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ABSTRACT

Concrete in compression expands radially leading to internal cracking. The confinement, first,
delays cracking and, then, prevents concrete disaggregation, thus allowing concrete to reach
higher compressive strength and higher ultimate axial and lateral strains. Although the
performance of fibre reinforced polymer (FRP)-confined concrete is well studied, it still
exhibits two relevant drawbacks. Firstly, FRP-confined concrete submitted to pure compression
fails suddenly, being this behaviour dominated by FRP failure. Secondly, the ultimate tensile
strain of conventional FRP jackets is lower than that observed in uniaxial tensile tests of
laminates of the same material, revealing a decrease of efficiency.

The main objective and motivation of the present work was to study the possibility of improving
the performance of FRP-confined concrete columns. For this purpose, an innovative confining
hybrid FRP jacket was developed, in which two reinforcing materials, synthetic (carbon and
glass) or natural (basalt), were combined in the same matrix. This type of solution has proved
to be very interesting, because it can promote synergies between the involved reinforcing
materials, conducting, for instance, to: (i) pseudo-ductile responses, characterized by
fragmentation of the low strain material and dispersed delamination of the low strain material
fragments from the undamaged high strain material; and (ii) an increase (until 50%) of the
apparent strain at failure of low strain fibres, known as ‘hybrid effect’.

In the first phase of the work, specific attention has been paid to developing hybrid FRP
composites at the material level. Different interlayer (layer-by-layer) combinations of the
following dry unidirectional fabric materials were investigated using experimental testing and
analytical modelling: high-modulus carbon (CHM), standard-modulus carbon (C), E-glass (G),
and basalt (B). The composites were produced by hand lay-up method, using an epoxy-based
resin as matrix.

An experimental study on the tensile stress—strain curves of hybrid FRP composites was
conducted aiming at evaluating the hybrid effect and pseudo-ductility. A maximum hybrid
effect of circa 45% was achieved, by combining CHM with C. It was also concluded that
combining CHM with G, CHM with B, or CHM with C can lead to pseudo-ductile tensile
behaviour. An existing analytical model in the literature was satisfactorily adopted to predict
the tensile stress-strain curve of these hybrid composites. Besides, it was demonstrated that
elastic modulus and tensile strength can be predicted following simple models as the linear rule
of mixtures and the bilinear rule of mixtures, respectively.

Then, tensile tests on single fibres were performed in order to determine their Weibull strength
distribution parameters (shape and scale). The described factors were used as inputs to assess
the performance of a progressive damage model on the prediction of hybrid effect. Comparisons
of analytical predictions with experimental test results showed reasonably accuracy.
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In the second phase of the work, the performance of the different hybrid combinations
(previously tested in tension) was assessed in the confinement of small-scale plain concrete
columns, exploiting the demonstrated hybrid effect and pseudo-ductility of this confining
material. From the obtained results it is demonstrated that hybridisation can effectively
contribute to maximize the lateral strain efficiency of low strain fibres. Furthermore, it is also
demonstrated that pseudo-ductile responses are obtained, contributing to the elimination of the
brittle failure of system. An existing analysis-oriented confinement model in the literature for
non-hybrid FRP was satisfactorily modified to predict both: (i) dilation behaviour and
(i1) compressive stress-strain behaviour of hybrid FRP-confined concrete.

Finally, a three-dimensional finite element model using ABAQUS was developed to predict the
compressive behaviour of hybrid FRP-confined concrete. This was achieved through the
modification of the concrete damaged plasticity model available in the adopted software. It was
demonstrated that, by turning both the yield function and the flow rule dependent on the
confining pressure, it is possible to use the referred to model and obtain accurate results.

In summary, it has been found that the application of unidirectional hybrid FRP systems in
confinement of concrete can lead to improved mechanical performance. It has been shown that
abrupt failure can be avoided; since the hybrid FRP, if materialized for this purpose, may exhibit
a pseudo-ductile tensile behaviour, due to the fragmentation of low strain material. In this way,
the confining system maintains its integrity even after reaching its tensile strength. Besides, it
has been shown that it is possible to increase the efficiency of the low strain material.

These potentialities were first explored, in the context of civil engineering, in the present work.
The study carried out allowed the calibration and development of analytical and numerical
models to predict different properties of both the hybrid FRP system itself and its application
in confinement. Thus, this thesis aimed to be a first and decisive step in the exploration of
pseudo-ductility and hybrid effect in the referred to context. It is hoped that this work promotes
the further development of hybrid FRP systems and their application not only in the
confinement but also in the strengthening of different structural elements or new construction.

Keywords: Confined concrete; Hybrid FRP composites; Fragmentation; Experimental testing;
Analytical modelling; Numerical modelling
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RESUMO

O betdao em compressao expande lateralmente o que conduz a sua fendilhacao. O confinamento
atrasa o processo de fissuragdo e previne que o betdo se desagregue, o que leva a que seja
possivel atingir maiores valores de resisténcia a compressao e extensoes axial e lateral. Embora
o desempenho do betao confinado através de sistemas de polimeros reforcados com fibras (FRP
— fiber reinforced polymer) seja um tema ja estudado, apresenta ainda duas desvantagens
relevantes. Em primeiro lugar, o betdo confinado com um sistema de FRP, quando submetido
a esforcos de compressao uniaxial, colapsa abruptamente, sendo a rotura condicionada pelo
sistema de FRP. Em segundo lugar, os sistemas de confinamento materializados com FRP
tradicionais apresentam uma extensao de rotura menor do que aquela que ¢ obtida em ensaios
de tragdo uniaxial, revelando uma reducao de eficiéncia.

O presente trabalho teve como principal objetivo e motivacdo estudar a possibilidade de
melhorar o desempenho do betao confinado recorrendo aos sistemas de FRP referidos. Neste
sentido, desenvolveu-se um sistema de FRP hibrido inovador, no qual se combinam, na mesma
matriz polimérica, dois materiais de reforgo, sintéticos (carbono e vidro) ou naturais (basalto).
Este tipo de solucdo revela-se bastante interessante, na medida em que promove sinergias entre
os materiais constituintes, conduzindo, por exemplo, a: (i) comportamentos em tragao pseudo-
ducteis, que se caracterizam pela fragmentacdo do material com menor extensdo ultima e pela
delaminacdo dispersa entre os fragmentos do material de menor extensao ultima e o material de
maior extensao ultima; e (ii) um aumento da extensao ultima aparente do material de menor
extensdo ultima (até 50%), sendo este aumento conhecido por ‘efeito hibrido’.

Numa primeira fase do trabalho, deu-se énfase ao desenvolvimento, ao nivel material, dos
sistemas FRP hibridos. Na producao destes sistemas, recorreu-se a mantas secas de carbono de
alto mddulo de elasticidade (CHM), carbono de modulo standard (C), vidro do tipo E-Glass
(G) e basalto (B). Como matriz, utilizou-se uma resina epoxidica. Os compodsitos foram
produzidos camada-a-camada, por meio de laminagem manual.

Os sistemas de FRP hibridos foram submetidos a ensaios de tra¢ao uniaxial, com o intuito de
avaliar o efeito hibrido e a pseudo-ducitlidade. Registou-se um efeito hibrido maximo de cerca
de 45%, combinando fibras de CHM e de C. Concluiu-se que a combina¢do de CHM e G, CHM
e B ou CHM e C pode conduzir a comportamento pseudo-ductil a tracdo. Deve-se destacar que
foi possivel prever adequadamente todas as curvas tensdo-extensao dos FRP hibridos ensaiados
e todos os modos de rotura observados. Para tal, calibrou-se um modelo especifico existente na
bibliografia. Para além disso, verificou-se que modelos analiticos simples, como sejam a ‘regra
das misturas linear’ e a ‘regra das misturas bilinear’, permitem prever de forma adequada o
modulo de elasticidade e a resisténcia em tragdo, respetivamente.

Seguidamente, com o intuito de caraterizar a distribui¢do estatistica da resisténcia das fibras,
um grande numero de fibras foi aleatoriamente retirado de cada manta e cada fibra foi testada
isoladamente a tracdo. Desta forma, foi possivel definir uma distribui¢do de probabilidade de
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Weibull. Os parametros que caraterizam a distribui¢ao anterior foram introduzidos num modelo
de dano progressivo e, consecutivamente, o efeito hibrido foi estimado. Verificou-se que, de
acordo com a metodologia adotada, o efeito referido pode ser razoavelmente previsto.

Numa segunda fase do trabalho, avaliou-se o desempenho de todas as combinagdes hibridas
(estudadas previamente a tragdo) no confinamento de provetes circulares em betdo, submetidos
a compressao uniaxial. Verificou-se que a opg¢ao por um confinamento hibrido, em detrimento
dos sistemas tradicionais, pode levar a um ganho de eficiéncia na utilizagao das fibras de ambos
os tipos de carbono, promovido pelo aparecimento do efeito hibrido. Foi possivel observar que
o comportamento pseudo-ductil de algumas combinagdes hibridas promoveu a rotura nao
abrupta do betdo confinado. Um modelo analitico, anteriormente desenvolvido para prever o
comportamento do betdo confinado com sistemas FRP nao hibridos, foi modificado de forma a
torna-lo capaz de prever: (i) a curva extensdo axial-extensao lateral e (ii) a curva tensao-
extensdo do betdo confinado com sistemas FRP hibridos.

Por fim, procedeu-se a simulacdo numérica do comportamento experimental observado com
recurso ao software de elementos finitos ABAQUS e ao modelo constitutivo damage-plasticity.
Foi necessario a alteracdo do modelo em causa, tornando a fun¢do de cedéncia ¢ de escoamento
dependentes da tensdo de confinamento. O modelo desenvolvido demonstrou ser capaz de
prever, de forma adequada, o comportamento observado experimentalmente.

Em suma, verificou-se que a aplicagdo de sistemas FRP hibridos unidirecionais no
confinamento do betdo pode conduzir a um desempenho mecanico melhorado. Foi possivel
demonstrar que ¢ possivel evitar roturas abruptas; uma vez que o FRP hibrido, caso seja
materializado com essa finalidade, ¢ capaz de assegurar um modo de rotura a tragdo pseudo-
ductil, devido a fragmentagao do material de menor extensao tltima. Desta forma, o sistema de
confinamento mantem a sua integridade mesmo apos ser atingida a sua resisténcia a tracao.
Para além disso, demonstrou-se que € possivel aumentar a eficdcia do material de menor
extensdo ultima.

Estas potencialidades foram pela primeira vez exploradas, no contexto da engenharia civil, no
presente trabalho. O estudo efetuado permitiu a calibragdo e desenvolvimento de modelos
analiticos e numéricos com capacidade de previsao de diferentes propriedades, tanto do sistema
FRP hibrido em si como da sua aplicacdo no confinamento. Assim, esta tese afigura-se como
um primeiro e decisivo passo na exploracao da pseudo-ductilidade e efeito hibrido no contexto
citado. Espera-se que este trabalho promova a continuag¢do do desenvolvimento/aplicagdo de
solugdes de FRP hibridos, ndo s6 no campo do confinamento, mas também no reforco de
diferentes elementos estruturais ou constru¢ao nova.

Palavras-chave: Betdo confinado; Sistemas FRP hibridos; Fragmentacdo; Ensaios
experimentais; Modelagao analitica; Modelagao numérica
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1. INTRODUCTION

1.1. Scope of the research

The importance of the global construction industry was US$10.8 trillion in 2017 [1] and it is
set to grow to US$17.5 trillion by 2030 [2]. This will be largely motivated by Asia-Pacific
region (namely by vast markets such as China, India and Japan), being responsible by the largest
share of the overall construction industry. The United States of America (USA) will play as
well an important role in global construction market growth in the next years. In fact, it is
expected that China, USA and India together will account for 57% of all global growth in the
construction and engineering market by 2030 [2]. In the case of European countries, compared
with the pre-crisis period, the production has recovered and today transcends 2010 levels [3].
However, in the specific case of Southern European, although construction markets are
recovering, production volumes in Portugal (52.5%), Greece (52.4%), Italy (68.0%), France
(89.9%) and Spain (95.0%) have not yet reached 2010 levels [3].

Enclosed in the market described above, a significant growth for the rehabilitation subsector in
the next years is expected. As it is known, advanced economies usually have relatively large
infrastructure capital and face the challenge of maintaining, upgrading, and modernizing
extensive transport, power, water, and telecommunications networks. For instance, only in the
USA, a significant volume of infrastructure needs replacing, repairing and/or modernising (that
will correspond to US$3.6 trillion of spending needs by 2020 [2]).

In the actual context, it can be stated that there is a global opportunity to apply innovative
technologies and materials aiming at extending the service live of existing infrastructures and,
simultaneously, could lead to the design and construction of highly durable new ones.
Leveraged by the described above scenario, and taking into account that approximately one-
third of construction cost is attributed to building materials [4], the need for the development
and applying advanced building materials is critical.

In structural engineering, fibre reinforced polymer (FRP) composites, developed initially for
the aerospace and defence industries, have become a very interesting alternative to conventional
materials (concrete and steel) due to their versatility, no corrosiveness, lower maintenance,
enhanced durability, high strength-to-weight ratio, accelerated construction feature, and cost-
effectiveness. Over the last decades, there have been a myriad of successful applications of FRP
composites for repairing and retrofitting existing infrastructure systems as well as for new
construction. It is important to note that, in the current paradigm in which concerns regarding
sustainability are highly valued, FRP composites have been characterized as environmentally
favourable and substantial cost saver materials, with lower impact on users and society [5].

Despite the numerous advantages, ductility is a major problem for FRP applications, because
these materials are stiff and strong, but brittle (with little or no warning before final failure).
This means that higher safety factors, relative to more ductile materials, have to be applied in
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the design of FRP materials [6]. Hybrid FRP composites (i.e. a composite material in which
two or more different reinforcing materials are combined in the same polymeric matrix) have
been seen as an interesting alternative to conventional FRP composites, because this solution
can lead to the development of tensile pseudo-ductile failure process (characterized by the
fragmentation of low strain material).

However, to achieve the referred to tensile behaviour is challenging and requires a thorough
understanding of the failure mechanisms that occur during loading. Initiation and propagation
of damage depend primarily on the strength, stiffness, volume fractions, stacking sequence, ply
thickness of the low and high strain components, and mode II fracture toughness of the interface
between the high and low strain materials [7]. Depending on the combination of these
properties, failure can be either gradual or abrupt.

Although a significant amount of literature about the development of hybrid FRP composites
for civil engineering applications have been published in the past, the exploitation of
fragmentation in such applications is non-existent. The confinement of concrete columns is
addressed herein. The application of hybrid FRP composites in this context would help to
improve the performance of these applications and overcome their drawbacks.

1.2. Research objectives

The main objective of the work herein presented is (i) the development of hybrid FRP
composites and (ii) their application to improvement of the performance of FRP-confined
concrete columns. The hybrid FRP composites consists of combining two reinforcing materials,
synthetic (carbon and glass) or natural (basalt), in the same matrix. The work was carried out
in two phases. A first one, dedicated to the study of hybrid FRP composites at the material level,
and a second, dedicated to assess the performance of different hybrid combinations in the
confinement of small-scale plain concrete columns. The specific goals are listed next:

Phase [

1) To understand which properties of the constituent materials influence most the tensile
response of hybrid FRP composites;

i1) To characterize the hybrid pseudo-ductile tensile behaviour;

ii1) To validate the accuracy of different existing analytical models in predicting several
tensile properties of hybrid FRP composites, namely elastic modulus, strength, hybrid
effect, ‘yield’ stress and pseudo-ductile strain.

Phase 11

1) To understand how the hybrid effect and pseudo-ductility can contribute to improve the
performance of FRP-confined circular concrete columns;
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1) To develop analytical models to predict different properties of hybrid FRP-confined
concrete, namely compressive strength, stress-strain curve, and dilation behaviour;

1i1) To propose an accurate three-dimensional finite element model to simulate the
compressive behaviour of hybrid FRP-confined concrete.

1.3. Chapter outline

This thesis is organized in seven chapters. Excluding the introduction and the conclusions
chapters, each of the remaining five gave rise to a paper published (or submitted or under
development for publication) in an international journal. Therefore, each chapter can be read
independently. The overall research strategy is summarised in Figure 1.1 and is briefly
addressed in the next paragraphs.

In Chapter 2, a brief overview on suitability of FRP composites to current construction concerns
is presented. Next, the main properties of hybrid FRP composites are resumed. Finally, a critical
literature review on the development of hybrid FRP composites for construction is presented.

In Chapter 3, a literature review on the main properties of hybrid FRP composites is presented.
Relevant information published between 1974 and 2016 is resumed. The tensile stress-strain
response of 16 different UD interlayer (layer-by-layer) hybrid composite combinations, made
through the hand lay-up method, of different commercial raw materials is experimentally
investigated. The analysis of the obtained results is complemented using analytical modelling.

In Chapter 4, the hybrid effect is predicted using analytical modelling approach. The statistical
strength scatter parameters of the fibres are determined experimentally through single fibre
tests, to be used as inputs on the model. The evolution of hybrid properties (such as hybrid
effect, ‘yield’ stress, pseudo-ductile strain, elastic modulus and strength) is investigated as
function of the configuration of hybrid FRP composites.

In Chapter 5, the experimental study on the compressive stress-strain curves of small-scale plain
circular concrete columns confined with hybrid FRP is reported. Two new simple design-
oriented models developed in order to predict the compressive peak stress of compressed
concrete columns confined with hybrid FRP jacketing are presented. Next, an existing analysis-
oriented model developed for non-hybrid FRP-confined concrete adapted to also predict
dilation and the compressive stress-strain curve of hybrid FRP-confined concrete are described.

In Chapter 6, an accurate three-dimensional finite element model to predict the compressive
behaviour of hybrid FRP-confined concrete is proposed. This was achieved through the
modification of the concrete damaged plasticity model available in ABAQUS software.

In Chapter 7, the main conclusions of this thesis are summarized, together with some
suggestions for possible future research.
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Figure 1.1 — Research strategy.

1.4. Outputs

The content presented in each main chapter of this thesis is directly related with a paper in an

international journal. The reference to each paper and its correspondence to the chapter of this

work is present in Section 1.4.1. Furthermore, the work developed in the framework of this

thesis resulted also in several publications in conferences, as listed in sections 1.4.2 and 1.4.3.

1.4.1. Papers in international journals cited in ISI Web of Knowledge

1.

(Chapter 2) Ribeiro, F.; Sena-Cruz, J.; Branco, F. G.; Julio, E. — “Hybrid FRP
composites for construction: A state-of-the-art review” — [Manuscript under final
preparation to be submitted to Composites Part B: Engineering]

(Chapter 3) Ribeiro, F.; Sena-Cruz, J.; Branco, F. G.; Julio, E. — “Hybrid effect and
pseudo-ductile behaviour of unidirectional interlayer hybrid FRP composites for civil
engineering applications” — Construction and Building Materials 171 (2018) 871-890.
https://doi.org/10.1016/j.conbuildmat.2018.03.144

(Chapter 4) Ribeiro, F.; Sena-Cruz, J.; Branco, F. G.; Julio, E. — “Hybrid effect
prediction and evolution of the tensile response of hybrid FRP composites” —
[Manuscript to be submitted soon to Journal of Composite Materials]

(Chapter 5) Ribeiro, F.; Sena-Cruz, J.; Branco, F. G.; Julio, E. — “Hybrid FRP jacketing
for enhanced confinement of circular concrete columns in compression” — Construction
and Building Materials 184 (2018) 681-704.
https://doi.org/10.1016/j.conbuildmat.2018.06.229

(Chapter 6) Ribeiro, F.; Sena-Cruz, J.; Branco, F. G.; Julio, E. — “3D finite element
model for hybrid FRP-confined concrete in compression using modified CDPM” —
Engineering Structures [Manuscript submitted in 12/11/2018]
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1.4.2. Papers in international conferences
1. Ribeiro, F.; Sena-Cruz, J.; Julio, E.; Branco, F. G.; Castro, F. — “Evolution of the tensile
response of unidirectional hybrid FRP fabricated by hand lay-up method: experimental
and analytic assessment.” — 9th International Conference on Fibre-Reinforced Polymer
(FRP) Composites in Civil Engineering (CICE2018) — Paris 17-19 July, 2018, 8 pp.

2. Ribeiro, F.; Sena-Cruz, J.; Julio, E.; Branco, F. G. — “Axial compressive behaviour of

hybrid FRP-confined concrete.” — 9th International Conference on Fibre-Reinforced
Polymer (FRP) Composites in Civil Engineering (CICE2018) — Paris 17-19 July, 2018,
8 pp.

1.4.3. Papers in national conferences

1. Ribeiro, F.; Sena-Cruz, J.; Branco, F. G.; Julio, E. — “Comportamento a compressao de
pilares circulares de betdo confinados por sistemas compoésitos de FRP hibridos” —
Encontro Nacional Betao Estrutural, 2018, 10 pp.

2. Ribeiro, F.; Sena-Cruz, J.; Nunes, S.; Branco, F. G.; Julio, E. — “Resposta a tragdo
uniaxial de sistemas FRP hibridos” — Encontro Nacional Betdo Estrutural, 2016, 11 pp.
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2. HYBRID FRP COMPOSITES IN CIVIL ENGINEERING

2.1. Introduction

FRP composites materials have at least two constituents, typically a polymer (the matrix) and
fibres (the reinforcing material). They can provide improved performance or new functions
compared to each of their constituents alone.

In the 1950s and 1960s, the demanding requirements of the aerospace and defence industries
triggered the development of these materials [1]. Today, although its use has spread to different
industries, the main developments of composites have the original aims, namely to improve
(high) performance and to reduce (light) weight, keeping the material strong enough to take
high loads [2]. However, as knowledge of composites science and technology grows, a large
amount of new opportunities, and applications emerge giving rise to the need for new
developments.

Hybrid FRP composites (i.e. a composite material in which two or more different reinforcing
materials are combined in the same matrix) is a paradigmatic example of the new
opportunities/applications and needed developments above mentioned. This is a topic that has
received much attention in the last five years. Although in the 1970s and 1980s this theme has
already aroused scientific interest, e.g. [3-12] (resulting at least in the publication of three
literature reviews: [3, 12, 13]), it seems it gained a new breath recently. At the moment, there
are several ongoing research works in this area. This recent enthusiasm has resulted in a large
number of publications, e.g. [ 14-34]. These studies have focused essentially on the mechanical
behaviour of unidirectional (UD) layer-by-layer hybrid composites. However, some literature
about the development of other hybrid composite configurations has been as well recently
published, e.g. intermingled hybrid composites with aligned discontinuous fibres [28, 30].

