

a| & [ b & [

Figure 4.18. Flexure stress-strain curves at different ageing times for immersion in water at 60 °C: (a)
UP and (b) VE profiles.

The effects of all types of hygrothermal ageing environments on the flexural strength and modulus

of the UP and VE profiles (average + standard deviation) are shown in Figure 4.19.

In general, as for the tensile strength, for both profiles the level of degradation in flexural
strength increased with the temperature of the immersion media, being maximum at 60 °C.
Both profiles exhibited similar behaviour when comparing immersions at 20 °C, with an initial
gradual and progressive reduction, followed by a stabilisation trend after 12 months of ageing.
Similar trends are observed for the higher temperature environments, however with a steeper
and more pronounced initial reduction. In the 40 °C and 60 °C ageing environments similar
effects were found for both profiles, consisting of a higher initial reduction of flexural strength

up to 9 months (27-31%) and then a slower (but yet monotonic) reduction up to 24 months.

Unlike the tensile tests, no apparent recovery was found, even in the VE profile, which should
stem from the higher influence of the polymer matrix and interface properties in the flexural
tests, when compared to tensile tests (more fibre-dominated). These trends are in accordance
with previous results [4.5]. In any case, as expected, the VE profile exhibited less reduction in

flexural strength than the UP profile, especially at 40 °C and 60 °C.

After 24 months, the flexural strength of the UP profile presented reductions of 9-15%, 23-24%,
39-48%, and 30% for immersions at 20 °C, 40 °C, 60 °C, and C40, respectively, while those
figures were 9-10%, 18-20%, 23-37%, and 16% in the VE profile.
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Figure 4.19 Variations of (a) flexural strength, and (b) modulus, for both profiles, during the different
ageing environments.

The variation following exposure to continuous condensation was again roughly similar to that
in immersion environments at the same temperature, and the flexural strength after water
immersions were usually slightly higher when compared to salt water immersions. However,
Liao et al. [4.33] reported different results when studying effects of saline environment. In
previous studies [4.5, 4.26, 4.27, 4.34] that analysed the flexural properties of GFRP profiles
made of UP and VE resins, in which a desorption period was not considered, higher overall
reduction was found due to hygrothermal aging, especially in the VE profile. This fact should
be attributed to the drying effects already mentioned in the tensile properties that have been
confirmed to contribute to attenuate and eventually recover some of the physical degradation

mechanisms, such as plasticization [4.7].
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Regarding flexural modulus, much alike the tensile modulus, a more irregular variation (non-
monotonic) was found for both profiles. Overall, the VE profile displayed better performance
and presented usually higher stiffness values than the PU profile. However, since the unaged
flexural modulus was also higher, the moduli retentions were similar. Again, similarly to the
tensile modulus, temperature did not seem to have a significant effect in the flexural modulus
of both profiles. After 9 months, some property recovery can be identified, which should be
associated with the aforementioned post-cure effects. This recovery is more evident in the UP
profile, being consistent with the DMA test results. After 24 months of hygrothermal ageing,
the flexural modulus of the UP profile presented 6-11%, 9-11%, 6-13% and 15% increase when
compared to the unaged values, for immersions at 20 °C, 40 °C, 60 °C, and C40, respectively.
The same figures for the VE profile were 6-12%, 4-6%, 7% and 14% (increase). These irregular
trends in flexural modulus variation associated with post-curing were also reported by
Visco et al. [4.34] (VE profiles), being also in agreement with Cabral-Fonseca et al. [4.5]. These
effects were attributed to the possible development of residual stresses in the cross-section due

to differential moisture uptake throughout the specimen’s cross section.
4.3.6 Characterisation of the in-plane shear response

As for the other mechanical tests, all specimens were tested monotonically in shear until
rupture. Figure 4.20 depicts the in-plane shear stress vs. strain behaviour of one representative
specimen of both profiles for one of the ageing environments (W60), as an example of the

changes exhibited by the in-plane shear strength (1) and stiffness (G).
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Figure 4.20. In-plane shear stress vs. strain curves at different ageing times for immersion in water at
60 °C: (a) UP and (b) VE profiles.

The variations in both properties are evident with the ageing time, especially in what concerns

the maximum shear stress (T,..) that specimens could resist. In this test, the much better
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performance of the VE profile is clearer than in the previous tests, as the shear properties are

more matrix-dependent, highlighting the differences in short- and long-term performance of

both types of polymer matrixes.

Figure 4.21 summarizes the effects of hygrothermal ageing on the shear modulus and strength

(average + standard deviation) of the UP and VE profiles for all ageing environments.
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Figure 4.21. Variations of (a) in-plane shear strength and (b) modulus, for both profiles, during
different ageing environments.

The general effects of hygrothermal ageing on the in-plane shear strength corresponded to a
general monotonic degradation trend, with a clear strength reduction with increasing time and
temperature of exposure. These effects are usually attributed to plasticization of the polymer

matrix and other degrading mechanisms, such as micro-cracking, that can contribute to the

reduction of the shear properties [4.31].
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As mentioned above, the VE resin afforded superior performance in all ageing environments,
and even at the latter exposure periods, the VE profile still exhibited higher shear strength
when compared to that of the unaged UP profile.

For the 20 °C and 40 °C immersions, a gradual reduction of in-plane shear strength is noted
up to 9 months, which then progressed to a stabilization plateau, analogously to the flexural
strength. For the 60 °C immersions, reductions of in-plane shear strength occurred in a more
continuous way — a stabilization plateau was not visible throughout the whole ageing period.
For both profiles, no apparent recovery was found for this property, which should stem from
the higher chemical degradation undergone by the polymer matrixes when compared to that
experienced by the glass fibres; this explanation is supported by the differences encountered
between the tensile and flexural tests, that were even more significant in the shear tests. After
24 months of exposure, the in-plane shear strength of the UP profile presented reductions of
4-13%, 25-27%, 36-45%, and 15% for immersions at 20 °C, 40 °C, 60 °C, and C40, respectively,
while those figures were 12-13%, 17-21%, 22-23%, and 15% for the VE profile. These values
are consistent with results of similar tests conducted by Grammatikos et al. [4.31]. These
authors studied the in-plane shear properties of a pultruded unsaturated polyester GFRP flat
sheet. Despite the similarities in terms of temperature dependence of the shear strength
reduction, the authors also reported evidence of strength increase due to additional cross-linking
associated with post-curing effects in the matrix, after 112 days, which were not seen in the
present research. These differences should stem from the shorter exposure periods (maximum
of 6 months) used in their tests, which did not allow to promote the effects that occur at longer
exposure periods, as well as the lower fibre glass content in the studied sheet, causing higher

amounts of resin and thus increasing the susceptibility of the GFRP sheet to post-curing effects.

Regarding the in-plane shear modulus, an apparent monotonic reduction is noted up to 9
months for most of the ageing environments, followed by a significant recovery up to 24 months.
Temperature dependence is also noted, however to a lesser extent compared to shear strength.
As for the other elastic properties, the variation pattern of shear modulus was more irregular
and had higher scatter compared to shear strength. The highest reductions were found at 9
months and at the higher temperature environments, ranging from 20-28% in the UP profile
and 12-18% in the VE profile. For this particular property, the effects of hygrothermal ageing
at the latter exposure periods were more pronounced in the VE profile, especially for the higher
immersion temperature; this is attributed to the susceptibility of the UP resin to post-curing

effects, as reported in the DMA tests.
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At the end of the experiments, the in-plane shear modulus of the UP-profile presented a 5-10%
increase in the 20 °C immersion environments. For immersion at 40 °C, the shear modulus
increased 8% in W40, while it presented a minute reduction of 2% in S40. In W60, S60 and
C40 environments, the shear modulus presented reductions of 10%, 4% and 2%, respectively.
As for the VE profile, similar results were obtained, with increases of 2-4% in the 20 °C
immersions. For the remaining environments, reductions of 2-7%, 15-18% and 4% were
observed for immersions at 40 °C and 60 °C, and C40, respectively. The main trends of these
results are quite similar to those obtained in the previously described work [4.31]. However,
compared to that study, due to the desorption period, now the early monotonic reduction was
attenuated and the property recovery was slightly higher, which is consistent with the other

mechanical properties characterised so far.