In fact, the mechanical behaviour, particularly the tensile stress-strain response of UD hybrid
composites is one of the most interesting characteristics of this type of materials. In this case,
it was found that hybridisation promotes synergies between the reinforcing materials,
conducting to ‘pseudo-ductile’ tensile response, characterized by fragmentation of the low
strain (LS) material and dispersed delamination of the LS material fragments from the
undamaged high strain (HS) material, and an increase of the apparent failure strain of LS
material, known as ‘hybrid effect’. Nevertheless, in addition to synergetic effects for
mechanical properties, the purpose of hybridisation may be of different nature: functional or
environmental.

It should be noted that the main developments on hybrid composites have been essentially
promoted in the areas of mechanics, aerospace, materials, and polymer engineering. However,
given the relevance of the most recent findings, it is believed that today there are also
opportunities for the study of this type of materials in the context of civil engineering. In fact,
in the 1990s and 2000s there was already scientific interest in this topic. Essentially, this
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resulted in the development of hybrid composite solutions for both the rehabilitation of existing
concrete structures and the production of reinforcing bars for concrete structures. However, the
work in this area is residual, not following the recent enthusiasm demonstrated by research
groups from other areas.

Recently, Swolfs et al. [35] published a literature review about advances in hybrid composites.
From this work, it is possible to understand that hybrid composites have been applied in
different industries. However, the reasons that have been invoked to support their use are often
vaguely scientific. Commercial advantages related with the implementation of a new material
technology is sometimes more important than the real performance of the hybrid composites,
especially in sport applications. In this work, it was identified that the production of wind
turbine blades is an interesting field for hybrid composites because it is expected a market
growth in the near future.

Swolfs et al. [35] do not make any reference to the developments achieved in construction/civil
engineering context. The potential of the application of hybrid composites to this industry is
not mentioned either. As it is justified in Section 2.2 of the present chapter, today there is a
growing interest for the use of composite materials in construction industry. In fact, these
materials can be efficiently used to correct deteriorated and functional deficient civil
infrastructures. As it is known, this represents one of the most significant challenges that many
developed countries have to face nowadays. Furthermore, FRP materials are increasingly used
as well in new construction (sometimes in combination with other materials).

Taking into account the literature on development of hybrid composites for civil engineering,
the present chapter aims to collect and critically review these works. For this, the main
characteristics of these materials are discussed, up-to-date knowledge on this subject is exposed,
and the challenges and future opportunities are identified. It should be noted that the word
‘hybrid> has been used to mention different solutions, which may lead to some
misunderstanding. Sometimes, solutions in which conventional FRP composites are joined to
conventional structural concrete or steel elements are also named ‘hybrid structural systems’.
These applications are not addressed in the present chapter.

2.2, Suitability of FRP composites to current construction concerns: Brief
overview

Aided by the growth in research and application projects funded by governments and industries
around the world, FRP composites are now well accepted in the construction industry and their
implementation has been growing up. Nowadays, 30% of all produced polymers (in generic
terms) are utilised in the construction industry [36]. However, many years passed before these
achievements. As it is known, the market of opportunities to use new materials in construction
were rare because of the lack of investment in research and development over the three decades
following Second World War [37]. Even today, the introduction of innovative materials is
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difficult because this industry is highly conservative and initial cost-driven [38]. In this way,
the major developments in FRP composites have always been driven by other industries, such
as aerospace and automotive.

Gradually, the way of thinking is changing in construction industry. Today, there is increasing
emphasis on sustainability, in the selection and performance of materials [39]. This entails a
complex set of economic, environmental, and social factors. From the economic standpoint, the
significance of costs associated to maintenance, rehabilitation, reconstruction, and replacement
of construction has been increasingly seen as very important. In this way, it has been argued
that these costs should be considered as part of the design process [38]. This means that the
entire life-cycle costs should be analysed in order to provide a rational choice of materials.

FRP composites have been growing popularity in this context because, besides their superior
mechanical strength advantage, they have better potential durability (despite the high initial
costs) when compared with traditional materials, especially steel. For this reason, their use may
provide more cost-effective solutions [38]. As it is known, corrosion and fatigue life are not
major factors to consider in the design of composites [1], unlike steel.

However, durability issues relate with FRP employed in construction industry is a subject not
entirely understood nowadays. This is due to the interaction between a significant number of
factors that FRP can be subjected to during their service life, which leads to uncertainties
regarding their long-term behaviour. These factors include atmospheric humidity, rain, solar
(UV) radiations, large variations in temperature, freeze-thaw regimes, acid rain, sea-water,
deicing chemicals, alkaline environment when in the proximity of Portland cement concrete,
and sustained loads. FRP can also be accidentally exposed to extreme environments, such as
fire, earthquake, and blasts. Obviously, the durability of FRP composites is a critical issue for
safe and economical implementation of these materials. A great deal of recent research has been
focused on this topic. More information about the latter can be found in several works, e.g. [40-
53].

In parallel to economic benefits, the environmental issues have been increasingly valued by the
construction industry. As it is known, the construction sector is one of the largest consumer of
materials and producer of waste. In this way, there has been increasing pressure on this industry
to reduce its environmental impact. Naturally, this has repercussions in research activity. The
case of FRP, plant-based (e.g. hemp, flax, sisal, kenaf, jute, etc. [54-63]) or mineral-based (e.g.
basalt [64-74]) fibres as alternatives to the conventional synthetic reinforcing materials (e.g.
glass and carbon) have been investigated.

In particular, basalt fibres have been seen with special interest for their properties. These fibres
are obtained from a basalt rock (composed by silica, alumina, and other oxide). The
manufacturing process of basalt fibres is similar to that of glass fibres, but with less energy
needs and no additives (which makes basalt fibres cheaper and more sustainable than glass or
carbon fibres [73, 74]). Stiffness and strength properties of basalt fibres are also very similar to
those of glass fibres. Furthermore, they have good thermal and chemical stability. Despite the
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similarity in chemical composition with asbestos, basalt fibres have reduced health risks [75].
For these reasons, these fibres have been proposed as an appealing alternative to glass fibres.

In addition to natural fibres, bio-based polymers (synthesized from renewable resources) have
been investigated as a viable alternative to traditional petroleum-based polymers [76, 77]. As it
is known, thermosetting polymers are extensively used in FRP production. Among others, these
group of polymers include vinyl ester, unsaturated polyesters, and epoxy resins (that represents
around 70% of the thermosetting polymers market [78]). Usually, the monomer bisphenol A
(BPA) is the chemical precursor of these group of resins. The use of BPA is associated with
environmental (because it is obtained from fossil resources) and health concerns (being even
classified as carcinogen mutagen and reprotoxic substance [78, 79]). Consequently, studies on
alternative materials to BPA has been increasing [78-81]. However, the commercialization of
the latter is far from being widespread.

Multifunctionality is as well a current research area on FRP field, i.e, the development of
composites in which, besides the mechanical load-bearing capacity, other properties such as
thermal stability, electrical conductivity, and/or wear resistance can be important.
Multifunctionality can be achieved in FRP, using different types of polymer matrices and
various nano and microsized fillers or reinforcements, see details in [82].

To conclude, it should be noted that for the past three decades FRP composites have been
gradually accepted in the construction industry. More information can be found in a large set
of books and review works dedicated to FRP composites for new civil infrastructures and
rehabilitation of existing structures, e.g. [37, 83-91]. With the recent launching of new design
codes/recommendations ([92-98]), it is expected that new high volume FRP composite markets
will open up and existing markets will broaden further [99].

2.3. Hybrid FRP composites

2.3.1. Recent research trends

FRP composites are known by their freedom of design [35]. This means that there is an infinity
of options to combine fibres with the matrix, which involves defining the constituent materials,
the orientation of fibres, the stacking sequence of layers, and the final shape of the composite.
Obviously, this freedom of choice have repercussions on performance of composites.
Depending on the manner in which the constituents are combined, the properties of the FRP
composite vary accordingly.

Hybridisation allows to further broaden the freedom of design of FRP composites, contributing
to important mechanical or functional improvements, if the combination of fibres is properly
materialized. However, hybridisation also contributes to turn design process more complex and,
consequently, to make the performance of composites more difficult to predict. The
hybridisation of fibres can be materialized on three different configurations [13]: (i) interlayer
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or layer-by-layer, i.e., by mixing layers of different fibres, (ii) intralayer or yarn-by-yarn, i.e.,
by mixing the fibres within the layers, and (ii1) intrayarn or fibre-by-fibre, i.e., by mixing the
fibres completely at the yarn/tow level.

In the vast majority of new research works (referred to next in this paragraph), the mechanical
performance of hybrid FRP composites has been the fundamental aspect of their study. In this
set of works, hybridisation of commercially available UD thin-ply carbon fibres and standard
ply glass fibres has received special interest, e.g. [16, 22-27, 100]. It has been proven that, in
some cases, an optimised gradual tensile failure process can be achieved, thus avoiding
catastrophic failure (this topic is further discussed in Section 2.3.2). The conclusions obtained
in this set of works led to the recent lines of research dedicated to the study of multi-directional
(specifically quasi-isotropic) hybrid composite laminates, e.g. [29, 101-103] and, at same time,
intermingled hybrid composites with highly aligned discontinuous fibres [28, 30]. It should be
noted that majority of these works are focused on tensile loading. More complex loading
conditions, such as impact loading, received less attention and they still lack of a solid
understanding [104].

To predict the mechanical behaviour of hybrid FRP composites, several analytical [21, 24, 31,
34] and numerical [17, 23, 31, 32, 105-107] models have been proposed. Swolfs et al. [35]
classified into two categories, those that are intended to predict tensile behaviour: (i) models
that take into account individual fibre breaks and how these develop into clusters of broken
fibres until global failure, and (ii) ply level models which focus on predicting what happens
when one or more plies have failed, without going into detail of damage development inside a
single ply.

From the first category, the model of Swolfs et al. [17] is highlighted in this work [35] because
the latter has been proven to be capable of providing reasonable quantitative results for the
hybrid effect (see detailed definition in Section 2.3.2). The model uses finite element
simulations to capture stress concentrations around a single broken fibre. This information is
then expanded to the numerical simulation with thousands of fibres. However, this model is
limited to predicting the failure strain of LS fibres and not the entire tensile stress-strain curve
of hybrid FRP composite.

From the second category, the analytical model developed by Jalalvand et al. [24] is seen as an
important milestone, since it is capable of predicting all possible damage modes of UD hybrids.
Predictions from this model have been proven to be in good agreement with nonlinear tensile
response of different hybrid configurations (see details in Section 2.3.2). Besides, the concept
of ‘damage mode maps’ [25] was developed from this model. These maps have been proven
to be a very efficient design tool for hybrid composites, since these allow studing the evolution
of several tensile properties as function of absolute and relative thicknesses of the LS fibre
layers. However, it should be highlighted that synergetic effects of hybridisation, such as the
hybrid effect, is not included in the referred to model.
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In addition to the most frequent combination of carbon with glass fibres, new polymer fibres
have been explored in the development of hybrid solutions. Swolfs et al. [35] already referred
to an interesting set of works in which the advantages of this hybridisation is highlighted.
Polyarylate (PAR), polybenzobisoxazole (PBO), and ultrahigh molecular weight polyethylene
(UHMWPE) are fibres that have been tested, combining these with traditional carbon fibres. It
has been proven that the developed hybrid composites present improved impact performance
(higher energy absorption and reduced damage area after impact), when compared with
traditional ones. Furthermore, although less studied, functional improvements may as well be
achieved with this new set of fibres because they offer improved thermal and fire performance.

As referred to in Section 2.2, natural fibres have been seen as promising materials, since
environmental sustainability is increasingly valued nowadays. However, these fibres
(especially those of plant origin) present some drawbacks, namely (i) low mechanical strength,
and (i1) poor fibre/matrix adhesion. Hybridisation of natural fibres with synthetic ones has been
reported in literature (once again mostly outside the context of civil engineering) as a way to
improve the performance of these materials, both in environmental and mechanical terms.
Simultaneously, these fibres can minimize the production costs of composites. In fact, much
work has been published on this subject, e.g. [54, 55, 108-118]. However, it can be said that the
development of these hybrid solutions is still taking the first steps. Given the large amount of
natural fibre types, the potential to be explored is vast. From the studies carried out, the
following main conclusion can be here highlighted:

e Velmurugan and Manikandan [108] studied the mechanical properties palmyra/glass
hybrid composites. In this case, composites were prepared by varying both glass and
palmyra fibres content, keeping the overall fibre content constant. As it was expected,
mechanical properties mainly tensile, bending, shear and impact properties, increased
due to hybridisation, when compared with the properties of all palmyra composites. It
was concluded, as well, that moisture absorption decreases with the increase of glass
fibres content. Again, this was expected because synthetic fibres are less sensitive to
moisture;

e Ridzuan et al. [109] investigated the effect of moisture absorption on the mechanical
degradation of hybrid pennisetum purpureum/glass composites. It was concluded that
moisture absorption reduced with the increase of the glass fibre content. There was a
reduction of 24% and 29% on tensile and flexural strength, respectively, in wet
conditions, relatively to all glass composites, when the reinforcement was composed of
24% of pennisetum purpureum and 6% of glass fibres. All pennisetum purpureum
composites, relatively to all glass composites, had a reduction on the tensile and flexural
strength of approximately 50% and 47%, respectively;

e Quarhim et al. [112] investigated the effect of alkaline treatment of rafia fibres on the
thermal and mechanical properties of rafia/glass hybrid composites. The hybrid
composites were made with 1 mm thick of glass fibres at faces, and treated or untreated
rafia fibres of a thickness 2 mm at the core. It was concluded that the alkali treatment of
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raffia fibres allowed to improve all analysed properties. Namely, flexural bending
modulus (5.9%), shear strength of composite (32.1%) , shear strength between raffia
fibres and matrix (38%), and thermal conductivity (7.0%). The referred to
improvements are due to better interfacial adhesion between the fibres and the matrix,
in the case of treated fibres. The treatment consisted of the following steps: (i) a solution
of NaOH at a concentration of 8.0% (1.6 mol/L sodium hydroxide aqueous solution)
was applied for 8 h at room temperature then, (ii) acetic acid (100 mL) was applied to
neutralize the remaining hydroxide, and, (iii) finally the fibres were washed with
distilled water for several times. The fibres were air-dried for 12 h before further use;

e Hawileh ef al. [118] investigated the performance of basalt/carbon composites at
elevated temperatures. It was shown that the degradation on the mechanical properties
(elastic modulus and tensile strength) of hybrid composites subject to high temperature
was lower than what was observed in all carbon composites. At 250 °C degradation of
elastic modulus and tensile strength of all carbon composite, when compared with test
results obtained at 25°C, was 90.9% and 80.5%, respectively. In the case of hybrid
composites this degradation varied between 30.1% and 84.3%, for the elastic modulus,
and between 24.9% and 79.8%, for the tensile strength. Analytical models, based on
model proposed by Gibson et al. [119], were proposed to predict the variation in the
elastic modulus and tensile strength with temperature. The error between experimental
and analytical results varied between 2.0% and 3.7%, in the case of elastic modulus, and
between 0.1% and 5.6%, in the case of tensile strength.

In addition to the above, it should be mentioned that the knowledge in metal fibres field have
been evolving. These fibres present higher density than other fibres, but they have high
toughness and ductility (in contrast with conventional synthetic fibres that are brittle). The use
of metal fibres in composites is very scarce yet [35]. However, due to the potential of these
fibres it is likely that their use will increase in the future. There are already examples of
hybridisation of metal fibres with carbon fibres [120] and self-reinforced polypropylene tapes
[121]. Furthermore, thin steel plies were hybridized with carbon fibres [122].

In the present section, it has presented the existing multitude of opportunities in the field of
hybrid FRP composites. The great majority of recent works have been developed out of the
context of civil engineering. Due to the exposed advantages, comparatively to conventional
composites, it is believed that the application of hybrid FRP composites in construction industry
could be very interesting and more attention should be paid to research and development of
solutions to this end. Undoubtedly, the possibility of avoided tensile catastrophic failure on
composites entirely composed by brittle materials is one of the great advantages of
hybridisation. The same can greatly contribute to the increase of structural safety.
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2.3.2. Mechanical properties

The mechanical behaviour of FRP composites has been continually studied. This is because, in
most cases, the purpose of these materials is to be used in structural applications. As it is known,
their mechanical response is governed by a complex set of different mechanisms (matrix
cracking, delamination between plies, and debonding and subsequent pull-out between fibres
and the matrix material [ 123]). Furthermore, it is usual to try to combine the latest developments
of different individual materials in new composites. In this way, publications related with
mechanical performance of composites continue to increase. Constantly, new modelling
approaches are proposed, e.g. [32, 124-130]. This means that, even today, there is a lack of
reliable predictive models for the simulation of the mechanical response of FRP composite
materials, which is directly linked to an incomplete understanding of their failure mechanisms
[131].

In particular case of tensile behaviour (the most studied topic), the development of proper
models is dependent of two fundamental factors: (i) an accurate characterization of fibre
strength and (i1) an understanding of the process of stress redistribution once a fibre is broken
and the formation of clusters of broken fibres. It should be noted that fibre strength is a
stochastic property that is dominated by a distribution of flaws (introduced during processing
and handling of the fibres) [32].

Recently, Bunsell et al. [131] conducted a comparison between different models available in
the literature to predict longitudinal tensile failure of FRP composites. It was concluded that
there are significant discrepancies between the predictions of the different modelling
approaches. In the same work, it is reminded that the micromechanics of longitudinal tensile
failure of composites needs to be developed further.

In the present section, due to the importance that has been attributed to the tensile behaviour of
FRP composites, the same is addressed in the context of hybrids. In this way, it is intended to
provide the necessary basis for critically discussing the research conducted so far at civil
engineering level (presented in Section 2.4).

As it is referred to in Section 2.3.1, hybrid FRP composites can be materialized in different
configurations (interlayer, intralayer or intrayarn). Usually, it is tried to combine fibres with
significantly different strain at the failure, in order to maximize synergistic effects. For this
reason, the two fibre types (number of reinforcing materials that is typically used in hybrids)
are distinguished as LS and HS fibres. The greater the difference between the strain at the failure
of the two fibre types the greater the synergies. However, as explained in detail later, there are
more factors that influence the tensile performance of hybrid FRP composites. It should be
highlighted that if the hybrid configuration is not carefully designed, the hybrid composite may
break suddenly and show a lower strength than the individual constituents.
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2.3.2.1. Hybrid effect

The ‘hybrid effect’ is one of the important outcomes of hybrid FRP composites. Although in
some works the same has been defined as the deviation of different tensile mechanical
properties from the rule of mixtures, today it is unanimously understood as the increase of the
apparent strain at the failure of LS material, see Figure 2.1. More precisely, the hybrid effect
is defined as the ratio between the absolute variation of the strain at the failure of LS material
(measured on UD non-hybrid and UD hybrid composites), 4¢;, to the baseline strain at the
failure of LS material (measured on UD non-hybrid composites), €;, according to the Equation
(2.1):

Hybrid ef fect = ‘;—? x 100 2.1)

In the case of carbon/glass hybrid composites, the values for this effect are typically in the range
of 10 to 50% [13, 132]. Generally, failure of UD composites is controlled by a critical cluster
of weak fibres, and different fibres with higher strain at the failure can restrict the formation of
the cluster, which explains the hybrid effect (among other factors little explored in
bibliography) [13]. However, it is a matter of fact that there is some controversy about the best
way to define the baseline strain at the failure of LS material. In standard tensile tests of UD
non-hybrid composites, stress concentrations can arise where the load is applied leading to the
reduction of the baseline strain [27]. It should be noted that, according to standards (e.g. EN
527-5 [133]) clamping system shall not cause premature facture at the grips. However, the
information about the failure mode is not referred to in many works. This leads to difficulties
in interpreting the results.
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Figure 2.1 — Illustration of the hybrid effect definition and tensile nonlinear behaviour of

hybrid FRP composites.
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Wisnom et al. [27] have proposed a specimen geometry and test configuration to suppress the
referred to stress concentrations. In this work carbon and glass were combined. It is indicated
that hybrid effect only arises when the thickness of carbon plies varies between 0.029-0.058
mm (this means that thin carbon plies were used) and the thickness of glass plies is 0.310 mm
(this means that standard thickness of glass plies were used). The modelling also presented in
the work confirms the experimental results. However, hybrid composites were used to
determine the strain at the failure of carbon fibres. Since the failure of composites is controlled
by a critical cluster of weak fibres, and that different fibres with higher strain at the failure can
restrict the formation of the cluster, the baseline strain definition of LS fibres can be somehow
compromised by the referred to restriction, in opinion of the author of the present thesis.

In Chapter 5 of the present thesis, it is demonstrated that hybrid effect can actually arise in
hybrid composites with carbon plies with 0.190-0.223 mm of thickness and glass or basalt plies
with circa 0.310 mm of thickness (as long as the volume fraction of carbon remains below 60%
of the reinforcing materials volume). Then hybrid composites were used to confine concrete
cylinders. The failure strain of LS fibres in hybrid composites was measured in these cylinders,
in which the gripping effects do not exist. However, in this case other sources of uncertainties
can be pointed out. With particular emphasis on presence of (i) an overlap region in FRP jacket
(which can conducted to stiffness variation in the jacket) and (ii) the fact that the jacket is
subjected to a multiaxial stress state due to the curvature. In this way, the actual magnitude of
the hybrid effect is as well conditioned by the measurement of the baseline strain in the referred
to work. However, there is clear tendency of increasing the strain at the failure of carbon in
hybrid composites with the decrease of the volume of the same.

An extensive work has been developed, using numerical and analytical models, to understand
the hybrid effect [14-21]. In [20] and [21], it was demonstrated that the higher the scatter of LS
fibres strength (usually described by Weibull distribution), the higher the hybrid effect.
Furthermore, layer-by-layer hybrids are more efficient in delaying the failure development.

Based on the information collected and above summarized, it can be stated that the hybrid effect
remains not thoroughly understood. There are still doubts about what it is best way to measure
the strain at the failure of non-hybrid composites. For this reason, results of hybrid effect
reported in bibliography should be critically interpreted.

2.3.2.2. Elastic modulus and strength

The longitudinal elastic modulus of the hybrid composites, Enybrid, has been shown to follow
the linear rule of mixtures (ROM) [13], considering the contributions of three constituents:

Enybria = VLEL + VyEy + VyEy (2.2)

where Vi, Va, Vm, EvL, En, and Em are the volumetric fraction and elastic modulus of the LS
fibres, HS fibres and matrix, respectively.
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The tensile strength of the hybrid composites, onysria, follows a bilinear ROM (see Eq. (2.3)) [9,
12, 134]:

VLS, + VyEner; Vg < Ve

Onybrid = { VuSu; Vg > Verie 3)

where St and Sy are the reference strengths of the LS and HS composites and ¢, is the strain at
the failure of the non-hybrid LS composite.