4.3.7 Characterisation of the interlaminar shear response

Interlaminar shear strength (oy,) provides insightful information about the degradation effects
at the matrix-reinforcement interface. Figure 4.22 presents the stress vs. midspan displacement

behaviour of representative specimens from both UP and VE profiles subjected to the W60

environment.
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Figure 4.22. Interlaminar shear stress vs. midspan displacement curves at different ageing times for
immersion in water at 60 °C: (a) UP and (b) VE profiles.

Even maintaining an approximately linear behaviour, hygrothermal ageing caused a significant
effect in the interlaminar shear strength of both profiles, which was more evident in the UP
profile. Figure 4.23 plots the variation of the interlaminar shear strength of the UP and VE

profiles (average + standard deviation) for all the ageing environments.
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Figure 4.23. Variation of interlaminar shear strength, for both profiles, exposed to the different ageing
environments.

Figure 4.23 shows that the interlaminar shear strength of both profiles exhibited a general
reduction trend with the ageing period, more or less continuous up to 9 months in all
environments. Moreover, the strength reductions were more pronounced with increasing
temperature, which is in agreement with other strength properties measured in this study and
also with results reported earlier by Kharbari [4.35] and Cabral-Fonseca et al. [4.5]. However,
in the latter study, after an initial and harsher reduction of interlaminar shear strength, a
stabilisation plateau was attained. In the present thesis, the interlaminar shear strength of the
UP profile gradually decreased, while that of the VE profile presented some recovery after 9
months, especially in the immersions at 20 °C; this non-monotonic variation is also consistent
with the aforementioned occurrence of post-curing effects, also identified in the flexural
properties. Kharbari [4.35] also identified this increase in a VE-GFRP profile. The author
attributed the higher degradation suffered at higher exposure temperatures not only to
plasticization and hydrolysis effects, but also to interface debonding and microcracks
coalescence to form transverse cracks, which result in greater propensity for wicking of
moisture. In addition, according to that author, long exposure periods (above 12 months) may
cause degradation at the fibre level, through pitting, cracking and fibre dissolution [4.36]. It is
also worth highlighting the overall good agreement between the variation of flexural and
interlaminar shear strengths (also reported in [4.5]), most likely due to the influence of the

resin matrix on both properties.

After 24 months of hygrothermal ageing, the UP profile presented interlaminar shear strength
reductions of 8-9%, 14-21%, 34-35%, and 21% for immersions at 20 °C, 40 °C, 60 °C, and C40,
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respectively; for the VE profile, those figures were significantly lower, 4-7%, 13-14%, 21-22%,
and 9%.

It is interesting to note that salt water immersions followed closely the water immersions at
the same temperature. In this case, and differently from other mechanical properties (e.g.
flexural strength), salt appeared to have no evident effect on hindering hygrothermal
deterioration. Yet, continuous condensation produced comparable effects to water immersion
at 40 °C, as for all the other mechanical properties. The superior durability performance of the
VE profile compared to the UP profile in terms of resistance to interlaminar shear failure is
attested by (i) the higher strength in unaged condition and (ii) the consistently lower strength

reduction when subjected to the various hygrothermal ageing environments.
4.4. Long-term performance

One significant challenge for pultruded GFRP composites in civil infrastructure is the
prediction of long-term effects and service life based on (limited) experimental data currently
available, especially because a full understanding of the degradation mechanics underwent by
these materials when subjected to several possible exposure conditions is still lacking [4.3].
Arrhenius type models, as described in Chapter 3, are often used in these cases to represent
first-order effects in material properties. This section presents the application of these modelling

tools to the data obtained in the experimental campaign.
4.4.1 Activation energy and apparent diffusion coefficient

The activation energy for diffusion, F, provides an indication of the energy barrier that must
be overcome for diffusion of moisture to take place, and can be determined using the following

Arrhenius type relationship [4.35],

,Ei

D= l)()e(l?fJ (4.1)
where Dy is a constant coefficient, R is the universal gas constant (8.3144 J/mol), D is the
apparent Fickian diffusion coefficient and T is the absolute temperature. Since the apparent
diffusion coefficients have already been calculated (cf. Table 4.4), by plotting In(D) wvs. the
inverse of absolute temperature (1/T), as depicted in Figure 4.24, values of the activation

energy for both UP and VE profiles can be determined.
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Figure 4.24. Determination of activation energy for both profiles in water and salt water immersions.

The activation energy for the UP profile in water and salt water immersions were determined
as 9.9 kJ/mol and 10.2 kJ/mol, respectively. The same figures for VE profile were 10.7 kJ/mol
and 11.1 kJ/mol. The (slightly) lower activation energy of water compared to salt water
immersions for both profiles indicates a weaker diffusion barrier and consequent higher
absorption, which is logical and consistent with the absorption experimental results described
in Section 4.3.2. In addition, the same observation can be made when comparing both profiles,
with the UP profile showing higher overall water intake when compared to the VE profile, also

in line with the experimental results.

The results obtained are in accordance to those of Kharbari [4.35], who reported activation
energies between 9.8-10.6 kJ/mol for VE-GFRP subjected to water immersions. Carra and
Carvelli [4.27] reported higher values (approximately twice) for both UP- and VE-GFRP
profiles, with the VE profile presenting higher energy values than the UP profile (as in the
present study). This increasing trend in activation energy for resin matrixes with lower water
absorption provides a good indication of their lower susceptibility to hygrothermal degradation,
being also in agreement with the results obtained from mechanical characterisation tests where

the VE profiles generally outer-performed the PU profiles.
4.4.2 Prediction of long-term effects

The long-term mechanical performance of the pultruded GFRP profiles can be estimated
assuming that the Arrhenius principle applies. As described in Chapter 3, according to such

principle, the rate at which chemical degradation occurs is dependent on temperature,
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Lo 4] (4.2

where k is a variable representing the rate of degradation of a given phenomenon, A is a pre-
exponential factor characteristic of the failure mechanism and test conditions, E, is the
activation energy, R is the universal gas constant and T is the absolute temperature. The
primary limitation of these models is the assumption that the material is subjected to one
degradation mechanism that does not change with time and temperature, but is accelerated by
temperature increase [4.26, 4.35]. The main limitations and concerns about the accuracy of this
simulation approach stems from the consideration of the effects of a single degradation
mechanism (i.e. additional degradation mechanisms and competing post-curing phenomena,
which were seen to affect composite materials, are not considered), which potentially makes
them less reliable in capturing time-dependent changes due to various degradation mechanisms,
especially related to damage progression at the fibre-matrix interface and fibre levels [4.4].
However, using these models for extrapolation of short-term data to larger time scales provides
a useful tool, namely for comparative purposes, considering a representative or standardized

service life [4.35].

Following the model specifications proposed by Bank et al. [4.37], the experimental data can
be plotted in a logarithmic time scale as a function of normalized performances. If the results
present a good linear fit in such scale, the performance or time curves vs. the inverse of absolute
temperature (Arrhenius plots) can be constructed and used to predict long-term behaviour at

a given temperature.

The primary basis of Arrhenius procedures is uniformity of degradation mechanisms over time
for a given exposure temperature; significantly high R’ values in the approximations are
required. For a regression to be deemed as acceptable, the authors recommended such value to
be at least 0.8; this was the baseline used in the present investigation to apply the model to
the experimental data [4.37]. In the present study, predictions of material performance were
obtained by employing this method for a service life time of up to