Based on the last model, if V' is lower than the critical value, Vi, the hybrid composite would
fail prematurely. On the contrary, if Vzis higher than Ve, hybrid composites would keep their
integrity up to the failure of HS fibres. Vet is calculated by equating the two branches of
equation (2.3):

SL
Sp+Sy—EneL

(2.4)

Verie =

2.3.2.3. Stress-strain curve

Particular attention has been paid to UD interlayer hybrid configurations for two reasons: (i)
this is the simplest and cheapest way for producing a hybrid composite, since the same consists
of simply overlapping commercially available raw materials; and (ii) this is most efficient
configuration to maximize the hybrid effect, as it was referred to in Section 2.3.2.1. In this way,
the tensile behaviour of these materials is highlighted in the presented chapter. The analytical
model of Jalalvand et al. [24] is briefly presented in this subsection.

In a UD hybrid FRP composite submitted to uniaxial tension, the first damage mode is always
the failure of the LS fibres. However, the other damage modes depend on the properties and
configuration of the composite reinforcing materials [25]. The analytical approach proposed by
Jalalvand et al. [24] considers that four different damage modes may occur after LS fibres
failure: (i) premature HS failure, (ii) unstable delamination, (iii) LS layer fragmentation, and
(iv) LS fragmentation and stable delamination (see Figure 2.2). For each hybrid configuration,
three stress levels can be computed [24]: (i) the stress at which the first crack in the LS material
occurs, a@LF, (ii) the stress at which delamination starts, o@del, and (iii) the stress at which
the HS material fails, c@HF), in accordance with equations (2.5) to (2.7), respectively.

_ af+1

0@LF = 5,2 2.5)
_ 1 1+ap 2GiicEl

oot = [ () s
_ 1 Sy

COHE = ey @7)

where Si is the reference strength of the LS material, a and f are the modulus and thickness
ratios of the LS to HS fibre, Gyc is the mode II interlaminar fracture toughness of the interface
between LS layers and HS layers of the hybrid composite, £y is the elastic modulus of the HS
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fibres, ¢y 1s the half thickness of the HS fibre, my is the Weibull strength distribution modulus
of the HS fibre, Su is the reference strength of the HS material, K; is the stress concentration
factor in the HS material, and 7 is the volume of the specimen (free length x width x total fibre
layer thickness).

Knowing the magnitude of all three possible stresses it is possible to assess their order of
occurrence and, consecutively, the identification of the damage modes, according to Table 2.1.
The details of the analytical approach presented in this work are fully discussed in [24].

After the determination of the damage modes, it is possible to plot the tensile stress—strain curve
of hybrid FRP using the characteristic points given in Table 2.2. In this table, Esa is the
saturated modulus of the composite (according to equation (2.8)), en is the failure strain of the
HS fibres, and e@u-ps is the strain in the composite at the post-saturation phase when the HS
material fails (according equation (2.9)) [24].

_ af+1
Esat - EH (ﬁ'+1)(1+%aﬁ) (2.8)
ey 7 5.8
€on-ps = mh ML 1 En (2.9)

18 Ey

In pseudo-ductile curves, the ‘yield’ stress is defined as the stress at the point that response
deviates from the initial linear elastic line, i.e., equal to 6@LF and the pseudo-ductile strain is
defined as the extra strain between the final failure strain and the strain on the extrapolated
initial slope line at the failure stress of the stress-strain diagram (see Figure 2.1).

It should be noted that hybridisation of common synthetic fibres can promote the appearance
of a flat-topped monotonic stress-strain curve, but the curve is not repeatable on subsequent
unloadings/reloadings (similar to steel). Furthermore, this curve is dependent of fragmentation
of LS material. For this reason, in FRP materials field this behaviour is known as ‘pseudo-
ductile’.
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Figure 2.2 — Damage mode of longitudinal section: (a) premature HS failure; (b) unstable

delamination; (c) LS layer fragmentation; (d) LS fragmentation and stable delamination.

Table 2.1 — Summary of different damage modes as function of stress level (adapted from

[25]).

Damage mode

Stress level

Premature failure

Catastrophic delamination

Fragmentation
Fragmentation & dispersed delamination

0@HF < 0@LF < o@del
0@HF < c@del < c@LF
oc@del < c@HF < c@LF
oc@del < c@LF < c@HF
c@LF < c@HF < o@del
0@LF < c@del < c@HF

Table 2.2 — Characteristic points of different damage processes on stress—strain graph

(adapted from [24]).
Damage mode Point 1 Point 2 Point 3 Point 4 Point 5
Premature failure (0,0) (e, 0@LF)
Catast'rop%lic (0,0) (&1, 0@LF) (e, 0@del) (U@d€l(1 +B) ‘ J@del) fn G@HF
delamination Ey H\/—
Fragmentation (0,0) (€, 0@LF) (O'@LF ' J@LF) (€n_ps, T@HF)
Esat
Fragmentation & (0,0)

(&1, 0@LF) (G@LF

dispersed delamination

del(1
OLE o1p) (Z04L0+D)
sat

P 0@del) < e J@Hp>
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2.4. Hybrid FRP composites in the field of civil engineering

Research of hybrid FRP composites for civil engineering applications date back to the 1990s.
At that time the research fundamentally focused in the development of three main systems:
(1) reinforcing bars for reinforced concrete (RC) structures [135-147]; (ii) externally bonded
strengthening for RC structures [148-166], and (iii) pultruded profiles for new structures [167-
170]. More recently, some work has also been done on the development of cables for long-span
bridges [171-174].

The main motivation for the development of such systems has been the interest by their
mechanical performance, i.e., the search for non-abrupt failures. As it is known, large structural
deformations and significant load-carrying capacity prior to ultimate failure are critical in civil
engineering structures, in which weak failure modes should be avoided. This is import
especially in the case of extreme event, where it is expected that structures give forewarning of
failure and prevent total collapse. Close to ultimate load, some sections of the structure may
reach their ultimate strength before others. In earthquake-resistant design, energy absorption by
plastic hinges is necessary for ductile response of structures under seismic loads where load
reversal and energy release occur [136].

Information about hybrid composites developed, between 1993 and 2018, by different authors
is resumed in Appendix I (Table 2.3). The number of reinforcing materials (Nb. R.M.), relative
volume between reinforcing materials, tensile strength (o), elastic modulus (£) and strain at the
failure (€) of hybrid composites and respectively constituent materials, orientation of fibres,
selected processing and fabrication, and final form of hybrid composite are presented in Table
2.3.

It is possible to observe that hybridisation of two reinforcing materials has been performed in
most of the works. Besides, UD composites have been preferred over other solutions with fibres
aligned in different directions. As it is referred to in Section 2.3.1, hybridisation promotes the
complexity of composites, leading to increased difficulties in prediction of their mechanical
performance. In this way, using a lower number of reinforcing materials and opting for UD
composites helps to not increase the referred to complexity.

From Table 2.3 it is also possible to observe that hand lay-up and pultrusion have been the most
widely used production methods. Synthetic fibres as carbon, glass and aramid are the most
frequently applied in hybridization. However, the combination of steel with synthetic fibres and
resin has also been quite used, fundamentally in the development of reinforcing bars. As
mentioned before, hybrid solutions with steel have been little explored in other industries.
However, in the civil engineering context they have been explored, presenting a double
advantage: (i) to enhance the elastic modulus of glass composites and (ii) to mitigate the
corrosion problems of steel materials.

Despite much published works, it should be stated that the hybrid composites (developed for
civil engineering) have been presented without a complete understanding about their behaviour
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at material level. In Table 2.3 is possible to observe that frequently tensile properties of hybrid
composites are not quantified. Many times, experimental campaigns are executed without a
single prediction based on the literature and existing models. In this way, all the potential of
hybridisation has not been exploited. The concept of pseudo-ductility has been defined as the
successive fractures of different reinforcing materials and not as a result of the previously
described phenomena of fragmentation and controlled delamination of LS fibres. Besides, the
hybrid effect has not been uniformly defined. In this section, it is presented a critical analysis
about the most relevant work developed so far. All hybrid combinations studied in this set of
works are detailed in Table 2.3.

2.4.1. Reinforcing bars

Somboonsong et al. [146] developed an innovative design methodology to produce a hybrid
composite reinforcing bar named ‘braidtrusion’. The same is a combination of two conventional
composite manufacturing processes: (i) braiding and (ii) pultrusion. A brief overview about
these two processes is presented next:

e Braiding, illustrated in Figure 2.3, is a textile process where multiple yarns are
intertwined to form an interlocking pattern [175]. During the braiding process, the yarns
are braided around a mandrel, which gives the braided preform shape. The mandrel is
pulled forward while the braid is formed around it, and the relation of the rotational
speed of the braid machine and the pulling speed impacts the resulting braid angle that
is produced [175].

e Pultrusion, shown in Figure 2.4, is a manufacturing process used for producing
continuous FRP structural shapes. The process involves pulling the raw materials
through a heated steel-forming die using a continuous pulling device [176]. In this
process, as the reinforcements are saturated with the resin (in the resin impregnator) and
pulled through the die, the hardening of the resin is initiated by the heat from the die. In
this way, a rigid cured profile is formed. A puller is used to move the composite through
the process. The cured composite can then be cut to the desired length at the end of the
line.

. Creel Puller
Braid
[ = yarns
i . & 8-
N Braid Mandrel
& Guide

Figure 2.3 — Schematic of the braiding process (adapted from [175]).
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Figure 2.4 — Schematic of the pultrusion process (adapted from [175]).

In the work of Somboonsong et al. [146], innovative manufacturing process (see Figure 2.5)
was used with the aim of developing a reinforcing bar that fails in a progressive manner. In this
work, high modulus UD carbon fibres in the core were combined with a braided aramid fibre
layer over top. The tensile stress-strain curve of the developed reinforcing bar presented several
local peaks, which may indicate that carbon fragmentation occurred (although this phenomenon
was not mentioned in that work). A typical pseudo-ductile behaviour is evident in experimental
results. However, it is not clear from the same if the achieved pseudo-ductility derives from (i)
the architecture of fibres (since the realignment of off-axis fibres can generate extra strain), (ii)
the fragmentation of carbon, or (iii) a combination of both. The analytical model developed in
the same work was not capable of producing stress—strain responses in a good agreement with
the experimental data, i.e., the pseudo-ductile behaviour was not predicted.

Aramid Surface
: treatment
Aramid !
- \ B,;I/::Ztir;% Braiding Resin Curing -
arbon , N ! 4 _ _» r R
/ bobbin winding machine | 7} impregnation (heating)
Aramid :
Aramid Pultrusion

Figure 2.5 — Schematic of braidtrusion (adapted from [136]).

Won et al. [139] used braidtrusion process to produce three types of hybrid (listed in Table 2.3)
and a glass FRP reinforcing bar. Tensile behaviour, fracture properties, and bond performance
of carbon/aramid and carbon/glass combinations were evaluated. The hybrid FRP reinforcing
bar have shown elastic behaviour up to a first local maximum, but had very irregular behaviour
thereafter. It was observed that the fibres in braided cover of the hybrid FRP broken at very
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irregular lengths. According to the bond test results, the hybrid FRP reinforcing bar specimens
had greater bond strength than all glass FRP reinforcing bars.

Seo et al. [144] also used the braidtrusion process to produce several configurations of hybrid
reinforcing bars consisting of steel and glass (GFRP), as listed in Table 2.3 and illustrated in
Figure 2.6. It should be highlighted that these reinforcing bars are not entirely made up of
fibres. The objective of this work was to find the best solution to increase elastic modulus of all
glass FRP reinforcing bars by using steel. It was concluded that the elastic modulus of hybrid
FRP reinforcing bar increased up to 250% comparatively to the glass FRP bar, if configuration
presented in Figure 2.6 (c) is used.

Rana et al. [177] developed as well hybrid FRP reinforcing bars and characterized their strain
sensing capability. A mixture of carbon and glass fibres was used in the core, which was
surrounded by a braided cover of polyester fibres. The effect of carbon/glass weight ratio on
both strain sensitivity and tensile properties were investigated. It was observed that the studied
hybrid composites with lowest amount of carbon fibres (23%) led to the best strain sensitivity,
i.e. the higher quotient between the change in electrical resistance and the initial resistance of
the bar and the flexural strain of the latter, and higher tensile strength. The change of resistance
in the hybrid composites was mainly attributed to strain-dependent change in the electrical
contacts, either due to fibre separation or fibre alignment or both.

You et al. [145] carried out an experimental campaign on the tensile properties of several hybrid
FRP reinforcing bars. Different dosages of carbon and glass fibres were used. Three different
material architectures were as well considered for hybrid FRP rods (see Figure 2.7). It was
concluded that differences in the tensile behaviour occurred according to the method adopted
to arrange a given quantity of glass and carbon fibres. The tensile strength, elastic modulus, and
ultimate strain of the specimens with carbon fibre arranged in the core was higher than the
specimens with the carbon fibre arranged on the surface. Pseudo-ductile behaviour was not
observed in this study.

Bakis et al. [137] developed a hybrid FRP reinforcing bar with capability to monitor strain.
Different combinations of carbon, aramid, glass, and vinylon were evaluated. The electrical
resistance of the hybrid reinforcing in function of their tensile strain was evaluated. It was
concluded that the hybrid reinforcing bars with 6 and 13% of carbon dispersed in the section
showed best early-warning of catastrophic failure.
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Figure 2.6 — Illustration of cross section types of hybrid bars (adapted from [144]).
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Figure 2.7 — Illustration of cross section of hybrid FRP rods (adapted from [145]).

2.4.2. Externally bonded strengthening

2.4.2.1. FRP-confined concrete

Wu et al. [157] studied the compressive behaviour of hybrid FRP-confined small-scale plain
concrete columns. Ten hybrid combinations were contemplated. UD dry fabrics of standard-
modulus carbon, high modulus carbon, aramid, glass, and PBO were used. In this work, neither
the advantage of the hybrid effect nor the pseudo-ductility are evidenced. The combination of
one layer of high modulus carbon and two layers of standard-modulus carbon in confining
system lead to highest compressive strength (73.9 MPa). The combination of one layer of high
modulus carbon and two layers of aramid in confining system lead to highest strain at the failure
strength (3.94%). Based on the experimental data, an axial compressive stress - axial strain
model was proposed. The relative errors varied between -19.0% and 17.8%, in the case of peak
stress predictions, and between -29.8% and 16.7%, in the case of strain at the failure predictions.
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Luca et al. [158] studied full-scale square and rectangular RC columns ([356-610]/[508-
737]/3048 mm overall width/length/height, respectively) externally confined with all glass and
basalt/glass FRP jackets. It was concluded that the contribution to column confinement of the
hybrid FRP jackets was similar to that of the non-hybrid jackets. This was expected because
the reinforcing materials used in hybrid combination have very similar mechanical properties.
Different analytical models from other authors were used to predict the strength of concrete
columns. According to this work, the model of Wang and Restrepo [178] lead to best
predictions (with relative errors varying between 16.8% and 23.3%, in the case of square
columns, and between 20.0% and 41.2%, in the case of rectangular columns).

Deng and Qu [166] carried out an experimental campaign on axial compression behaviour of
ultra-high performance concrete filled hybrid FRP tubes. Carbon, aramid, basalt, and glass UD
dry fabric were used as reinforcing materials, on combinations of two or three materials (see
Table 2.3). The test results show that the local rupture of hybrid FRP tubes did not lead to
abrupt failure of confined concrete. The combination of carbon with glass lead to highest
increase of the confined concrete strength (3.14 times higher that plain concrete strength) and
strain at the failure (7.07 times higher that strain at the failure of plain concrete). An analytical
model was proposed to predict the compressive stress-strain curve of confined concrete.
Experimental curves were reasonably predicted. In this work, none of the results evidenced
pseudo-ductility.

Ispir et al. [165] conducted a similar study on compressive behaviour hybrid FRP-confined
small-scale plain concrete columns. In this work, carbon, glass, polyethylene terephthalate
(PET) fibres were combined. It was demonstrated that it is possible promote the appearance of
flat-topped compressive curve of concrete confined with hybrid FRP jackets. It is stated that
after the failure of LS material, the hybrid FRP-confined concrete could exhibit two different
compressive stress-strain responses, which may be either characterized with an ascending range
or horizontal plateau. It was observed that the use of carbon/PET combination promote the last.
It was not validated if the horizontal plateau was due to carbon fragmentation. Different
analytical models from other’s works were used to predict the stress and strain confined
concrete. It was verified that the model of Ilki and Kumbasar [179] can be used to predict stress
values of the specimens confined with hybrid FRP composites (with errors varying between
8.0% and 9.7%), and Ilki et al. [180] (with errors around 19.7%), and energy balance method
[165] (with errors between 33.0% and 37.0%) exhibit the best prediction strain performance for
the first model.

2.4.2.2. Strengthening of concrete beams

Grace et al. [148] developed a UD fabric composed of two types of carbon fibres and one type
of glass fibres. In this case, the pseudo-ductility of the composite was achieved through the
combination of fibres with different strain at the failure, i.e., pseudo-ductility was defined as
successive fractures of different reinforcing materials and the fragmentation of LS material was
not explored. It was concluded that beams strengthened with hybrid composites have higher
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increase in yield load than those strengthened with non-hybrid carbon composites. Beams
strengthened with hybrid composite shown a yield plateau.

In [149], the latter authors further developed the initial concept by introducing fibres in the
diagonal direction, thus enabling the use of the hybrid fabric for simultaneous flexural and shear
strengthening of concrete beams. The last work resulted in one US patent [181]. It was
concluded that the beams exhibited a yielding plateau and reached its shear capacity
simultaneously with fabric yield.

Wu et al. [150] developed hybrid composites made of high-strength and high-modulus carbon
sheets. The resulting solution was applied in the flexural strengthening of pre-cracked RC
beams (with 150/200/2100 mm overall height/width/length, respectively). It was concluded that
the hybrid composites allowed achieving the desired flexural stiffness, higher yielding strength
(15-22% higher than the beam strengthened with high-strength carbon), and pseudo-ductility.
In this work, both the hybrid effect and the pseudo-ductility are well explained, according to
the most relevant bibliography on the subject.

Nikopour and Nehdi [156] investigated the behaviour of reinforced concrete (RC) beams (with
150/250/2438 mm overall height/width/length, respectively) strengthened by UD non hybrid
and hybrid bidirectional FRP composites. The aim of this work was to increase the ultimate
shear capacity of retrofitted beam. Hybrid FRP were applied at the beam extremities, wrapping
it. According to this study, the use of bidirectional hybrid composites lead that fibres applied in
transverse direction (aramid or glass) promote a confinement action at fibres applied in main
direction (carbon), which allows the latter to approach its ultimate strain capacity. It was
demonstrated that hybrid composites allowed an increase of 40% of ultimate shear capacity of
strengthened beam, comparatively to the solution in which all carbon composites were used.

Attari et al. [151] studied the efficiency of carbon/glass hybrid combination in the flexural
strengthening of reinforced concrete beams (with 160/100/1500 mm overall
height/width/length, respectively). Different strengthening configurations were considered,
using UD carbon and glass fabrics and bidirectional carbon/glass hybrid fabric. A strength
capacity of 114% was obtained for the beam strengthened with glass carbon bidirectional hybrid
composite, specimens in comparison with the reference control specimen of reinforced
concrete. An analytical model to predict the flexural failure of strengthened concrete elements
was also presented.

2.4.2.3. Other developments

Li et al. [162] developed a complex hybrid FRP to strengthen a concrete column—beam joint.
For that purpose, they used simultaneously E-glass woven roving, plain carbon cloth and
chopped strand mat, and glass tape. The results showed that retrofitting critical sections of
concrete frames with hybrid FRP can provide significant strength and stiffeness to concrete
frames and improve their behaviour under different types of loading.
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Attari et al. [163] studied a reinforced concrete beam—column joint strengthened with hybrid
FRP composite under cyclic loading. Hybrid FRP composites were made of carbon laminates
and glass UD fabrics. It was observed that the combination of carbon with glass improves the
shear resistance and the ductility of the RC joints, giving 44% and 23% of strength and ductile
index gain, respectively, when compared with a specimen without any strengthening. The
justification to the use of glass fabric was that it confined the concrete effectively and did not
allow it to spall-off.

2.4.3. Pultruded profiles

Ranganathan and Mantena [167] studied the effects of hybridisation on the buckling
characteristics of flat pultruded graphite/glass composite beams. Finite element models were
developed with different beam dimensions and end constraint conditions to simulate different
buckling conditions. Experiments were conducted to verify and validate the analytical and finite
element results. Results showed that the critical buckling loads for hybrid composites lie in
between the critical buckling loads of all glass and all graphite composites. Results from finite
element modelling were in close agreement with experimental observations.

Hai et al. [170] developed an innovative hybrid FRP beam consisting of carbon/glass fibres and
vinyl ester resin. The aim of the work was to investigate the optimum use of carbon and glass
fibres in the flanges to maximize structural performance while reducing the overall cost by
using only glass fibres in the web section. It was concluded that the failure strength and failure
mode of hybrid FRP beams are dependent on the carbon volume content in the flanges. The
optimum carbon volume content in the flanges for the best hybridisation of FRP beams was
experimentally and numerically determined to be equal to 25-33%.

The effectiveness of utilizing hybridization to improve the local buckling capacity of pultruded
wide flange I-beams loaded in bending was as well numerically studied by Ragheb [168]. In
this work glass and carbon fibres were considered. A finite element model was built and a
parametric study was conducted to investigate the effectiveness of different hybridization
patterns in improving the local buckling capacity of the beam hybridisation. In this work were
took into account (1) mat laminates that are made of randomly oriented chopped fibres in a
form of a sheet and (2) roving laminates that contain continuous fibre yarns that are typically
parallel to the longitudinal axis of the beam (see Figure 2.8). In this work, the following
materials were considered: (i) a roving composed by 0.153 roving/mm of glass and 2.025
roving/mm of carbon (Roving A), (ii) a roving composed by 0.122 roving/mm of glass and
1.618 roving/mm of carbon (Roving B), (iii) a mat composed by 0.45 kg/m? of glass and 0.30
kg/m? of carbon (Mat A), and (iv) a mat composed by 0.60 kg/m? of glass and 0.45 kg/m? of
carbon (Mat B). The beam considered was a wide flange I-beam that had a height of 203 mm,
a flange width of 203 mm, and a thickness of 9.5 mm for both the web and the flanges. Results
showed that significantly higher critical buckling loads (above 60% of increase) can be obtained
if a proper hybridisation is employed.
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Figure 2.8 — Schematic of stacking sequence of a hybrid FRP pultruded I-beam (adapted
from [168]).

Nunes et al. [169, 182] studied hybrid composite profiles of glass and carbon submitted to
concentric compression. The main goal was to investigate the influence of introducing carbon
layers reinforcement in glass composite pultruded columns. Three different lengths were
considered in the production of profiles aiming at studying local and global buckling
phenomena: (i) 0.60 m, (i1) 1.00 m, and (iii) 2.00 m. This work included experimental and
numerical approaches. It was verified that even though small amounts of carbon (2.6% of the
cross-section area) provided an increase in axial stiffness up to 17%. In long columns, the
referred to stiffness increase promoted a higher global buckling critical load (10-17% above
than the obtained on reference glass composite profile). In short and intermediate length hybrid
columns, progressive delamination of the carbon mats led that the critical buckling load of those
hybrid columns was lower (1-13%) than that of the reference series. Numerical prediction of
the ultimate loads presented a reasonably good agreement with the experimental data (with a
maximum error of 12.6%); the predicted failure modes were also consistent with those observed
experimentally.

2.4.4. Cables

In the work of Wang et al. [172] two kinds of hybridisation: (i) basalt/carbon fibres and
(i1) basalt fibres/steel-wire with 0.7 mm in diameter were adopted to develop FRP tendons. The
fatigue strength of basalt/carbon combination was enhanced greatly in comparison to the
obtained results with all basalt FRP solution. On the other hand, combining basalt fibres with
steel-wires contributes to the fatigue behaviour enhancement of steel wires. In this work, the
definition of hybrid effect is understood as on enhancing of mechanical of properties.
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Yang et al. [171] studied the vibration characteristics and damping properties of a newly
developed FRP cable with a self-damping function. In the materialization of the cable basalt
fibres in the core and carbon/basalt combination in outer layer were used. Between the FRP
materials was inserted a viscoelastic material (a silicone sealant). The idea is that relative
motion between the two composite materials interact with viscoelastic. Because of the
viscoelasticity and dissipation characteristics, viscoelastic materials can dissipate the vibration
energy. It was concluded that hybrid FRP cables not only exhibit integrated advantages in static
and dynamic behaviour for long-span cable-stayed bridges, but they also can provide superior
vibration control ability as compared with conventional steel and all carbon FRP cables.

2.5. Summary and conclusions

The interest in FRP composite materials for both new construction and rehabilitation of existing
structures has increased significantly over the last decades. This has been motivated especially
by both higher strength and higher durability of FRP composites, when compared to traditional
materials. As it is herein explained, these materials can respond to today’s economic,
environmental and social sustainability concerns of the construction industry.

Future trends for FRP composite materials will certainly involve the development of hybrid
FRP composites. It is mentioned that the design of conventional FRP composites can be further
extended with hybridisation, contributing to important mechanical and/or functional
improvements. However, it is the mechanical characteristics of these materials that have
attracted most interest and attention. This is because it has been proven that tensile gradual
failure process (known as pseudo-ductile) and hybrid effects can be achieved, if hybrid
combination is carefully designed. It should be highlighted that the possibility of avoiding
tensile catastrophic failure with composites entirely constituted by brittle materials is one of the
major advantages of hybridisation, since the latter can effectively contribute to increase
structural safety.

Although knowledge in the field of hybrid composites has significantly evolved in recent years,
there are still many open questions. Namely, the hybrid effect remains not thoroughly
understood. There are doubts about what it is best way to measure the strain at the failure of
non-hybrid composites. Today, models that are capable of predict the entire tensile stress-strain
curve of hybrid FRP composite do not take account of the hybrid effect.

All the work on the development of hybrid FRP composites for civil engineering applications
allows assuming these as very promising. The work has been fundamentally focused in the
development of reinforcing bars for RC structures, externally bonded strengthening solutions
for RC structures, pultruded profiles for new structures, and cables for long-span bridges. In
spite of the significant amount of literature addressing this topic, the latter has been presented
without a complete understanding about fundamental properties of hybrid FRP composites at
material level, i.e., the adopted material combinations have not been substantiated with solid
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scientific knowledge and the results have not been discussed with sufficient detail. Besides,
fragmentation of LS material in developed hybrid composites has not been explored at all in
civil engineering works. Recent lines of research dedicated to the study of intermingled hybrid
composites with highly aligned discontinuous fibres or quasi-isotropic hybrid composite
laminates have also never been explored.

Taking into account new fibre types, innovative architectural designs and emerging structural
models, many opportunities of development are anticipated for hybrid FRP materials. However,
it is expected that their adoption by the construction market will take time. As it is known, this
industry is quite conservative, being subjected to strict rules and codes of practice. Therefore,
the development of design guidelines is always the first step for any unconventional material
to be widely accepted by the sector.
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Appendix |

Table 2.3 — Hybrid composites developed for civil engineering by different authors.

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of reinforcing composites materials of fibres and of
materials fabrication  composite
c E £ Material o E £
[MPa] [GPa] [%] [MPa] [GPa] [%]
1993 [147] 2 Steel bar (66%) - 733.0 -- -- Vinylon 429.0 5.0 2.9 Unidirectional — -- Reinforcing
aramid (34%) bar
Steel bar (60%) - 831.1 -- -- Steel bar 235.0 200.0 -
aramid (40%)
Steel bar (50%) - 903.1 -- -- Aramid 1489.0 68.4 22
aramid (50%)
Steel bar (67%) - 720.2 -- --
aramid (33%)
Steel bar (63%) - 332.4 -- --
vinylon (37%)
Steel bar (56%) - 337.7 -- --
vinylon (44%)
Steel bar 46%) - 311.5 -- --
vinylon (54%)
1998 [146] Vinyl 2 Aramid (70%) - -- -- -- Aramid 3600.0 1240 25 Unidirectional  Pultrusion Reinforcing
ester carbon 1 (30%) (core) braid and braiding bar
Aramid (%) - -- -- -- Carbon 1 1896.0 3793 0.5 yarns (outside
carbon 2 (--%) layer)
Carbon2  3654.0 231.0 14
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Table 2.3 — (Continued)

Year  Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
o E 3 Material o E 3
[MPa] [GPa] [%] [MPa] [GPa] [%]
1999 [162] - 4 Glass woven - -- -- Glass -- -- -- Multi- - Beam—
roving (29%) - woven directional column
Glass  chopped roving joint
strand mat (13%) - Glass -- -- --
glass tape (28%) - chopped
carbon cloth strand mat
(29%) Glass tape - -- --
Carbon -- -- --
cloth
2002 [148] Epoxy 3 Glass (--%) - 390.0 - 1.7 Glass 1034.0 48.0 2.1 Unidirectional - Laminate

carbon 1 (--%) -
carbon 2 (--%)
Glass (%) — 3933 - 1.7 Carbon 1 1324.0 379.0 04 Triaxially
carbon 1 (--%) — braided fabric
carbon 2 (--%)

Carbon2  2413.0 231.0 0.9
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Table 2.3 — (Continued)

Year

Ref.

Matrix Nb.

R.M.

Relative volume
of  reinforcing

materials

Mechanical properties of hybrid Mechanical properties of reinforcing Orientation

composites

o
[MPa]

E

[GPa]

&

[%]

materials

Material

[
[MPa]

[GPa]

&
[%]

of fibres

Processing
and
fabrication

Final form
of
composite

2001

[137]

Unsatur 2
ated
polyeste

r

Vinyl
ester

Glass
carbon (27%)
Glass  (99%)
carbon (1%)
Glass  (88%)
carbon (13%)
Glass  (43%)
vinyl
(41%) -
(16%)
Vinyl
(54%) -
(34%) -
(12%)
Vinyl
(54%) -
(34%) -
(12%)

(73%)

alcohol
carbon

alcohol
aramid
carbon

alcohol
aramid
carbon

706.0

596.0

609.0

485.0

543.0

574.0

57.2

423

423

472

43.4

43.9

1.2

1.7

1.4

1.1

1.2

1.3

Glass
Carbon
Vinyl

alcohol
Aramid

Steel bar

Aramid

2580.0

3860.0

2010.0

3000.0

235.0

1489.0

73.0

236.0

45.0

112.0

200.0

68.4

3.6

1.6

4.9

24

2.2

Unidirectional

Pultrusion

Reinforcing
bar

2003

[167]

Epoxy 2

Glass  (33%)
graphite (67%)
Glass  (50%)
graphite (50%)
Glass  (67%)
graphite (33%)
Glass  (50%)
graphite (50%)

Glass

Graphite

47.5

121.5

Unidirectional

Pultrusion

Pultruded
beam

197
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of reinforcing composites materials of fibres and of
materials fabrication  composite
c E £ Material o E £
[MPa] [GPa] [%] [MPa] [GPa] [%]
2004 [183] Epoxy 2 Glass  (79%) - -- -- -- Glass 4275.0 89.6 5.0 Unidirectional ~ Pultrusion Reinforcing
carbon (21%) Carbon 4930.0 2303 49 bar
2004 [184] 2 Glass (56%) - 1578.0 822 1.9 Glass 1703.0 49.1 3.5 -- -- Laminate
carbon (44%) Carbon 1.5 122.6 1.2
2006 [139] Vinyl 2 Aramid (73%) - -- 63.0 34 Glass 1890.0 75.0 2.6 Unidirectional  Pultrusion Reinforcing
ester carbon(27%) (core) braid and braiding bar
Glass (81%) - -- 43.0 34 Aramid 3100.0 77.0 4.6 yarns (outside
carbon (19%) layer)
3 Glass (52%) - -- 37.0 34 Carbon 3500.0 2440 1.2
aramid (35%) -
carbon (14%)
2007 [150]  Epoxy 2 High modulus - 405.0 -- High 1900.0 540.0 04 Unidirectional Hand lay-up Laminate
carbon (44%) - modulus
high strength carbon
carbon (56%)
High modulus - 373.0 -- High 3400.0 2300 15
carbon (34%) - strength
high strength carbon
carbon (66%)
High modulus - 351.0 --

carbon (28%) -
high strength
carbon (72%)
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Table 2.3 — (Continued)

Year

Ref.

Matrix

Nb.

R.M.

Relative volume
of  reinforcing
materials

Mechanical properties of hybrid Mechanical properties of reinforcing Orientation

composites materials

o E & Material
[MPa] [GPa] [%]

[
[MPa]

[GPa]

of fibres

&
[%]

Processing
and
fabrication

Final form
of
composite

2007

[145]

Vinyl
ester
and
unsatura
ted
polyeste
r

Glass (37%) -
carbon (23%) -
solution 1: carbon
on core and vinyl
ester matrix

Glass (37%) -
carbon (23%) -
solution 2: carbon
in the core and
polyester matrix
Glass (37%) -
carbon (23%) -
solution 3: carbon
on surfaceand
vinyl ester matrix
Glass (37%) -
carbon (23%) -
solution 4: carbon
on surface and
polyester matrix

1281.0 80.4 1.6 Glass

1331.0 83.1 1.6 Carbon

1083.0 78.9 1.4

1128.0 79.5 1.4

2410.0

4900.0

79.0

230.0

3.0 Unidirectional

2.1

Pultrusion

Reinforcing
bar
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
c E € Material o E 3
[MPa] [GPa] [%] [MPa] [GPa] [%]
Glass (37%) - 1045.0 62.4 1.7
carbon (23%) -
solution 5: carbon
dispersed and
vinyl ester matrix
Glass (37%) - 1213.0 84.0 1.4
carbon (23%) -
solution 6: carbon
dispersed and
polyester matrix
2008 [140] -- 4 Glass (%) - -- -- -- Glass 74.0 2.4 Unidirectional Hand lay-up  Reinforcing
carbon (--%) - Carbon 2250 13 bar
aramid (--%) - Aramid 102.0 2.1
steel wire (--%) Steel wire 200.0  20.0
2010 [163] Epoxy 2 Glass (%) - -- -- -- Glass 2200.0 76.0 2.8 Unidirectional — -- Beam-
carbon (--%) column
Carbon 2800.0 165.0 1.7 joint
2011 [156]  Epoxy 2 Glass (%) - - - - Glass -- -- -- Bidirectional ~ Hand lay-up Laminate
carbon (--%)
Aramid (%) - -- -- -- Aramid -- -- --
carbon (--%)
Carbon -- -- --
2011 [185] Polyeste 2 Glass 1 (63%) - -- -- -- Glass 1 -- -- -- Bidirectional Hand lay-up  Jacket
T glass 2 (38%) Glass2 -- -- --
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
o E 3 Material o E 3
[MPa] [GPa] [%] [MPa] [GPa] [%]
2008 [157]  Epoxy 2 High modulus - - -- PBO 4158.2 240.0 1.6 Unidirectional Hand lay-up  Jacket
carbon (54%) -
high strength
carbon (46%)
High modulus - -- -- High 25435 540.0 0.5
carbon (57%) - modulus
PBO (43%) carbon
High modulus - - -- High 42338 230.0 1.7
carbon (37%) - strength
aramid (63%) carbon
High modulus - - -- Glass 1793.7 73.0 2.2
carbon (32%) -
glass (68%)
High modulus - -- -- Aramid 2323.5 120.0 2.0

carbon (37%) -
high strength
carbon (63%)
High modulus
carbon (39%) -
PBO (61%)

High modulus
carbon (23%) -
aramid (77%)
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
o E 3 Material o E 3
[MPa] [GPa] [%] [MPa] [GPa] [%]

High modulus - - --
carbon (26%) -
glass (74%)
3 High modulus - - --
carbon (28%) -
high strength
carbon (24%) -
aramid (48%)

2009 [170] Vinyl 2 Flange: Glass (48) -- -- -- Glass -- 10.0 -- Unidirectional ~ Pultrusion Pultruded
ester - carbon (52%), (carbon) beam
web: glass (100%) multi-
directional

Flange: Glass (67) -- -- -- Carbon -- 113.0 - (glass)

- carbon (33%),
web: glass (100%)

Flange: Glass (86) -- -- --
- carbon (14%),

web: glass

(100%)

2013 [172] Vinyl 2 Basalt (75%) - 1137.0 80.0 1.4 Basalt 1345.0 54.0 2.5 Unidirectional ~ Pultrusion Cable for
ester carbon (25%) long-span
Basalt (50%) - 1772.0 106.0 1.4 Carbon 1741.0 159.0 1.1 cable-stayed
carbon (50%) bridges
Basalt (80%) - 0.7  -- -- -- Steel wire  2500.0 200.0 >35
mm in diameter
steel-wire (20%)
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form

R.M. of  reinforcing composites materials of fibres and of

materials fabrication  composite
o E 3 Material o E 3
[MPa] [GPa] [%] [MPa] [GPa]  [%]
Basalt (60%) - 0.7 - -- --
mm in diameter
steel-wire (40%)
2010 [143]  Epoxy 2 Carbon (6%) - 445.0 150.0 -- Carbon -- -- -- Unidirectional Hand lay-up  Reinforcing

steel bar (94%) bar
Carbon (12%) - 415.0 89.0 -- Steel bar 365.0 200.0
steel bar (88%)
Glass (1%) - steel 257.0 58.0 -- Aluminu 100.0 69.0
bar (99%) m bar
Glass (16%) - 160.0 66.0 -- Glass -- -- --
steel bar (84%)
Carbon (31%) - 420.0 120.0 --
aluminum bar
(69%)
Carbon (50%) - 188.0 101.0 --
aluminum bar
(50%)
Glass (39%) - 285.0 82.0 --
aluminium  bar
(61%)

3 Glass  (8%) - 460.0 156.0 --

carbon (6%) -
steel bar (86%)
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Table 2.3 — (Continued)

Year

Ref.

Matrix

Nb.

R.M.

Relative volume
of  reinforcing
materials

Mechanical properties of hybrid
composites

o E &
[MPa] [GPa] [%]

Mechanical properties of reinforcing

materials

Material

[
[MPa]

[GPa]

[%]

Orientation
of fibres

Processing
and
fabrication

Final form
of
composite

Glass (22%) -
carbon (31%) -
aluminum bar
(41%)

420.0 87.0 --

2011

[158]

Glass (33%) -
basalt (67%)

3399- 76.9-
4840 88.9

3.15-4.7

Glass

Basalt

3399.0

3241.0

76.9

73.4

4.7

4.5

Hand lay-up

Jacket

2012

[159]

Glass (53%) -
carbon (47%)
Glass  (36%) -
carbon (64%)
Basalt (50%) -
carbon (50%)
Basalt (33%) -
carbon (67%)
Glass  (53%) -
basalt (47%)
Glass (34%) -
basalt (35%) -
carbon (31%)

Glass

Basalt

Carbon

1863.0

2130.0

4125.0

72.0

93.0

244.0

2.2

2.0

1.7

Hand lay-up

Jacket

2012

[151]

Epoxy

Glass (58%) -
carbon (42%)

Glass
Carbon

Bidirectional

2013

[186]

Epoxy
(partial
impregn
ation)

Basalt (70%) -
carbon (30%)
Basalt (60%) -
carbon (40%)

Basalt

Carbon

1825.0

3400.0

Unidirectional

Hand lay-up

Laminate
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
o E 3 Material o E 3
[MPa] [GPa] [%] [MPa] [GPa] [%]
Basalt (70%) - 0.8
carbon (30%)
2013 [187] Epoxy 2 Glass (50%) - 2108.0 146.0 1.5 Glass 2900.0 72.4 4.0 Unidirectional Hand lay-up Laminate
carbon (50%)
Glass (67%) - 1657.0 126.0 1.5 Carbon 4900.0 230.0 2.1
carbon (33%)
Glass (75%) - 1592.0 103.5 1.5
carbon (25%)
Glass (80%) - 1818.0 99.1 1.8
carbon (20%)
Glass (84%) - 1471.0 76.7 1.8
carbon (16%)
Glass (86%) - 1535.0 82.2 1.9
carbon (14%)
Glass (88%) - 1431.0 75.7 1.9
carbon (12%)
Glass  (89%) - 1476.0 79.0 1.9
carbon (11%)
Glass (90%) - 1674.0 89.4 2.0
carbon (10%)
Glass (91%) - 1479.0 79.8 1.9
carbon (9%)
2013 [188] 2 Glass  (50%) - -- -- -- Glass -- 105.0 22 -- Hand lay-up  Jacket
carbon (50%) Carbon -- 2100 1.9

IS
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
o E 3 Material o E 3
[MPa] [GPa] [%] [MPa] [GPa] [%]
2014 [177]  Polyeste 2 Glass  (77%) 766.7 78.5 1.4 Glass 3500.0 73.5 4.8 Unidirectional Hand lay-up  Reinforcing
r carbon (23%) bar
Glass  (53%) 740.4 74.5 1.2 Carbon 4300.0 240.0 1.8
carbon (47%)
2014 [153]  Epoxy 2 Glass  (50%) 162270  86.3 2.6 Glass 3400.0 72.0 4.5 Unidirectional Hand lay-up Laminate
carbon (50%)
Glass  (70%) 118690 653 2.8 Carbon 3450.0 230.0 1.5
carbon (30%)
2015 [166]  Epoxy 2 Aramid (36%) 1079 23.9 4.5 Aramid 2000.0 125.0 1.6 Unidirectional Hand lay-up  Jacket
basalt (64%)
Basalt (44%) 863 18.4 4.7 Basalt 3103.0 90.0 3.5
glass (56%)
Carbon (33%) 1045 43.7 2.7 Glass 1800.0 55.0 33
basalt (67%)
Carbon (28%) 1067 39.7 2.5 Carbon 3400.0 240.0 14
glass (72%)
3 Carbon (35%) 980 31.1 32
aramid  (20%)
glass (45%)
Carbon (21%) 1010 33.7 3.0
aramid (24%)
glass (55%)
Carbon (30%) 791 27.5 2.9
basalt (31%)

glass (39%)
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
o E & Material o E &
[MPa] [GPa] [%] [MPa] [GPa] [%]

2016 [144] Unsatur 2 Glass (70%) - 1269.7 94.9 -- Glass 2600.0 81.0 Unidirectional  Pultrusion Reinforcing
ated steel rod (30 %) (core) braid and braiding bar
polyeste Glass (49%) - 1258.8 111.1 -- Steel rod 1180- 200.0 yarns (outside
r steel rod (51%) 1370 layer)

Glass (24%) - 8339 148.2 -- Steel wire ~ 1270- 200.0
steel rod (76%) 1470

Glass (90%) - 11503 62.6 -- Steel bar ~ 400.0 200.0
steel rod (10%)

Glass (68%) - 12454 99.8 --

steel wire (32%)

Glass (43%) - 13232 126.9 --

steel wire (57%)

Glass (30%) - 1156.4 157.3 --

steel wire (70%)

Glass (43%) - 669.5 110.1

steel wire (57%)

Glass (89%) - 12327 58.5 --

steel wire (11%)

Glass (63%) - 1238.6 97.2 --

steel wire (37%)

Glass (40%) - 1283.1 143.3 --

steel wire (60%)

Glass (30%) - 1361.8 155.1 --

steel wire (70%)
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
o E 3 Material o E 3
[MPa] [GPa] [%] [MPa] [GPa] [%]
Glass (63%) - 7795 100.4 --
steel bar (37%)
Glass (37%) - 596.5 146.8 --
steel bar (63%)
Glass (75%) - 12179 90.8 --
steel bar (25%)
Glass (56%) - 1197.2 1232 --
steel bar (42%)
Glass (34%) - 7818 118.5 --
steel bar (66%)
Glass 76%) - steel  899.6 88.8
wire (24%)
Glass (54%) - 5377 120.7
steel wire (46%)
Glass (32%) - 466.6 148.2
steel wire (68%)
2016 [155]  Epoxy 2 Basalt (80%) - 2053.0 118.0 1.8 Basalt 2120.0 82.0 2.6 Unidirectional Hand lay-up Laminate
carbon (20%)
Basalt (84%) - 1980.0 110.0 1.8 Carbon 4080.0 260.0 1.6
carbon (16%)
Basalt (87%) - 1942.0 105.0 1.9

carbon (13%)
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
o E 3 Material o E 3
[MPa] [GPa] [%] [MPa] [GPa] [%]
2017 [189] Vinyl 2 Glass  (29%) - -- -- -- Glass -- -- -- Unidirectional  Pultrusion Reinforcing
ester steel bar (71%) Steel bar -- -- -- (core)  braid bar
and yarns (outside
epoxy layer)
2017 [190]  Epoxy 2 Glass (--%) - sisal ~ 233.2 11.8 1.6 Glass Bidirectional =~ Hand lay-up  Jacket
(--%) 1 layer
Glass (--%) - sisal  368.4 12.4 1.9 Sisal
(--%) 2 layers
Glass (--%) - sisal  441.0 13.4 2.3
(--%) 3 layers
2017 [171] - 3 Basalt (%) - -- -- -- Basalt 1389.0 52.0 2.7 Unidirectional Cable for
viscolestatic Viscolesta - -- -- long-span
material  (--%) - tic cable-stayed
hybrid composite material bridges
(Basalt Hybrid 1666.0 103.0 2.0
(50%)+Carbon composite

(50%)) (--%)

98
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
o E & Material o E &
[MPa] [GPa] [%] [MPa] [GPa] [%]
2018 [164]  Epoxy 2 Basalt (29%) - 1150.0 474.1 0.2 Basalt 1886.7 614 3.1 Unidirectional Hand lay-up  Jacket
high modulus
carbon (71%)
Basalt (62%) - 1328.0 97.4 2.0 Glass 2662.1 76.9 3.7
high modulus
carbon (38%)
High modulus  1352.5 489.6 0.3 Standard ~ 3920.7 2140 14
carbon (63%) - carbon
standard carbon
(37%)
High modulus  1937.5 368.8 0.9 High 29342 558.1 0.5
carbon (30%) - modulus
standard  carbon carbon
(70%)
Glass  (26%) - 21769 201.7 1.0
standard  carbon
(74%)
Glass  (31%) - 2216.0 202.4 1.1
standard  carbon
(69%)
Glass  (51%) - 1776.3 148.9 1.2
standard carbon
(49%)
Glass (58%) - 1856.0 146.7 1.3

standard carbon
(42%)
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
o E 3 Material o E 3
[MPa] [GPa] [%] [MPa] [GPa] [%]

Glass  (73%) - 12444 110.8 1.2
standard  carbon

(27%)

Glass (29%) - 11689 454.5 0.3
high modulus

carbon (71%)

Glass (35%) - 1053.5 439.2 1.9
high modulus

carbon (65%)

Glass (55%) - 1105.8 318.7 1.9
high modulus

carbon (45%)

Glass (62%) - 1054.7 252.0 1.9
high modulus

carbon (38%)

Glass (76%) - 1164.7 214.3 1.9
high modulus

carbon (24%)

LS
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Table 2.3 — (Continued)

Year Ref. Matrix  Nb. Relative volume Mechanical properties of hybrid Mechanical properties of reinforcing Orientation Processing  Final form
R.M. of  reinforcing composites materials of fibres and of
materials fabrication  composite
o E 3 Material o E €
[MPa] [GPa] [%] [MPa] [GPa]  [%]
2018 [165]  Epoxy 2 PET (88%) - -- - -- PET 740.0 10.0 10.0  Unidirectional Hand lay-up Jacket
carbon(12%)
PET (94%) - -- - -- Glass 1700.0 80.0 2.8
carbon(6%)
PET (96%) - -- - -- Carbon 4900.0 230.0 2.1
carbon(4%)

PET (85%) - glass
(15%)

Glass  (73%) -
carbon (27%)
Glass (89%) -
carbon (11%)
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3. TENSILE BEHAVIOUR OF HYBRID FRP COMPOSITES

3.1. Introduction

Unidirectional (UD) FRP composites are brittle materials, exhibiting linear elastic behaviour
up to failure. Therefore, structures made of these materials, although apparently without any
problem, may fail abruptly [1]. This characteristic does not allow to take full advantage of FRP
properties, namely the high tensile strength due to conservative design limits [2]. For this
reason, to obtain composites with progressive failure behaviour ensuring safe, strain hardening,
and meaningful ultimate tensile strain are seen as priority goal by different industries [2],
including civil engineering.

Hybridisation, i.e., the incorporation of two or more types of fibres within the same polymeric
matrix [3], is an established approach to deal with the above mentioned problem, since this
strategy promotes synergies between the adopted reinforcing materials, lessening their intrinsic
disadvantages [4]. For instance, when submitted to uniaxial tension, Low Strain (LS) fibres fail
earlier than High Strain (HS) fibres and this fracture behaviour can be used as a warning sign
before the ultimate failure of the hybrid FRP composite [1, 4]. Furthermore, it has been
observed that hybridisation increases the apparent strain at LS fibres failure [5]. This
phenomenon has been described as “hybrid effect” [6]. In the case of carbon/glass hybrid
composites, the values for this effect are typically in the range of 10% to 50% [4]. Nowadays,
however, there is some controversy about the hybrid effect definition because, in traditional
uniaxial tensile testing configuration, stress concentration at the grips may cause premature
composite failure, leading to an underestimation of the strain at the failure of the baseline LS
material [7]. For this reason, these results should be critically interpreted.

Nevertheless, the most relevant advantage of hybrid composites is their gradual, and thus non-
catastrophic, failure mode that has been registered in UD layer-by-layer configurations [2, 8],
when both the configuration and materials combination are appropriately selected. This is due
to the load transfer between LS and HS layers, fragmentation (a damage process where multiple
fractures take place) of the formers, followed by the stable delamination of the LS layers from
the HS layers, close to the LS layer fractures, ending with the failure of the latter [1]. This
behaviour is known as pseudo-ductile [1, 4]. It should be stressed that the term ‘pseudo-
ductility’ is used because it is possible to achieve a flat-topped stress-strain curve of monotonic
tensile tests up to the failure of some unidirectional hybrid FRP composites but the tensile curve
is not repeatable on subsequent unloadings/reloadings.

The topic of hybrid composites has become a highly active research area in the 1970’s and
1980°s [3, 5, 9-16]. Over the time, several literature reviews on this subject were published [3,
4, 16]. The study of hybrid composites was essentially motivated in the scope of the aerospace
and automotive industries [3, 4, 17]. It has been demonstrated that hybrid composites have
greater advantages over traditional composites. The vast majority of the works published
generally reported mechanical tension test results of hybrid composites indicating: (i) a linear
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increase of elastic modulus in respect to HS material (generally glass fibres) with the addition
of LS material (in most part of cases, carbon fibres) [3], (i1) a load drop at the LS material
fracture (in non-catastrophic cases), and (ii1) a significant hybrid effect [2].

Swolfs et al. [18] explained that, in non-hybrid UD composites, when a fibre fails, it locally
loses its load transfer capability. The surrounding matrix is loaded in shear and transfers the
load carried out by the broken fibre to the surrounding ones, increasing their probability of
break. When enough neighbouring fibres are broken, a critical cluster size is reached and
catastrophic failure occurs. The restriction caused by HS fibres adjacent to a LS fibre broken,
has been reported as the main factor contributing for the hybrid effect, since HS fibres inhibit
the formation of critical clusters [4, 7]. However, other reasons for the hybrid effect have been
pointed out, namely: (i) thermal residual stresses, i.e., residual shrinkage stresses due to
differences in the thermal contraction of the two fibre types, and (ii) the modification, relatively
to non-hybrid composites, of the temporary dynamic stress concentrations, due to stress wave
travelling along each fibre when it fails [4]. The latter has received no attention at all in the past
two decades and remains poorly investigated today [4].

Recently, Swolfs and his co-authors have carried out extensive work aiming at understanding
the hybrid effect [18-25]. In [21], the effect of fibres dispersion on the initial strain at the failure
and cluster development in UD carbon/glass hybrid composites was numerically studied. It was
concluded that the strain at the failure of carbon fibre composites can be dramatically increased
with a large fraction of well-dispersed glass fibres. However, random dispersion configurations
are not the best option to achieve maximum hybrid effect. Layer-by-layer hybrids are more
efficient in delaying the failure development. Furthermore, it was indicated that the hybrid
effect gradually increases with the increase in volume fraction of HS fibres. In [24] and [25], it
was demonstrated that the higher the scatter of LS fibres strength, the higher the hybrid effect.

Simultaneously, an exhaustive work to achieve pseudo-ductile tensile response with UD hybrid
composites has been carried out at both the University of Bristol and the Budapest University
of Technology and Economics [1, 7, 8, 26-29]. It has been demonstrated that for achieving
pseudo-ductility in hybrid composites two damage mechanisms should take place
simultaneously, namely: (i) the fragmentation of the LS material and (ii) the stable delamination
of the LS material from the HS material layers close to the LS fractures. In carbon/glass hybrid
composites made with prepreg plies, it was shown that, if the carbon layer is thin enough,
catastrophic delamination propagation around the first carbon fracture is suppressed and,
therefore, further fractures in the carbon layer may occur, introducing pseudo-ductility into the
stress—strain curve [1, 27]. According to Jalalvand et al. [8], the fragmentation in the low strain
material becomes saturated and stops when there is no longer any part of the low strain material
with constant stress. The different failure mechanisms in carbon/glass hybrid composites were
found to be dependent on the ratio of carbon to glass thickness and also the absolute thickness
of the carbon [26]. As explained in detail by Jalalvand et al. [27], the control of the two
mentioned factors can lead to four possible tensile damage modes of UD hybrid composites, as
described in Section 3.2.5.3.
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An important milestone achieved by Jalalvand et al. [8] was the development of an analytical
model to predict all possible damage modes of thin-layer UD hybrids. Predictions of this model
proved to be in good agreement with nonlinear tensile response of different UD layer-by-layer
hybrid configurations. Damage mode maps were generated to study the effects of absolute and
relative thicknesses of the carbon layers; these maps have proven to be a very efficient design
tool for hybrid composites [27, 28].

In civil engineering context there are already several examples of applying the hybrid composite
concept, mainly in the research and development of three main systems: (i) reinforcing bars for
reinforced concrete (RC) structures [30-37]; (ii) externally bonded strengthening for RC
structures [17, 38-52], and (iii) pultruded profiles for new structures [53-55]. In a general way,
experimental results have shown that a significant ductile response, similar or even better, than
that of a steel-reinforced concrete member can be achieved with hybrid composites [31, 36]. In
addition to gradual failure mode, hybrid composites have the benefit of eliminating the
corrosion problems of steel materials [35, 37].

Cui and Tao [35] and Cheung and Tsang [36] conducted works on the development of hybrid
composite reinforcing bars. In the design of these solutions four different reinforcing materials,
namely carbon, aramid, glass, and steel, were simultaneously used. The resulting hybrid bars
demonstrated pseudo-ductile behaviour, with a tensile strength of 644 MPa, a modulus of 140
GPa and an ultimate strain of circa 3%. A series of concrete beams reinforced with the proposed
solution were tested and it was demonstrated that the beams had the ability to undergo large
inelastic deformations. Pseudo-ductility was found to be similar to that of conventional steel-
reinforced beams.

Grace et al. [38] develop a UD fabric composed of two types of carbon fibres and one type of
glass fibres. In this case, the pseudo-ductility of the composite was achieved through the
combination of the different ultimate strain of each of the adopted types of fibres. In [39], the
same authors further developed the initial concept by introducing fibres in the diagonal
direction, thus enabling the use of the hybrid fabric for simultaneous flexural and shear
strengthening of concrete beams. The last work resulted in one US patent [56].

Wu et al. [17] developed hybrid composites made of high-strength and high-modulus carbon
sheets. The resulting solution was applied in the upgrading of pre-cracked RC beams. It was
concluded that the hybrid composites allowed achieving the desired flexural stiffness,
‘yielding’ strength, and pseudo-ductility.

Several of these attempts (in the field of civil engineering) have been developed/applied without
a complete understanding about the behaviour of hybrid composites at material level. In most
works, the concept of pseudo-ductility was defined as the successive fractures of different (more
than two) reinforcing materials and not as a result of the previously described phenomena of
fragmentation and controlled delamination of LS fibres. Moreover, with some exceptions [17,
44, 48, 57, 58], the hybrid effect has been ignored in this set of works and the factors that
controlled the damage mode of the hybrid composites have not been clearly explained.
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Nowadays, it is very common to apply composites made in-situ through the hand lay-up
method, i.e., forming the composite on the surface of the structural member to be strengthened,
using flexible dry fibre fabrics or sheets and liquid adhesives. This has proved to be a cost
effective method and, in addition, the composite can adopt versatile shapes and sizes using
simple tools. Despite its advantages, the hand lay-up method is dependent on the skill of the
worker, and thus quality control plays a major role to ensure that defects and voids are avoided.
According to the best practices suggested in the guidelines, e.g. [59], hand lay-up system shall
be referred to the area of dry fibres only because, in this case, the final thickness of the
composite cannot be deterministically estimated [59].

Due to the above reasons, it is important to study the performance of hybrid composites
produced through the hand lay-up method for civil engineering applications. In the context of
analytical modelling, Jalalvand et al. [8] have proposed a model to predict with proper accuracy
the tensile response of hybrid composites made of prepreg systems, cured at controlled
conditions of pressure and temperature. In retrofitting and strengthening, resins are usually
impregnated by hand into dry fabrics with curing times being governed by the environmental
conditions. In fact, this is one of the most widely used processes for manufacturing FRP
composites for structural engineering [60]. In this way, the availability of an analytical model
to predict the tensile behaviour of hybrid composites, produced by hand lay-up method, is seen
as a very important tool for the design of UD hybrid composites in civil engineering context.

The aim of this chapter is to investigate the tensile stress—strain responses of 16 different UD
interlayer (layer-by-layer) hybrid composite combinations, made through the hand lay-up
method, of different commercially available raw materials (fibres’ packages + resin). Four dry
UD fabric materials were used combined with epoxy resin, namely (i) high-modulus carbon,
(i1) standard-modulus carbon (also known as ‘high-strength carbon’), (iii) E-glass and (iv)
basalt, in order to evaluate the hybrid effect and to achieve pseudo-ductility, fully exploiting
the benefits of hybridisation. The hybrid effects and the information of the fibres used in other
authors’ works, published between 1974 and 2016, were collected with the objective of carrying
out a statistical analysis. In this way, the data collection of Manders and Bader [13] and Swolfs
et al. [4] was updated in this chapter. The analysis of the obtained experimental results was
complemented with analytical modelling based on the approach developed by Jalalvand et al.
[8] for hybrid composites.

3.2. Experimental program

3.2.1. Objectives

The main objective of the present chapter is to contribute to the knowledge on the performance
of UD hybrid composites produced by the hand lay-up method. The following specific goals
are envisaged:
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i.  To determine the influence of LS fibres relative volume (vol%) on the hybrid effect of
different layer-by-layer hybrid composite combinations made through hand lay-up
method;

il.  To understand which non-hybrid properties of the constituent materials influence most
the hybrid effect, identifying the correlation between intrinsic mechanical properties of
fibres and the obtained response (in the present chapter, according to general practice
[4], failure strains of non-hybrid composite, obtained in tensile tests, were used as the
baseline tensile failure strain to compute the hybrid effect);

iii.  To evaluate the accuracy of the rule of mixtures (ROM) and of the bilinear ROM to
predict respectively the elastic modulus and the tensile strength of the hybrid
composites;

iv.  To characterize the hybrid pseudo-ductile tensile behaviour;

v. To extend the analytical approach developed by Jalalvand et al. [8] to the present
experimental program.

3.2.2. Materials

In the present chapter, commercial dry UD fabrics with similar areal mass of 400 g/m? were
used. The materials used for the experiments were the UD HM carbon (S&P C-Sheet 640) [61],
ST carbon (S&P C-Sheet 240) [62], E-glass (S&P G-sheet E 90/10) [63], and basalt (Dalla
Betta Group U400B-40-50-03) [64] fabrics.

In Table 3.1 the density, areal mass, fibre layer thickness (areal mass density divided by the
volumetric mass density) and the basic tensile properties of the mentioned materials are
presented. The tensile properties of the fibres were determined according to ASTM D3379-75
[65]. For each dry fabric, a large number of single fibres (see the details in Table 3.1) were
randomly taken from the dry fabrics and tested in tension. The tests were carried out in a
Hounsfield HI00KS universal testing machine with a maximum load cell capacity of 2.5 N
(with an accuracy of = 0.2% of applied force across load cell force range). Fibres were
individually assembled in the tensile jig by means of a work template with a fixed gauge length
of 20 mm. Fibre ends were glued to the work template by an ethyl cyanoacrylate-based
adhesive. Then the tab ends were gripped in the jaws of the machine. The work template was
cut across, so that just the fibre was fixed as a continuous length within the jig, before starting
the tensile tests. The measurements were performed at a rate of 1.5 mm/min, until breakage
occurred. For each fibre, records of applied load against extension were taken, and using an
average mean diameter, determined through the analysis of microscopy images of fibres
obtained with Scanning Electronic Microscopy (SEM), the data were converted to stress against
strain.

An epoxy-based material (S&P Resin Epoxy 55) was used as matrix for laminating the studied
composites, as recommend by the supplier of three dry fabrics (high-modulus carbon, standard-
modulus carbon and E-glass). Relatively to basalt fabric, the same resin was used since the
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corresponding supplier does not provide a package of fibres and resin. According to the
supplier, this epoxy has the following main properties [66]: (i) a tensile strength of 35.8 MPa;
(11) a strain at the failure of 2.3%; and, (iii) an elastic modulus of 2.6 GPa.

Each reinforcing material was labelled according to the information included in Table 3.1. In
the present chapter, in case of composite materials, numbers placed after letters are used for
indicating number of layers. The order that letters appear indicate the stacking sequence of the
reinforcing materials.

3.2.3. Specimen manufacturing and test setup

The hybrid composite laminates were manufactured by hand lay-up method, following the best
practices suggested in the guidelines [59]. Prior to the manufacturing, dry fabrics were cut into
250 mm x 80 mm pieces. A Teflon film was used to avoid the adhesion of the produced
composite laminate to the rigid base. The following protocol was used to obtain the laminates:
(1) application of a layer of epoxy over the Teflon film with a brush; (ii) saturation of the fabric
layer with epoxy resin; (iii) placement of the fabric over last layer, adjusting it manually; (iv)
pressure application by means of a ribbed rigid roller, in order to expel both the epoxy resin
excess and air in the composite, and also stretching the latter; and (iv) repetition of steps ii to
iv for subsequent layers. The top of the laminate was left rough, simulating real applications.
All the samples were then cured at room temperature (20 £+ 0.5°C) for 40 days.

The four specimens of each series were obtained from the laminates produced according to the
protocol previously described, using a diamond tipped wheel cutter. Tensile tests were
performed according to ISO 527-5:2009 standard [67]. Specimen dimensions were
250/150/15/[0.7-3.5]/[0.5-1.0] mm overall length/free length/width/total thickness/fibre layer
thickness, respectively.

Aluminium tabs of 50 x 15 mm? were used at each end of the specimen to try to minimise
gripping effects. A clip gauge with a gauge length of 100 mm (with a linear error, including
hysteresis of 0.25%) was used.

Tensile tests were carried out at room temperature on a universal testing machine (UTM)
equipped with a 200 kN load cell (with a linear error less than 0.05% of full scale) and hydraulic
grips, as shown in Figure 3.1. The specimens were held between grips of the UTM and
extended (at a rate of 1 mm/min) up to failure.

3.2.4. Material combinations

In the present chapter, it was decided to perform single-factor experiments with several levels
of LS fibres vol%. Symmetric specimens were adopted to test the hybrid combinations, in order
to minimize load eccentricity and differential thermal contraction during the cure of the epoxy
resin, ultimately leading to bending-stretching coupling, and thus causing undesirable warping
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[3]. Furthermore, in a way to try to restrict the stress concentrations at the grips, LS layers were
whenever possible sandwiched between HS layers, according to Wisnom et al. [ 7] conclusions.

All possible hybrid composite combinations until 5 layers were studied. In total, 16 series were
considered: 10 combinations with 3 reinforcing material layers, and 6 combinations with 5
reinforcing material layers. Since each series was composed of 4 specimens, a total of 64 tests
were performed. The combinations of 3 symmetrical layers allowed to analyse the following
approximate levels of LS fibres vol%: 0%, 33%, 66% and 100%. In addition, combinations
with 5 layers allowed to analyse the following approximate levels of LS fibres vol%: 20%, 40%
and 60%. It should be noted that specimens with 5 layers were only tested on 2 hybrid
combinations: HM carbon/glass and ST carbon/glass. As previously mentioned, the UD fabrics
had slightly different nominal thicknesses and, for this reason, the relative volume of LS fibres
(Vol% LS) was computed in the next sections, according to Equation (3.1):

Vol% LS = —~—x 100 3.1)

Ltty
where 71 is the half thickness of the LS layers and 4 is the half thickness of the HS layers.

In Table 3.2 the layer ratio and the stacking sequence of the studied hybrid composite
combinations are summarized. In addition to hybrid series, 8 series of non-hybrid composites
were produced: half with a single layer of reinforcing material and other half with 3 layers of
reinforcing material. Each series was composed of 4 specimens, totalling 32 specimens tested.

In the present chapter, the exact volume of resin was not directly controlled during the
application and cross-sectional area of the composite was computed considering only the
thickness of the dry fabrics, according to the recommendation suggested in the guideline [59].
In this way, mechanical proprieties of impregnated composite (elastic modulus and tensile
stress) were computed considering the wet lay-up system similar to an equivalent system of
only dry fabrics. However, in order to present an idea of geometric properties, all the composites
were measured with a digital calliper (see Figure 3.1).
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Table 3.1 — Properties of the dry fabrics and tensile properties of fibres.

Material ID Properties of the dry fabric, as reporter by the Properties of the fibres (tested according to ASTM D3379)
manufacturer
Density Areal mass Fibre layer N. of Fibre diameter  Elastic modulus Tensile strength  Strain at the failure
thickness samples
[g/m’] [g/m?] [um] (CoV [GPa] (CoV [%])  [MPa] (CoV [%]) [76] (CoV [%e])
[mm/layer] [%e])
Basalt (B) 2.67 420 0.157 50 18.14 (3.56) 61.41 (31.14) 1886.70 (40.79) 3.10 (27.73)
E-glass (G) 2.60 400 0.154 50 14.98 (16.25) 76.92 (27.97) 2662.06 (33.88) 3.72 (20.45)
ST carbon (C) 1.79 400 0.223 36 7.88 (5.15) 213.95 (43.36) 3920.67 (39.37) 1.38 (17.37)
HM carbon (CHM) 2.10 400 0.190 26 11.03 (6.66) 558.07 (24.67) 2934.24 (19.16) 0.53 (18.99)
Table 3.2 — Layer ratio and stacking sequence of the tested hybrid composites.
Designation Layer ratio (LS/HS fibres) [%] Stacking sequence
1LS/THS/1LS 66/33 OomQO
1HS/3LS/1HS 60/40 EOOOE
1HS/1LS/1HS/1LS/1HS 40/60 EOECOE
IHS/1LS/1HS 33/66 [ m] |
2HS/1LS/2HS 20/80 EECEE

Notes: Il - HS fibres layer; [J- s fibres layer.

¢ dey)



TENSILE BEHAVIOUR OF HYBRID FRP COMPOSITES

— \
0

composife” §

!

Ll
[d
(4
o
,

1
Gauge length
Tabs
150

o
n

{
|

Figure 3.1 — Tensile test: (a) illustration of the test and (b) geometry of specimen
(dimensions in mm).

3.2.5. Analytical models for hybrid composites

3.2.5.1. Elastic modulus

The longitudinal elastic modulus of the hybrid composites has been shown to follow the linear
rule of mixtures (ROM) [4]. According to this model, the elastic modulus of the hybrid
composite, Enybrid, can be predicted as the sum of the contributions of the three constituents,
given by equation (3.2):

Enybria = Vi EL + VyEy + VyEy (3.2)

where Vi, Vu, Vm, EL, Eu, and Em are the volumetric fraction and elastic modulus of the LS
fibres, HS fibres and matrix, respectively.

Phillips [14] and Kretsis [16] pointed that some deviations in the predictions of elastic modulus
of hybrid composites by using ROM can only be explained by an incorrect use of this rule,
namely due to an incorrect input of the volume fraction of reinforcing materials.

In the present chapter, the linear ROM was used to predict the elastic modulus of hybrid
composites in order to check the volume and alignment of the reinforcing materials. To achieve
this, the mechanical properties experimentally characterized of non-hybrid composites were
used as input variables. The exact volume of resin was not directly controlled during the
application and cross-sectional area of the composite was computed considering only the
thickness of the dry fabrics, according to the usual practice of the hand lay-up method [59]. In
this way, Er. and £y were considered the elastic modulus of LS and HS one layer composites,
respectively. Therefore, the contribution of Vy,Ej,was contemplated in ViEL and VuEwn terms,
leading to VL. + Vu=1 and V, E\y = 0.
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3.2.5.2. Tensile strength

The tensile strength of the hybrid composites does not follow linear ROM, e.g. [4, 13, 16, 68,
69] because if the volume fraction of HS fibres is appropriate when LS fibres fail, the load can
be transferred to HS fibres until their final failure. Otherwise, the composite would fail
prematurely. For this reason, some authors [13, 16, 70] have proposed a bilinear ROM (see Eq.
(3.3)) to predict the tensile strength of hybrid composites, aaypria.

ViSL + VyEger; Vg < Vipir

nybrid = { VuSw; Vg > Verie (33)

where St and Sy are the reference strengths of the LS and HS one layer composites and ¢r is the
strain at the failure of the non-hybrid LS composite.

Based on this model, if V' is lower than the critical value, Verit, the hybrid composite would fail
prematurely. On the contrary, if Vp is higher than Ve, hybrid composites would keep their
integrity up to the failure of HS fibres.

In the present chapter, the bilinear ROM model was used to evaluate the magnitude of
predictions' errors. Vet was calculated by equating the two branches of equation (3.3), taking
into account that Vi + Vu =1, i.e., VL is equal to 1-Vu:

St
Sp+Sy—EneEL

(3.4)

Verie =

3.2.5.3. Stress-strain curve

In an UD hybrid composite under uniaxial tension loading conditions, the first damage mode is
always the failure of the LS fibres; however, the other following damage modes depend on the
properties and configuration of reinforcing materials of the composite [27]. The analytical
approach proposed by Jalalvand et al. [8] considers that four different damage modes may occur
after the LS fibres failure: (i) premature HS failure, (ii) unstable delamination, (iii) LS layer
fragmentation and (iv) LS fragmentation and stable delamination. For each hybrid
configuration, three stress levels could be computed [8]: (i) the stress at which the first crack in
the LS material occurs, o(@LF, (ii) the stress level at which delamination development occurs,
o@del, and (iii) the stress when the high strain material fails, c@HF, in accordance with the
equations (3.5) to (3.7), respectively.

af+1

0@LF = 5,0 (3.5)
_ L 1+af 2GricEl

O e s
1 Sy

COHE = G.7)

where a and £ are the modulus and thickness ratios of the LS to HS fibres, Gic is the mode II
interlaminar fracture toughness of the interface between LS layers and HS layers of the hybrid
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composite, my i1s the Weibull strength distribution modulus of the HS fibres, K; is the stress
concentration factor in the high strain material and ¥ is the volume of the specimen (free length
x width x total fibre layer thickness).

Knowing the magnitude of all three possible stresses allows assessing their order of occurrence
and, consecutively, the identification of the damage modes, according to Table 3.4. The details
of the analytical approach are fully discussed in [8].

After the determination of the damage modes, it is possible to plot the stress—strain curve using
the characteristic points given in Table 3.5. In the latter, Es is the saturated modulus of the
composite (according to equation (3.8)), en is the strain at the failure of the HS fibres and e@n-
ps 1s the strain in the composite at the post-saturation phase when the high strain material fails
(according equation (3.9)).

_ aff+1
Esae = Ey (ﬁ+1)(1+%aﬁ) (3.8)
ey 7 5.8
€oH-PS = T " g, (3.9)

18 Ey

Since the model by Jalalvand ef al. [8] does not consider the hybrid effect, the strain at the
failure of LS materials in hybrid combination was assumed to be equal to the obtained
experimental values (according to the method developed by the author), and St was computed
according to Hooke's law. In the present chapter, the definitions of ‘yield’ stress and pseudo-
ductile strain suggested by Jalalvand et al. [27] were considered: the ‘yield’ stress is the stress
at the point that response deviates from the initial linear elastic line, i.e., equal to c@LF and
the pseudo-ductile strain is defined as the extra strain between the final failure strain and the
strain on the extrapolated initial slope line at the failure stress of the stress-strain diagram (see
Figure 3.2).
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Table 3.3 — Geometric properties of specimens.

Material combination Series ID Total thickness [mm] Fibre layer thickness HS layer thickness [mm] LS layer thickness [mm] Fibre volume fraction
(CoV [%]) [mm] [%]
Non-hybrid 1B 1.01 (18.43) 0.157 - - 15.57
3B 1.90 (11.89) 0.471 - - 24.80
1G 0.66 (12.74) 0.154 -- -- 23.27
3G 1.87 (3.42) 0.462 -- -- 24.67
1C 1.22 (11.30) 0.223 -- -- 18.27
3C 2.46 (0.85) 0.669 - - 27.16
1CHM 1.31(7.93) 0.190 - - 14.49
3CHM 2.95(9.82) 0.570 - - 19.34
C/B 1C/1B/1C 2.62(4.82) 0.603 0.157 0.446 23.01
1B/1C/1B 2.07 (6.02) 0.537 0.314 0.223 25.92
CHM/B 1CHM/1B/1CHM 2.37(7.99) 0.537 0.157 0.380 22.71
1B/1CHM/1B 2.28(7.96) 0.504 0.314 0.190 22.09
CHM/C 1CHM/1C/1CHM 2.56 (5.55) 0.603 0.223 0.380 23.55
1C/1ICHM/1C 2.55(4.36) 0.636 0.446 0.190 24.98
C/G 1C/1G/1C 2.85(7.61) 0.600 0.154 0.446 21.04
1G/3C/1G 3.24(6.27) 0.977 0.308 0.669 30.19
1G/1C/1G/1C/1G 3.05(3.52) 0.908 0.462 0.446 29.73
1G/1C/1G 2.05(4.74) 0.531 0.308 0.223 25.87
2G/1C2G 2.91(3.47) 0.839 0.616 0.223 28.88
CHM/G 1CHM/1G/1CHM 2.66 (5.94) 0.534 0.154 0.380 20.11
1G/3CHM/1G 3.48 (3.69) 0.878 0.308 0.570 25.25
1G/1CHM/1G/1CHM/1G 3.36(2.59) 0.842 0.462 0.380 25.10
1G/1CHM/1G 2.13(3.29) 0.498 0.308 0.190 23.40
2G/1CHM/2G 3.02 (4.00) 0.806 0.616 0.190 26.65
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Table 3.4 — Summary of different damage modes in function of stress level (adapted from

[27]).

Damage mode Stress level
Premature failure oc@HF < 0c@LF < o@del
0@HF < c@del < c@LF
Catastrophic delamination oc@del < c@HF < c@LF
oc@del < c@LF < c@HF
Fragmentation 0@LF < c@HF < o@del
Fragmentation & dispersed delamination o@LF < o@del < c@HF

Table 3.5 — Characteristic points of different damage processes on stress—strain graph
(adapted from [8]).

Damage mode Point 1 Point 2 Point 3 Point 4 Point 5
Premature failure (0,0) (e, 0@LF) -- -- --
i o@del(1 +
Catast'rophlc (0,0) (g1, @LF) (g1, o@del) ( 1+p) , J@del) iH G@HF
delamination Ep K, AV
Fragmentation (0,0) (g1, c@LF) (U@LF ' O‘@LF) (€y—ps, C@HF) --
Esat
i oc@LF @del(1 +
. Fragmentatlog &. 0,0) (e, 0@LF) ( ' O‘@LF) (U el(1+p) , a@del) &y C@HF
dispersed delamination Esat Ey K, "Iy

1500

1250

750 o@LF "

Stress [MPa]
)
1S
9

500

250

0.00 0.50 1.00 1.50 2.00
Strain [%]

Figure 3.2 — Illustration of nonlinear pseudo-ductile behaviour and definition of ‘yield’
stress and pseudo-ductile strain (adapted from [2]).

3.3. Results and discussion

3.3.1. Tensile properties of non-hybrid composites

In Figure 3.3, the dispersion of the obtained results and their mean values are plotted. It can be
concluded that, in all cases, the change from 1 to 3 layers of reinforcing material promotes a
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reduction of the magnitude of the elastic modulus, tensile strength, and tensile strain at failure.
The mean values of the tensile properties and their coefficient of variation (CoV) are presented
in Table 3.6, for each series. For each reinforcing material, the ¢ statistical test (¢-test) was used
to assess whether the mean values of two groups of tensile properties are statistically different
from each other, with a significant level of 5%. The mean values that were significantly
different are underlined in Table 3.6. The highest decreases were founded in glass and HM
carbon composites: tensile strength and strain at the failure decreases 416.4 MPa (24.9%) and
675.5 MPa (38.6%) and 0.31% (13.4%) and 0.09% (33.3%), respectively. These decreases can
be explained by two factors: (i) for one hand, it is well known that there is a size effect in tensile
properties of reinforcing fibre due to the higher probability of finding a cluster of weaker fibre
in a larger volume of material [7]; (ii) for other hand, in tensile tests, stress concentrations can
be more predominate where the load is introduced. As expected, in the elastic modulus non-
significant variations were registered in all cases.

In Table 3.6 it is even possible to observe that tensile strength, and consequently the elastic
modulus, of cured composites are higher than the obtained values for single fibres. This is due
to the fact that, in case of composites, the tensile properties were evaluated considering only
the dry fabric thickness which conducted to overestimation of these properties. On the other
hand, the strain at failure of composites is lower than the one obtained for single fibres. This
was expected because in UD composites fibres break as soon as the weakest link is overloaded.
Broken fibre sheds load to the nearby fibres, subjecting them to stress concentrations. Stress
concentrations increase the failure probability of the nearby fibres that will lead to the
development of fibre break clusters and cause final composite failure [71]. Furthermore, in glass
and basalt series the mechanical properties of epoxy could be predominant in the composite
failure because the strain of the resin at failure is lower than the strain of fibres at failure.

In Table 3.6 the obtained failures modes of all specimens are also identified. Each failure mode
was labelled according to the information included in ASTM D 3039/D 3039M standard [72].
Numbers placed after letters are used for indicating the number of specimens in which the same
failure mode was obtained. As referred before, stress concentrations may be responsible for the
variability observed in failure modes and lowering both the average strength and strain.
Furthermore, layer overlap, in case of specimens with 3 layers, can lead to the occurrence of
more emphasized size effects and different failure modes, such as delamination, that would
cause more scatter. Therefore, an accurate way of measuring the strain at failure of non-hybrid
composites should be further investigated. For this reason, a hypothetic increase on baseline
strain of LS material would lead to a decrease on the values of hybrid effects obtained in the
present chapter. Nevertheless, from Table 3.6 it is possible to observe that, for series 1C and
1CHM, 3 out of the 4 tested specimens have failed at gage length.
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Figure 3.3 — Scatter diagrams and mean values of the non-hybrid composites tensile
properties: (a) elastic modulus; (b) tensile strength and (c) strain at the failure.
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Table 3.6 — Tensile properties obtained with non-hybrid composites.

Series ID Elastic modulus Tensile Strain at the Failure modes, according to
[GPa] (CoV [%]) strength failure [%] ASTM D3039 [72]
[MPa] (CoV (CoV [%])
[%])

1B 102.5 (15.46) 22442 (20.17) 2.46 (10.61) LIT(1) OGM(3)

3B 92.6 (13.55) 1974.6 (15.76) 2.40 (8.26) OGM(4)

1G 81.6 (7.39) 1671.2 (8.59) 2.31(3.78) LGM(2)

3G 80.6 (10.10) 1254.8 (15.05) 2.00 (13.95) LAT(1) LGM(2) AGM(1)

1C 231.3 (12.50) 2565.9 (10.18) 1.09 (8.81) OGM(1) LGM(3)

3C 227.6 (5.80) 2363.2 (7.44) 1.02 (6.02) LAB(1) LGM(1) LIT(1) LAT(1)
1CHM 624.1 (11.13) 1749.4 (24.39) 0.27 (19.61) LGM(3) SGM(1)
3CHM 588.2 (3.97) 1073.9 (18.27) 0.18 (15.84) LAB(3) LIT(1)

Note: the pair mean values underlined are significantly different from each other (according to t-test); L — lateral;
S — longitudinal splitting; O — other; I — inside grip; G — gage; A — at grip; T — top; M — middle; B — bottom;
numbers placed after letters are used for indicating the number of specimens in which the same failure mode was
obtained.

3.3.2. Tensile tests of hybrid composites

3.3.2.1. Elastic modulus and tensile strength

A summary of the tensile properties obtained for the hybrid composites is presented in Table
3.7. Volumes of reinforcing materials were computed as a function of their density and areal
mass. The tensile strength was defined as the maximum value observed in the stress—strain
curve. The results of 1 layer non-hybrid composites were used to serve as reference in the
comparisons with the analytical predictions.

Figure 3.4 shows the evolution of the elastic modulus with the LS fibre vol% of the tested
specimens, as well as the mean and their 95% Fisher level of confidence intervals overlapped
with ROM curves. As previously mentioned, the elastic modulus increases linearly with the
increase of LS fibres vol%. As expected, the largest elastic modulus increases were found in
the combinations of reinforcing materials in which this property differed the most: HM
carbon/glass (Figure 3.4 (a)) and HM carbon/basalt (Figure 3.4 (c)). Relatively to the ST
carbon/glass (Figure 3.4 (b)), ST carbon/basalt (Figure 3.4 (d)), and HM carbon/ST carbon
(Figure 3.4 (e)) combinations, the elastic modulus increases were softer.

Relatively to ROM, predictions showed a good agreement with the experimental results. The
obtained relative errors varied between -14.5% and 9.6%. This magnitude of the error values is
acceptable and it is in agreement with the bibliography [16]. For this reason, it is believed that
in the present case there was not a significant deviation in fibres alignment. Therefore, it can be
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stated that ROM is a model that can be used as a quality control tool for hand lay-up hybrid
composites, since it allows checking the volume and the alignment of the reinforcing materials
used in this type of composites.

Figure 3.5 presents the experimental results for the case of the tensile strength. As in the
previous case, the scatter diagrams of tensile strength results, their mean results, and their 95%
Fisher level of confidence intervals were overlapped with bilinear ROM curves. In general, it
is possible to distinguish between two types of behaviour: (i) in the combinations that included
HM carbon fibres, a small tensile strength variation with increasing LS fibres vol% was
registered, and (ii) in the combinations that included ST carbon fibres, a clear tensile strength
increase with the increase in LS fibres vol% was observed. This is understandable, since HM
carbon exhibits a low tensile strength and, therefore, it is not expectable to observe
improvements in the tensile strength by increasing the volume of this material. An opposite
behaviour is observed when ST carbon is used.

In the case of bilinear ROM predictions, deviations from the experimental results were also
found, varying between -15.7% and 16.9%. In this way, the relative errors were higher than
those obtained with ROM. These results were expected, since, as previously explained, the
bilinear ROM does not consider delamination and hybrid effect phenomena [8, 69]. In
Figure 3.5 it is also possible to observe that there were 5 combinations located in the multiple
facture zone: 2G/1CHM/2G, 1G/1CHM/1G, 1G/1CHM/1G/1CHM/1G, 1B/1ICHM/IB and
1C/1CHM/IC. All these combinations had in common the use of the HM carbon fibres as LS
fibres. In these cases, catastrophic failures were avoided. In the remaining cases, a catastrophic
failure of the HS fibres occurred at the moment of LS fibres failure. In this way, the bilinear
ROM was capable of predicting satisfactorily the occurrence of multiple fractures. This topic
is further discussed in Section 3.3.2.3.

3.3.2.2. Hybrid effect

The hybrid effect was computed relatively to 1 layer non-hybrid composite results, according
to the Equation (3.10):

Hybrid ef fect === x 100 (3.10)
L
where Ag; is absolute variation of the strain at the failure of LS material obtained in hybrid and
non-hybrid composites.

As previously mentioned, volumes of reinforcing materials were adjusted in accordance with
their density and areal mass. Figure 3.6 shows the scatter diagrams of the obtained hybrid
effects, their mean results and their 95% Fisher level of confidence intervals.
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Figure 3.4 — FElastic modulus as function of the LS fibres vol% of the: HM carbon/glass; (b)
ST carbon/glass; (¢) HM carbon/basalt; (d) ST carbon/basalt and (¢) HM carbon/ST carbon.

76



TENSILE BEHAVIOUR OF HYBRID FRP COMPOSITES

20

° _- -
L3
i g =l ° 1
- - g L] 1
— — —Bilinear ROM
® C/Gresults 1
® C/G mean values
40 60 80 100
Vol% LS
(b)
/.’ -7 -
— — - Bilinear ROM
® C/Bresults 1
® G/B mean values

2800 . T T T 2800
2400 1 24007
nz“f 2000 1 0;3 2000 -
< K -7 £ &
51600~ =77 Beoof~
o S~o J 2l o
@ 1200 1 ;\\ l /T } 1 @1200¢
3 ° !\ -7 s E’
& 800 | 1 & 800f
= Muttiple fracture zone  ———p—— =
400 ® CHM/G results T 400
= CHM/G mean values
0 ) . L . 0
0 20 40 60 80 100 0
Vol% LS
(@)
2800 T 2800
2400 1 24001
[— N - 'E' ~
nE“f 2000F s, 1 20007
= ~ | =
51600 Sl e =771 Beoor
9 \E\ _ _- 9
® 1200 f SN. -7 f {1 ® 1200}
o gl 2
3 | . 2
(@ 800" Multiple fracture zone 1 @ 80f
— — —Bilinear ROM
400 ® CHM/B results 1 400
=  CHM/B mean values
0 ) . . L 0
0 20 40 60 80 100 0
Vol% LS
(©)
2800 T
2400 f "~ T
& 2000 e 1
=4 %
£ > -]
516007 . T 1
o N o
B 1200 T 1
fz Multiple fracture zone
|q_; 800 1
— ——Bilinear ROM
400 ® CHM/C results
®  CHM/C mean values
0 . . . .
0 20 40 60 80 100
Vol% LS

(e)

20

40 60 80 100

Vol% LS
(d)

Figure 3.5 — Tensile strength as function of the LS fibres vol% of the: (a) HM carbon/glass;
(b) ST carbon/glass; (¢) HM carbon/basalt; (d) ST carbon/basalt and (¢) HM carbon/ST

carbon composites.
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As expected, it was possible to observe that the reduction of the LS fibres vol% leads to a clear
increase of the hybrid effect. In general, the hybrid effect varied between -14.1% and 44.5%.
However, the hybrid effect increase was not linear. In all cases, it was possible to observe that
above 60% of relative volume of LS fibres the hybrid effect was close to zero or even negative.
As presented above, in non-hybrid composites the use of more layers of the same material
caused the reduction of all the analysed tensile properties. The hybrid effect was negative in
cases where 2 or 3 layers of LS fibres were used. It should be noted that, since failure strains of
1 layer non-hybrid composite were used as the baseline tensile failure strain to compute the
hybrid effect, negative hybrid effects are possible. In fact, it was confirmed that negative hybrid
effects never arise when comparisons are made with the results obtained with the 3-layer non-
hybrid composites.

Several ¢-tests at a significance level of 5% were performed to compare all pairs of hybrid effect
mean values. Relative to HM carbon/glass case, differences between the 3 initial levels of LS
fibres vol% hybrid effect mean values were not significant. The same could be concluded for
the last 2 levels. The analysis of the carbon/glass series results led to the same conclusion. Since
in the remaining combinations of materials only two levels of LS fibres vol% were analysed,
the previous conclusion was not refuted for these combinations either.

In order to understand if there were significant variations due to the replacement of glass with
basalt material, z-tests were performed to compare the pairs of hybrid effect mean values
between the combinations of HM carbon/glass, HM carbon/basalt, ST carbon/glass, and ST
carbon/basalt. It can be concluded that the changes referred to did not conduct to significant
differences in hybrid effect results, as it is shown in Figure 3.7. However, with 38.2% of HM
carbon fibres relative volume (1G/ICHM/1G), a significant difference was achieved. From the
analysis of Table 3.7 it can be seen that for the 1G/1CHM/1G combination the worst prediction
of elastic modulus was achieved by ROM, indicating that the mentioned difference was
probably promoted by some misalignment of the fibres.

The hybrid effects and the information of the fibres used in other authors’ works, published
between 1974 and 2016, were contemplated in the present chapter (see Table 3.8). Although
the data collection was mainly focused on the interlayer configurations, the information of
intralayer configurations presented by Chamis et al. [73] was also included, since it is one of
the few works in which the hybrid effect with more than 70% of LS fibres relative volume was
studied.

Associations between hybrid effect and material factors (such as S, Su, E£1, En, €L and en) were
analysed by a Spearman's rank test using SPSS version 23 (IBM, New York). Additionally, the
hybrid effect was also analysed as function of Si/Su, £1/En and e1/en ratios, St-Su, EL-En and
eL-en differences and a non-dimensional stiffness parameter, Enp, defined by equation (3.11).
The Enp was first introduced by Swolfs et al. [25], who indicated that the hybrid effect depends
on this parameter.
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Figure 3.6 — Hybrid effect in function of the LS fibres volume fraction fo the: (a) HM
carbon/glass; (b) ST carbon/glass; (c) HM carbon/basalt; (d) ST carbon/basalt and (e) HM
carbon/ST carbon composites.

79



Chapter 3

60 T T T T 60 T T : :
50 =  CHM/B mean values | | 50 | = /B mean values | |
® CHM/G mean values ®= (/G mean values
40 1 40 1
30 } { ] 30| 1
X 20 E 1 £ 2r § ]
E 101 { . E 101 i [ 1
o 0" 7-———————1 o 0O --—————m——————------ i'i """"
T nl J B 49l J
% -10 { i % -10
£-20f 1 T2 .
-30r 1 -30r 1
-40 1 -40 - 1
50 1 50 F J
-60 . . . . -60 . . . .
0 20 40 60 80 100 0 20 40 60 80 100
Vol% LS Vol% LS
(a) (b)
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Table 3.7 — Tensile properties obtained with the hybrid composites and ROM and bilinear ROM predictions.

Material Series ID Volu Elastic modulus Tensile strength Strain at the Hybrid Failure modes,
combination me of E - n ROM Relati E - = Bili Relati failure of LS effect according ASTM
LS "’l’e[g;ne]“ GPal clative [’;I’;r;“(‘é“\j‘ l;g‘;;’ clative fibres [%] D3039 [72]
fibres a a a error a] (Co error [%] (CoV [%])
(%] (CoV [%]) [%] [%]) [MPa] [%]
0
C/B 1C/1B/1C 74.0 2184 (2.84) 197.7 9.5 2191.4 (7.28) 2189.3 0.1 0.99 (5.76) -8.99 LAT(4)
1B/1C/1B 41.5 152.5 (5.93) 155.9 2.2 1950.2 (7.51) 1718.4 11.9 1.28 (3.46) 17.37 OGM(4)
CHM/B 1CHM/1B/1CHM 70.8 474.1 (2.25) 471.6 0.5 1150.0 (14.10) 1325.4 -15.3 0.24 (11.19) -12.95 LAT(3) LGM(1)
1B/ICHM/1B 37.7 297.4 (9.29) 299.1 -0.6 1328.0 (10.74) 1398.1 -5 0.36 (5.77) 30.19 fragmentation
CHM/C 1CHM/1C/1CHM 63.0 489.6 (7.39) 478.8 2.2 1352.5 (5.10) 1350.3 0.2 0.27 (5.55) -1.50 LGM(1) LAB(1)
LAT(2)
1C/1CHM/1C 29.5 368.8 (6.43) 348.6 5.5 1937.5 (6.79) 1809.0 7 0.39 (3.59) 44.52 fragmentation
C/G 1C/1G/1C 74.3 201.7 (9.63) 192.8 4.4 2176.9 (8.55) 2135.1 1.9 1.04 (1.92) -4.44 LAB(3) LAT(1)
1G/3C/1G 68.5 202.4 (2.64) 184.0 9.6 2216.0 (8.77) 2037.8 8.0 1.08 (6.26) -0.20 LAB(2) LIT(1)
LGM(1)
1G/1C/1G/1C/1G 49.1 148.9 (11.75) 155.1 -4.1 1776.3 (10.55) 1712.6 3.6 1.19 (3.68) 9.15 LAT(1) LGM(2)
LAB(1)
1G/1C/1G 42.0 146.7 (5.92) 144.4 1.6 1856.0 (5.67) 1593.6 14.1 1.27 (2.72) 16.33 LGM(4)
2G/1C2G 26.6 110.8 (10.21) 121.4 9.5 1244.4 (1.74) 13354 -7.3 1.18 (8.27) 7.33 LAT(2) LAB(1)
LGM(1)
CHM/G 1CHM/1G/1CHM 71.2 454.5 (11.95) 457.7 2.9 1168.9 (19.49) 1313.7 -12.4 0.25 (11.66) -7.07 LAT(2) LAB(1)
LGM(1)
1G/3CHM/1G 64.9 439.2 (7.35) 433.8 -0.6 1053.5 (10.14) 1218.4 -15.7 0.23 (6.43) -14.09 LGM(1) LAT(2)
LAB(1)
1G/1CHM/1G/1CHM/1G 45.1 318.7 (7.33) 326.4 2.4 1105.8 (9.18) 918.9 16.9 0.35 (5.02) 27.66 LGM(2) LAT(2)
1G/1CHM/1G 38.2 252.0 (8.55) 288.6 -14.5 1054.7 (9.11) 1032.8 2.0 0.30 (2.39) 9.97 fragmentation
2G/1CHM/2G 23.6 214.3 (8.45) 209.5 2.2 1164.7 (14.47) 1276.8 -10.0 0.33 (14.65) 21.94 fragmentation

Notes: L — lateral; S — longitudinal splitting; O — other; I — inside grip; G — gage; A — at grip; T — top; M — middle; B — bottom; numbers placed after letters are used for
indicating the number of specimens in which the same failure mode was obtained.
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Table 3.8 — Resume of tensile properties of different hybrid combinations obtained by different authors.

Year Ref. Matrix Stacking Tensile Elastic Strain at SL E,, &L Sh Ey &H Vol% LS Hybrid
sequence strength modulus the [MPa] [GPa] [%] [MPa] [GPa] [%] [%] effect
[MPa] [GPa] failure [%]
[7]
1974 [13] Epoxy 1G/2C/1G 300 89 0.37 400.00 142.00 0.26 520.00 41.00 1.25 50.0 42.0
1974 Epoxy 1G/1C/1G 340 72 0.48 400.00 142.00 0.26 520.00 41.00 1.25 33.0 85.0
1976 Vinylester 4G/1C 660 56 1.18 1130.00 115.00 0.98 730.00 40.00 2.00 20.0 20.0
1976 Vinylester 3G/1C 690 60 1.15 1130.00 115.00 0.98 730.00 40.00 2.00 25.0 17.0
1976 Vinylester 2G/1C 720 65 1.11 1130.00 115.00 0.98 730.00 40.00 2.00 33.0 13.0
1976 Vinylester 1G/1C 750 75 1.00 1130.00 115.00 0.98 730.00 40.00 2.00 50.0 2.0
1977 Epoxy 1C/1G 1.80 1.04 50.0 3.8
1978 Epoxy 1C/1G 850 61 1.39 1200.00 97.00 1.23 700.00 25.00 2.80 50.0 13.0
1979 Epoxy 2C2G 830 61 1.36 1200.00 97.00 1.23 700.00 25.00 2.80 50.0 11.0
1980 Epoxy 5C/5G 800 62 1.29 1200.00 97.00 1.23 700.00 25.00 2.80 50.0 5.0
1981 Epoxy 1G/1CHS/1G 1040 83 1.25 1520.00 135.00 1.12 1200.00 39.00 3.00 33.0 39.0
1981 Epoxy 2G/1CHS/2G 920 65 1.42 1520.00 135.00 1.12 1200.00 39.00 3.00 20.0 57.0
1981 Epoxy 3G/1CHS/3G 870 59 1.48 1520.00 135.00 1.12 1200.00 39.00 3.00 14.0 67.0
1981 Epoxy 4G/1CHS/4AG 900 60 1.49 1520.00 135.00 1.12 1200.00 39.00 3.00 11.0 74.0
1981 Epoxy 6G/1CHS/6G 820 55 1.5 1520.00 135.00 1.12 1200.00 39.00 3.00 8.0 82.0
1981 Epoxy 9G/1CHS/9G 760 49 1.55 1520.00 135.00 1.12 1200.00 39.00 3.00 5.0 88.0
1981 Epoxy 2G/2CHS/2G 1030 76 1.35 1520.00 135.00 1.12 1200.00 39.00 3.00 33.0 40.0
1981 Epoxy 3G/2CHS/3G 970 72 1.35 1520.00 135.00 1.12 1200.00 39.00 3.00 25.0 50.0
1981 Epoxy 1G/3CHS/1G 1430 104 1.37 1520.00 135.00 1.12 1200.00 39.00 3.00 60.0 18.0
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Table 3.8 — (Continued)

Year Ref. Matrix Stacking Tensile Elastic Strain at S E, &L Su Ey &n Vol% LS Hybrid
sequence strength modulus the [MPa] [GPa] [%] [MPa] [GPa] [%] [%] effect
[MPa] [GPa] failure [%]
[%]
1981 [13] Epoxy 3G/3CHS/3G 1040 77 1.36 1520.00 135.00 1.12 1200.00 39.00 3.00 33.0 40.0
1981 Epoxy 8G/3CHS/8G 820 58 1.41 1520.00 135.00 1.12 1200.00 39.00 3.00 16.0 64.0
1981 Epoxy 3G/8CHS/3G 1380 102 1.36 1520.00 135.00 1.12 1200.00 39.00 3.00 57.0 19.0
1981 Epoxy 1G/9CHS/1G 1400 109 1.29 1520.00 135.00 1.12 1200.00 39.00 3.00 82.0 7.0
1981 Epoxy 8G/9CHS/8G 1030 81 1.27 1520.00 135.00 1.12 1200.00 39.00 3.00 36.0 36.0
1981 Epoxy 1G/1CHM/1G 750 95 0.79 1330.00 192.00 0.69 1200.00 39.00 3.00 33.0 15.0
1981 Epoxy 2G/2CHM/2G 830 99 0.84 1330.00 192.00 0.69 1200.00 39.00 3.00 33.0 22.0
1981 Epoxy 3G/3CHM/3G 750 89 0.84 1330.00 192.00 0.69 1200.00 39.00 3.00 33.0 22.0
1981 Epoxy 6G/7CHM/6G 820 100 0.82 1330.00 192.00 0.69 1200.00 39.00 3.00 37.0 19.0
1981 Epoxy 8G/3CHM/8G 550 65 0.84 1330.00 192.00 0.69 1200.00 39.00 3.00 16.0 22.0
1981 Epoxy 9G/1CHM/9G 510 50 1.01 1330.00 192.00 0.69 1200.00 39.00 3.00 5.0 46.0
1981 [73] Epoxy Intralayer 265 20 1.30 1467.57 125.40 1.12 1322.88 47.89 2.84 90 16.1
1981 Epoxy Intralayer 191 17.8 1.06 1467.57 125.40 1.12 1322.88 47.89 2.84 80 -5.4
1981 Epoxy Intralayer 84.7 30.4 0.38 1051.41 185.69 0.54 1324.95 47.89 2.84 90 -29.0
1981 Epoxy Intralayer 81.3 29.6 0.31 1051.41 185.69 0.54 1324.95 47.89 2.84 80 -42.1
1981 Epoxy Intralayer 109 24.1 0.45 1051.41 185.69 0.54 1324.95 47.89 2.84 70 -15.9
1981 Epoxy Intralayer 196 18.5 0.38 1472.39 125.40 1.12 1281.54 77.17 1.73 90 -66.1
1981 Epoxy Intralayer 204 17.8 1.13 1472.39 125.40 1.12 1281.54 77.17 1.73 80 0.9
1981 Epoxy Intralayer 205 16.8 1.01 1472.39 125.40 1.12 1281.54 77.17 1.73 70 -9.8
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Table 3.8 — (Continued)

Year Ref. Matrix Stacking Tensile Elastic Strain at S E, &L Su Ey &n Vol% LS Hybrid
sequence strength modulus the [MPa] [GPa] [%] [MPa] [GPa] [%] [%] effect
[MPa] [GPa] failure [%]
[%]
1981 [73] Epoxy Intralayer 103 26.8 0.37 1051.41 182.59 0.54 1281.54 77.17 1.73 90 -30.8
1981 Epoxy Intralayer 105 26.9 0.38 1051.41 182.59 0.54 1281.54 77.17 1.73 80 -29.0
1981 Epoxy Intralayer 110 259 0.43 1051.41 182.59 0.54 1281.54 77.17 1.73 70 -19.6
2007 [17] Epoxy 1C/1G 3305 162.0 2.04 4214.00 242.00 1.74 2121.00 87.00 245 48.5 17.2
2007 Epoxy 1C/1B 2271 166.0 1.67 4214.00 242.00 1.74 2332.00 87.00 2.56 50 -4.0
2010 [74] Polypropylene 2SRPP/1C/2SRPP 219 15.4 1.27 644.00 50.70 1.19 149.00 2.80 21.70 17.0 7.0
2010 Polypropylene 1C/2SRPP/1C 398 26.3 1.41 644.00 50.70 1.19 149.00 2.80 21.70 33.0 18.0
2010 Polypropylene ISR/II’ZEQSEPP 347 22.8 1.31 644.00 50.70 1.19 149.00 2.80 21.70 28.0 10.0
2011 [75] Epoxy 3G/4C/3G 436 27.0 2.59 511.00 39 1.36 322.00 12.5 4.25 47.0 90.4
2011 Epoxy 2C/6G/2C 421 27.5 1.86 511.00 39 1.36 322.00 12.5 4.25 47.0 36.8
2011 [76] Epoxy 1C/1B 2409 142.0 1.74 4067.00 239.80 1.74 2145.00 81.50 2.76 41.57 0.0
2011 Epoxy 1C/2B 2186 125.0 1.84 4067.00 239.80 1.74 2145.00 81.50 2.76 26.24 5.7
2013 [77] Phenolic 1G/8F/1G 323 0.99 29.04 0.85 51.22 1.41 86.0 16.5
2013 Phenolic 1GR2F1G2ENG/ 36.4 1.12 29.04 0.85 51.22 1.41 69.0 31.8
2F/1G
2013 Phenolic 1(}1/11/1:1/(1;}1/;/11/(2}@ 40.9 1.25 29.04 0.85 51.22 1.41 50.0 47.1
2013 Phenolic 3G/1F/2G/1F/3G 45.0 1.37 29.04 0.85 51.22 1.41 27.0 61.2
2013 [1] Epoxy 2G/1C2G 967 44.0 220 1962.00 101.70 1.50 1548.00 38.70 3.40 4.9 18.4
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Table 3.8 — (Continued)

Year Ref. Matrix Stacking Tensile Elastic Strain at S E, &L Su Ey &n Vol% LS Hybrid
sequence strength modulus the [MPa] [GPa] [%] [MPa] [GPa] [%] [%] effect
[MPa] [GPa] failure [%]
[%]
2013 [1] Epoxy 2G/2C2G 954 47.0 2.06 1962.00 101.70 1.50 1548.00 38.70 3.40 9.4 10.9
2013 Epoxy 2G/3C/2G 965 49.0 1.92 1962.00 101.70 1.50 1548.00 38.70 3.40 13.4 33
2013 Epoxy 2G/4C/2G 985 51.0 1.93 1962.00 101.70 1.50 1548.00 38.70 3.40 17.2 39
2014 [78] Epoxy 1B/1C 2482 145.0 1.74 4067.00 239.80 1.74 2077.00 80.20 2.68 41.6 0.0
2014 Epoxy 2B/1C 2213 124.0 1.84 4067.00 239.80 1.74 2077.00 80.20 2.68 26.2 5.7
2014 [79] Epoxy 4C/1B/5C 630 60.0 1.07 687.00 65.00 1.06 402.00 18.00 220 922 0.8
2014 Epoxy 4C/2B/4AC 602 55.0 1.10 687.00 65.00 1.06 402.00 18.00 2.20 84.0 3.1
2014 Epoxy 3C/3B/4C 558 50.0 1.10 687.00 65.00 1.06 402.00 18.00 2.20 75.4 3.6
2014 Epoxy 3C/4B/3C 536 45.0 1.14 687.00 65.00 1.06 402.00 18.00 2.20 66.4 7.3
2014 Epoxy 2C/5B/3C 502 40.0 1.20 687.00 65.00 1.06 402.00 18.00 2.20 56.8 13.0
2014 Epoxy 2B/6C/2B 571 49.5 1.15 687.00 65.00 1.06 402.00 18.00 2.20 66.4 8.3
2014 Epoxy 2C/2B/2C/2B/2C 556 47.5 1.17 687.00 65.00 1.06 402.00 18.00 220 66.4 10.2
2016 [80] Epoxy 1C/1G/1C/1G 1034 57.0 2.01 4400.00 235.00 1.70 1838.00 73.10 451 56.0 18.2
2016 [28] Epoxy 1G/1C/1G 2.17 1962.00 101.00 1.50 2138.00 45.70 4.51 8.6 16.6
2016 Epoxy 1G/2C/1G 1.96 1962.00 101.00 1.50 2138.00 45.70 4.51 15.8 5.7
2016 Epoxy 1G/3C/1G 1.84 1962.00 101.00 1.50 2138.00 45.70 4.51 21.9 -1.0
2016 Epoxy 2G/4C/2G 1.88 1962.00 101.00 1.50 2138.00 45.70 4.51 15.8 1.0

Notes: CHS — high-tensile carbon; SRPP — self-reinforced polypropylene; F — flax.
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Spearman’s correlation coefficient, r, is a statistical measure of the “strength” of a monotonic
relationship between paired data. In the present chapter, spearman's rank of data revealed that
statistically significant correlations, at a significance level of 5% between the hybrid effect and
mentioned variables, were achieved for the cases of Sy, Vol% LS fibres and Exp. There was a
weak negative correlation between hybrid effect and Su (» = - 0.311). On the other hand,
moderately strong negative correlations exist between hybrid effect and Vol% LS fibres (r = -
0.526) and Enp (r =- 0.515).

The moderate relationships previously mentioned are plotted in Figure 3.8. The dispersion of
results and the low Spearman’s correlation coefficients obtained do not allow the suggestion of
an appropriate model to describe the results. However, no linear trends are clearly observable
in the presented diagrams. It is possible to see in Figure 3.8 that the results obtained in the
present chapter are in agreement with those in the literature.

3.3.2.3. Failure modes

As mentioned before, multiple fractures were achieved in some hybrid configurations,
according to bilinear ROM predictions (see Figure 3.5). Usually, multiple fractures in hybrid
composites are characterized by 2 successive failures: the LS fibres fail firstly followed by the
HS fibres. However, in 4 situations in this work, pseudo-ductile tensile responses with multiple
fractures were observed with some combinations that included HM carbon, as it is shown in
Figure 3.9. Two outlier results obtained in 1G/ICHM/1G and 1B/1ICHM/1B combinations
were ignored.

100 T T T T 100
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Figure 3.8 — Scatter diagrams of hybrid effect mean results obtained in this work compared
against mean results from other authors: (a) as function of LS fibres vol% and (b) as function
of Enp.
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Figure 3.9 — Pseudo-ductile tensile responses: (a) 2G/1CHM/2G; (b) 1G/1CHM/1G; (c)
1B/1CHM/1B and (d) 1C/1CHM/IC series.

In the case of 2G/ICHM/2G, a mean ‘yield’ stress of 732.6 MPa and a mean pseudo-ductile
strain of 1.4% were registered (see Figure 3.9 (a)). In 1C/ICHM/IC combination a mean
‘yield’ stress of 1504.5 MPa and a mean pseudo-ductile strain of 0.4% were observed (see
Figure 3.9 (d)). The replacement of glass by basalt resulted in slightly different behaviours (see
Figure 3.9 (b) and Figure 3.9 (c)): with basalt, higher pseudo-ductile strain and ‘yield’ stress
were obtained. The combination with basalt led to a mean ‘yield’ stress of 1120.7 MPa and a
mean pseudo-ductile strain of 2.0%, whereas the combination with glass yielded a mean ‘yield’
stress of 768.2 MPa and a mean pseudo-ductile strain of 1.2%. Furthermore, two different
behaviours were observed: one with (see Figure 3.9 (a) and (d)) a clear hardening branch in the
end of the pseudo-ductile strain, and another without (see Figure 3.9 (b) and (c)) the latter.

It should be noted that, since the strain of the epoxy at failure is lower than the strain of glass
and basalt fibres at failure, if a resin with higher ultimate strain had been used, larger pseudo-
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ductile strains may have been reached in 2G/1CHM/2G, 1G/1CHM/1G and 1B/ICHM/1B
combinations. Further studies to confirm these hypotheses are deemed necessary.

In the HM carbon/glass combinations the fragmentation of the HM carbon and delamination
could be observed visually during the tensile test due to the translucence of the glass. The
specimens were initially black due to the HM carbon natural colour but, after fragmentation
and delamination, light was reflected from the interface, and the specimens looked white.
Figure 3.10 shows an example of the aspect of specimen in consecutive phases of the tensile
test. The fragmentation of HM carbon is evident. Furthermore, it is possible to observe localised
delamination around the carbon layer fractures that developed stably during test until saturation.
It is noticed that each stress-strain curve peak, as it is identified in Figure 3.9 (a), corresponds
to a crack of the HM carbon and localised delamination.

3.3.3. Prediction of stress—strain curves

In this section, the predicted stress-strain curves of all hybrid configurations studied in the
present chapter, obtained with the model proposed by Jalalvand et al. [8], are compared with
the corresponding experimental curves. One layer non-hybrid composite results were used as
input variables. Since the model of Jalalvand et al. [8] is not able to predict the hybrid effect,
the e of the different material combinations was assumed to be equal to the experimental values
obtained and St was computed according to Hooke's law, a similar procedure was used in [8].
As it was demonstrated, the hybrid effect can increase substantially the strain at failure of LS
fibres. For this reason, to turn the model capable of predicting the mechanical behaviour of new
configurations, a way to predict the hybrid effect should be incorporated. The length and width
of all specimens for prediction of high strain material failure were assumed to be equal to L =
150 mm and W= 15 mm, respectively. The interlaminar toughness, Gric, for the different hybrid
interfaces and the value of the stress concentration factor, K;, were not experimentally assessed.
They were computed in a way that, in combinations with pseudo-ductile behaviour, the
fragmentation and dispersed delamination damage mode, indicated in Table 3.4, was analytical
achieved. The Gic was assumed to be constant for the same material combinations. Weibull
modulus was assumed to be equal to the value used by Jalalvand et al. [8], i.e., mu = 29.3. The
value of the stress concentration factor was assumed constant for all of the specimens, K; =
0.97. This value is slightly lower than the one used by Jalalvand et al. [8] but allowed the best
predictions. All input data is shown in Table 3.9.

As it can be seen in Figure 3.11 to Figure 3.15, there is a good agreement between predictions
and experiments. Analysing the curves, three groups of behaviours can be identified: (i) pseudo-
ductile behaviours (the same that were discussed in Section 3.3.2.3), (ii) failure with two peaks
(Figure 3.11 (c), Figure 3.11 (d) and Figure 3.14 (a)), and (iii) premature and abrupt failure
of HS fibres (in the remaining cases). The chosen way to estimate the Guc parameter
(considering only configurations in which fragmentation and dispersed delamination damage
mode occurred) allowed to estimate with good accuracy the remaining cases.
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® (2 (h) @ Q)
Figure 3.10 — Example of localised delamination around multiple cracked HM carbon-layer
that occurred until the final rupture in 2G/ICHM/2G 4™ specimen: (a) 1% peak; (b) 2" peak;
(c) 3" peak; (d) 4™ peak; (e) 5" peak; (f) 6™ peak; (g) 7" peak; (h) 8" peak; (i) 9" peak and (j)
final rupture.

It is also possible to observe that, in the combinations with pseudo-ductile behaviours, the
model was not capable of capturing the peaks in the 'flat-topped stress strain curve', since it
considers that the fragmentation and delamination occurred consecutively and not
simultaneously. In the 1C/1ICHM/1C series, the predicted stress-strain curves was somehow
conservative. This occurred because S; and Sy input properties were probably underestimated
because these properties were assumed equal to the experimental values obtained with non-
hybrid specimens and there is always some variability in the constituents.

In the 1G/ICHM/1G/1CHM/1G and 1G/3CHM/1G series, the model predicted well the
catastrophic delamination damage mode, but the prediction of the delamination branch was
much higher than the one observed experimentally. This lack of precision is probably related
to some overestimation of Gy in these cases.

In the case of 1B/1C/1B series, the volume proportion of the constituent materials was between
premature failure of HS fibres and catastrophic delamination damage mode. For this reason, the
model was not capable of predicting the complete tensile response. A 20% increase in ST
carbon thickness, keeping the same volume proportion between the reinforcing materials, was
enough to get a correct prediction from the model.
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Table 3.9 — Analytical model input data.

Material Series ID Gic Ey E, SH SL &H &L K w L my ty t
combination [kN/m] [GPa] [GPa] [MPa] [MPa] [%] [%] [mm] [mm] [mm] [mm]
C/B 1C/1B/1C 1.90 102.5 231.3 22442 22899 246 0.99 0.97 15 150 29.3 0.0785 0.2230
1B/1C/1B 1.90 102.5 2313 22442  2960.6 2.46 1.28 0.97 15 150 29.3 0.1570 0.1115
CHM/B 1CHM/1B/ICHM 1.90 102.5 624.1 22442 14978 246 0.24 0.97 15 150 29.3 0.0785 0.1900
1B/1ICHM/1B 1.90 102.5 624.1 22442  2246.8 246 0.36 0.97 15 150 29.3 0.1570 0.0950
CHM/C 1CHM/1C/1CHM 1.25 2313 624.1 25659 16848 1.09 0.27 0.97 15 150 29.3 0.1115 0.1900
1C/1ICHM/1C 1.25 231.3 624.1 25659  2434.0 1.09 0.39 0.97 15 150 29.3 0.223 0.0950
C/G 1C/1G/1C 1.90 81.6 231.3 1671.2  2405.0 2.31 1.04 0.97 15 150 29.3 0.0770 0.2230
1G/3C/1G 1.90 81.6 2313 16712 25212 2.31 1.09 0.97 15 150 29.3 0.1540 0.3345
1G/1C/1G/1C/1G 1.90 81.6 231.3 16712 27525 231 1.19 0.97 15 150 29.3 0.2310 0.2230
1G/1C/1G 1.90 81.6 231.3 16712 2937.5 231 1.27 0.97 15 150 29.3 0.1540 0.1115
2G/1C2G 1.90 81.6 2313 16712 2706.2 2.31 1.18 0.97 15 150 29.3 0.3080 0.1115
CHM/G 1CHM/1G/1CHM 1.46 81.6 624.1 16712 1560.3 231 0.25 0.97 15 150 29.3 0.0770 0.1900
1G/3CHM/1G 1.46 81.6 624.1 16712 14354 2.31 0.23 0.97 15 150 29.3 0.1540 0.2850
1G/1CHM/1G/1CHM/1G 1.46 81.6 624.1 16712 21844 2.31 0.35 0.97 15 150 29.3 0.2310 0.1900
1G/1CHM/1G 1.46 81.6 624.1 16712 1872.0 231 0.30 0.97 15 150 29.3 0.154 0.0950
2G/1CHM/2G 1.46 81.6 624.1 16712 2059.5 2.31 0.33 0.97 15 150 29.3 0.3080 0.0950

Notes: i — half thickness of the high strain material; #. — half thickness of the low strain material.
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Figure 3.11 — Stress—strain curves of CHM/G combinations: experimental versus predicted
values.
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Figure 3.12 — Stress—strain curves of C/G combinations: experimental versus predicted
values.
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Figure 3.13 — Stress—strain curves of CHM/B combinations: experimental versus
predicted values.
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Figure 3.14 — Stress—strain curves of C/B combinations: experimental versus predicted

values.
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Figure 3.15 — Stress—strain curves of CHM/C combinations: experimental versus predicted
values.

3.4. Conclusions

The tensile behaviour of several layer-by-layer hybrid combinations has been investigated using
experimental testing and analytical modelling. All the composites were made through the hand
lamination of four different commercially available dry UD fabrics: high-modulus carbon
(CHM), standard-modulus carbon (C), E-glass (G), and basalt (B). The following main
observations and conclusions were drawn.

It was verified that hybrid effect depends not only on the vol% of LS fibres but also on the non-
dimensional stiffness parameter (Enp), and the elastic modulus of the hybrid composite (Enybrid).
According to the Spearman's rank test carried out, moderately strong negative correlations
between hybrid effect and Vol% LS fibres (» = -0.526) and Enp (r = -0.515) were found. The
hybrid effect varied between -14.1% and 44.5%. The maximum hybrid effect was obtained
combining CHM with C, in combination 1C/ICHM/1C, and the minimum was obtained
combining CHM with G, in combination 1G/3CHM/1G. In all analysed cases, it was possible
to observe that above 60% of LS fibres relative volume, the hybrid effects were nearly zero or
negative. It is believed that the latter results are due to the size effect, since in the present chapter
hybrid effects were computed in respect to 1 layer non-hybrid composite results, and in the
cases in which the negative hybrid effect were obtained 2 or 3 layers of LS fibres were used. In
this way, the magnitude of the hybrid effect potentially depends on the ply thickness of the LS
fibres and this subject should be further studied.

Elastic modulus was well-predicted using the rule of mixtures (ROM). The obtained relative
errors were acceptable, varying between -14.5% and 9.6%. In the case of the tensile strength,
the relative errors between the bilinear ROM prediction and experimental results varied
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between -15.7% and 16.9%. In this case, larger errors were expected comparatively with elastic
modulus predictions, since bilinear ROM does not account for the hybrid effect and size effect.
However, the bilinear ROM was capable of predicting satisfactorily for the cases where
multiple fractures occurred.

In the four tested hybrid combinations, that included HM carbon as LS material (2G/1CHM/G,
1G/1ICHM/1G, 1B/1ICHMIB, and 1C/1CHM/IC), pseudo-ductile tensile responses with
fragmentation and dispersed delamination were achieved. In these combinations, the mean
‘yield’ stress varied between 732.6 and 1504.5 MPa and the pseudo-ductile strain between 0.4
and 2.0%.

The analytical approach developed by Jalalvand et al. [8] allowed to predict all the failure
modes successfully. In this way, the presented chapter validated the developed approach for the
set of materials and fabrication method used. However, since the hybrid effect can increase
substantially the strain at failure of LS fibres, it is recommend to incorporate a way of predicting
the hybrid effect into the model in the future.
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4. HYBRID EFFECT PREDICTION AND EVOLUTION OF THE TENSILE
RESPONSE

4.1. Introduction

The linear elastic behaviour up to the point of sudden brittle failure, without sufficient warning
and residual integrity of the traditional unidirectional (UD) FRP composite materials, leads to
limitations in the fully exploitation of their great inherent mechanical advantages, namely the
high tensile strength, due to conservative safety design limits [1, 2]. For this reason, the
unfavourable failure characteristic of these materials restricts the spread of their application. In
this way, the possibility to promote a gradual failure to the composites, improving their safety
and maintaining their mechanical virtues simultaneously, has a tremendous interest for different
industries, in particular for civil engineering, in which ductile materials are required in several
applications.

Hybridisation, defined as the incorporation of two fibre types with different strain failures,
usually designated as Low Strain (LS) and High Strain (HS) fibres, within the same polymeric
matrix [3], allows overcoming the previously pointed out drawback. With this innovative
solution, it is possible to achieve a mechanical non-linear and non-catastrophic behaviour
characterized by presenting a flat-topped stress-strain curve in monotonic tensile tests. This
desired behaviour is reached by selecting appropriate relative thickness of the involved
materials (i.e. proportion of the LS to HS material layers) and absolute thickness of the LS
material layers. It is important to note that achieving non-catastrophic behaviour is possible
with some configuration of UD hybrid FRP composites, but the tensile curve is not repeatable
on subsequent unloadings/reloadings. In this context, this behaviour is known as pseudo-ductile
[4, 5].

In addition to the potential to introduce pseudo-ductility to the UD composite materials,
hybridisation promotes synergies between the involved reinforcing materials, leading, for
instance, to the increase (until 50% [5, 6]) of the apparent failure strain of LS fibres. This
phenomenon has been described as “hybrid effect” and it was reported, for the first time, in
1972, by Hayashi [ 7]. Today, there is some controversy about the best way to define the baseline
tensile failure strain of a UD non-hybrid composite against which the strain at failure of the
hybrid composite is compared in the determination of the hybrid effect. In standard tensile tests
of UD non-hybrid composites, stress concentrations can arise where the load is applied [8]. This
effect can lead to premature failures, and may be responsible for some of the variability
observed in tensile results. A potential specimen type to suppress premature failures is presented
in [8]. However, the proposed specimen type is not yet widely widespread.

Swolfs et al. [5] pointed out changes in 3 main mechanisms, that occur in UD hybrid
composites relatively to non-hybrid ones, that induces the emergence of the hybrid effect: (1)
residual thermal stresses, (2) fracture propagation effects and (3) dynamic stress concentrations.
Relatively to the first change, in a more recent work, Sowlfs et al. [9] state that using
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representative thermal expansion coefficients and longitudinal elastic modulus of fibres, the
influence of residual thermal stresses in hybrid effect is small for carbon/glass hybrid
composites. Wisnom et al. [8] supported the previous view, mentioning that a low effect of
thermal residual stresses would be expected in UD hybrid composites, where stresses are driven
by the difference in fibre expansion coefficients rather than by matrix contraction. Relatively
to the second change, it is possible to understand that hybridisation can modify the stress
concentrations and stress recovery at a broken fibre due to the presence of neighbouring fibres
with different stiffness [10]. In fact, it is believed that substantial increase in strain of the LS
material is caused by the restraint from the adjacent HS material, which inhibits the formation
of broken clusters of LS fibres [8]. Relatively to the third change, it has been poorly investigated
and it has received no attention at all in the past two decades [5, 8]. Finally, in addition to the 3
main changes cited before, the size effect has also been shown to influence the hybrid effect [6,
8, 9]. This fact is understandable because, for a constant sample size, the number of LS fibres
is reduced by the hybridisation, leading to lower probability of finding a flaw and, consequently,
to superior strains at the failure of LS fibres in hybrid composites. Nevertheless, the magnitude
of the size effect is not quantified [9].

Over time, different analytical models to predict the mechanical response of UD hybrid
composites have been developed. Zweben [11], in 1977, extended a previous developed shear
lag model for UD non-hybrid composites (that assumes that fibres carry all the axial load and
the matrix only the shear load) by introducing a strain concentration factor, that increases the
stress in the HS fibre next to a single LS broken fibre, and by defining an ineffective length,
assuming that a broken LS fibre locally loses its load transfer capacity over a certain length.
Later, Fukuda [12], in 1983, improved Zweben’s model, introducing more accurate stress
concentration and ineffective lengths factors and turning the model independent to the ratio of
failure strains between fibres. One of the most relevant disadvantages of the models of Zweben
[11] and Fukuda [12] is that they consider a fixed ratio of LS over HS fibres, which means that
it is not possible to check the influence of the variation of LS fibres relative volume fraction
(vol%) with these models. This parameter is a crucial factor on mechanical hybrid response [6,
9, 13].

In last years, Global Load Sharing (GLS) theory, developed by Curtin [14, 15] and expanded
by Hui et al. [16] for UD non-hybrid composites, has been adapted for UD hybrid composites
[9, 17, 18]. GLS incorporates the mechanics and statistics of fibre fragmentation and assumes
that the stress dropped by a broken fibre is redistributed equally to all other fibres in the plane
of the break [17]. Analytical models based on GLS theory, sometimes referred to as Progressive
Damage Models (PDMs) [19], should be able to reproduce the on-axis non-linear behaviour of
a UD composites, where the mechanical properties are fibre-dominated. Although the GLS
theory omits many real phenomena, such as fragmentation, local load sharing (stress
concentrations), size effects, delamination between composite layers and fibre dispersion, it
remains a very useful tool for exploring the effect of constituent properties on the composite
performance [17]. In fact, if the shear yield strength of the matrix is sufficiently low, then the
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local stress concentrations cannot be too large and the stress must be redistributed over a large
number of fibres [15]. Given the analytical nature of the model, there is the advantage of
exploring rapidly the hybrid tensile response of different combinations. An extensive revision
about GLS theory can be found in [15, 17, 19].

Swolfs et al. [9] applied GLS theory in a parametric study of hybrid effect. The developed
model allowed the prediction of the hybrid effect of carbon/glass combination. The influence
of several factors on the hybrid effect was evaluated, namely the Weibull modulus (see the
definition in section 4.2.1.1) of carbon fibres and glass fibres, the failure strain ratio, the
stiffness ratio and the strength ratio between the involved fibres. It was concluded that hybrid
effect is mainly affected by two of the referred to factors: the Weibull modulus of carbon fibres
and the stiffness ratio between the fibres. Furthermore, in terms of the strength predictions, it
was concluded that the GLS model essentially follows the bilinear rule-of-mixtures (as defined
in [5, 20-23]). Rajan and Curtin [17] used as well GLS model to study the tensile response of
different UD hybrid combinations of continuous or discontinuous fibres. The analytical model
predictions were supported by experimental results obtained in [24]. They concluded that using
discontinuous LS fibres improves hybrid composite performance, because such fibres fragment
more gracefully over a wide range of strain. However, quantitative comparisons with
experimental results were not presented. Tavares et al. [18] extended a Progressive Damage
Model (PDM), initially developed by Turon et al. [19] for UD non-hybrid composites, to UD
hybrid composites field. An analytical parametric study was performed analysing essentially
the influence of the vol% of the constituent materials (3 carbon types and 1 AR glass) on the
tensile response of the resulting hybrid composite combinations. Through two different models
(one that takes into account only the statistical strength distribution of fibre and another that, in
addition, considers the influence of the shear yield strength of the matrix) it was possible to
conclude that the matrix—fibre interface leads to significant differences in the tensile response.
However, a proper justification to this phenomenon (or the identification of pattern) was not
reported in the work.

Despite great progress achieved in last studies with GLS models in hybrid composite field, an
experimental quantitative validation of fitness of the hybrid effect prediction was still not
carried out [17]. The first main goal of the present chapter is to evaluate the performance of the
analytical approach developed recently by Tavares et al. [18]. This was assessed using the
experimental results published in [6]. The statistical strength scatter parameters of the fibres
were determined experimentally, through the single fibre tests, to be used as inputs of the model.
The UD composites were produced with materials designed for civil engineering industry,
through the hand lay-up method. As it is well known, this is a very common manufacturing
method of composites in strengthening of reinforced concrete structures. For this reason,
analytical models developed to hybrid composites must be validated in this context.

Secondly, the model of Jalalvand et al. [13] was modified to take into account the hybrid effect
predictions obtained with the model of Tavares et al. [18]. The evolution of hybrid properties
(such as hybrid effect, ‘yield’ stress, pseudo-ductile strain, elastic modulus and strength) was
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investigated as function of the configuration of UD hybrid composites by means of novel
Damage Mode Maps (DMMs) presented in [25].

4.2. Modelling assumptions

4.2.1. Progressive damage model for hybrid composites

The PDM of Tavares et al. [18] aims at establishing the degradation of the tensile mechanical
properties of the UD hybrid composites resulting from fibre fragmentation that leads to the
stiffness-loss simulation of the two constituent reinforcing materials. Traditional brittle fibres
used in composites are characterized by their strength scatter due to the presence of flaws
introduced during processing and handling. In this way, strength distribution is contemplated
in cited PDM, considering the two parameters of Weibull cumulative failure probability
distribution, as described in next sections.

4.2.1.1. Weibull fibre strength distribution (input data)

Fibres are characterized by breaking as soon as the weakest link is overloaded [26]. As most
part of physical systems, successive observations of the strength do not produce exactly the
same result. In this way, strength of a single fibre cannot be accurate modelled with one single
average value. Usually, the strength variable of fibres is described by the Weibull distribution
[27]:

por=1-en(-(5) (2)") @

where L is the characteristic gauge length, Lo the reference gauge length, o the fibre strength,
oo the Weibull scale parameter and m the Weibull modulus. The Weibull modulus m varies with
the scatter around the average value: a large Weibull modulus indicates little scatter in the fibre
strength. The reference length Lo is usually introduced just for convenience, because then L/Lo
becomes a non-dimensional quantity, and the Weibull scale parameter has the dimension of
stress. The choice of L and Lo implies modification of oo parameter value.

The Weibull distribution parameters are usually determined by testing individual fibres, as
described in section 4.3.2. However, tensile tests of single fibres could be associated to some
sources of error, such as specimen alignment with respect to the load direction (that leads to
bending stresses in the fibre) and premature fibre failure within the adhesive or at the tabs [28].
Furthermore, the extraction of fibres from a bundle may cause the weakest ones to fracture in
the process, thus effectively censoring the fibre sample that undergoes the test [28]. Today,
there is a discussion about the best number of tests and the gauge length of specimen, that may
influence the estimation of Weibull parameters [26]. However, researchers have not yet agreed
on the best testing practices.

In this work, the Weibull distribution parameters from single fibre tests, described in section
4.3.2, were determined by the maximum likelihood method (MLM) [29], which is believed to
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be more accurate than least squares regression [26, 29]. However, these values can be seen as
susceptible of being altered, according to the sources of error previously reported. The chi-
square goodness-of-fit test was used to check distributional assumptions.

4.2.1.2. Model description

The analytical approach proposed by Tavares et al. [18] is an adaptation for UD hybrid
composites of the model developed by Turon ef al. [19]. Essentially, this approach assumes that
the multiple fragmentation phenomena of single fibre fragmentation tests (a test in which a
single fibre embedded in the matrix is loaded and the number of fibre breaks as a function of
the applied load is monitored) has the same nature of the stiffness loss of the UD non-hybrid
composite due to fibre breakage. In this way, exactly the same model could be used to predict
both behaviours. A synopsis of the model and the underlying assumptions are described as
follows.

Ideally, the model considers the behaviour of a single brittle fibre embedded along the centre
line of a dog-bone-shaped matrix specimen, in which the matrix has a much larger cross-
sectional area and larger strain to failure than the fibre material. As the strain is increased, the
fibre fails progressively at randomly positioned flaws producing an increasing number of
shorter fragments. The apparent stiffness of the system, matrix and fibre, decreases with the
number of fibre breaks, due to their loss of ability to carry the load. Assuming that the influence
of other damage modes is neglected, the number of breaks at a given stress could be related to
the apparent axial stiffness of the composite. Equation (4.1) gives the relationship between the
mean number of breaks in a fibre, <N>, and the length L under a defined o:

g

Ny ==(2)" (42)

0o

From the statistic laws, it can be shown that the distance between the two consecutive breaks,
x, will follow an exponential law (see the details in [19]):

f(x) = Ae (4.3)

where A is the number of breaks in a fibre per unit length:

a=8-L()” (4.4)

L _LO (o)

When a fibre breaks, the load carried by the fibre drops down to zero at the position of the
break, and the load is transferred by shear between the fibre and the matrix. This causes a stress
redistribution near fibre break. The model assumes a linear increase of the axial stress from a
fibre break, until a total recovery occurs at a certain distance from it. The length of this load
recovery region, /ex, is defined as:

= RrEre (4.5)

l
ex T 2
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where Rt is the fibre radius, Er is the elastic modulus of fibres, 7 the matrix—fibre interfacial
shear strength and ¢ the applied strain.

The average fibre stress along the fibre, om, can be computed by integrating the axial stress over
all of the fibre fragments along the fibre length, resulting, after some simplifications (please see
the details in [19]), in the following closed-form analytical solution:

1-e 2lex

A
am(e):( = +Alexe‘LA)Ef£ (4.6)

In case of hybrid composites, the developed model assumes that there are two ‘sub-composites’
in parallel, one for each reinforcing material, subjected to the same applied axial strain. The
model defines how a fibre failure affects the stresses in the remaining intact fibres and assemble
the mechanical behaviour of the constituents in the composite material. Given the tensile
responses for the two pure composites using GLS (equation (4.6)), the stress-strain response
for the hybrid composite can be described simply by considering the contribution of two
materials, taking into account the vol% of the constituents. Damage in the matrix is not
considered, since the tensile failure of composite materials is mainly a fibre dominated process
[18]:

1—e~2lex,HAH

_e~2lex,LAL
o(e) = <(“— + lex,LALe‘LAL) Eppri+ (
L

2lex1 AL +ty

+ lex’HAHe_LAH) EH,f o >£1/f (4.7)
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where lgy 1, Ay, Ep 5 and t;, are the length load recovery region, the number of breaks in a fibre
per unit length, the elastic modulus and the half thickness of a layer of the LS fibres and
lexns Ap, Ep  and ty are the length load recovery region, the number of breaks in a fibre per
unit length, the elastic modulus and the half thickness of a layer of the HS fibres. V7 is the
volume of fibres.

In the present chapter, the PDM was used to estimate the hybrid effect, defined here as apparent
failure strain enhancement of the LS fibre in a hybrid composite compared to the failure strain
of a LS fibre-reinforced non-hybrid composite. The failure strain of the LS fibres was
considered as the strain at first local maximum point of the stress-strain diagram, see Figure
4.1. However, in some cases, especially in combination with low vol% of LS fibres, a clear
local maximum point was impossible to achieve, since the analytical stress-strain diagrams
presented only a global maximum point due to statistical issues. This fact is illustrated in the
example of Figure 4.2: contrary to the case with 50% of HM carbon fibres, in which it is
possible to distinguish clearly two local maxima, in the case of 10% of LS fibres, only a global
maximum is totally observable. The lower the volume of LS fibres, the less distinguishable is
the first local maximum. This occurs because the contribution of LS fibres to the tensile
response of the composite gradually decreases. Although imperceptible in analytical stress-
strain diagrames, it is plausible that hybrid effect exists in combinations with very low vol% of
LS fibres, because the most important factor that influences the hybrid effect is the restraint of
clusters formation of break LS fibres due to the adjacent HS material. In this way, when it was
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not possible to detect a local maximum corresponding to the failure of the LS fibres, a constant
hybrid effect (equal to the achieved with lowest possible vol% of LS fibres) was considered.
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Figure 4.1 — PDM predictions: zoomed stress—strain curves of HM carbon/glass
combination and identification of hybrid effect (HE).
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Figure 4.2 — PDM predictions: identification of stress—strain curve with monotonic increase.

4.2.2. Evolution of hybrid properties (damage mode maps)

The effect of the configuration (geometric and material parameters) of hybrid composites on
different responses of UD hybrid composites can be clearly interpreted using a novel
representation of the damage modes, known as damage mode maps (DMMs), recently
developed by Jalalvand ef al. [25]. The DMMs are a very interesting graphical construction that
facilitates interpretation and allows subsequent analysis and better visualization of the evolution
of hybrid responses. DMMs have been used [1, 2, 25, 30] to analyse the evolution (through
colormaps) of pseudo-ductile strain, defined as the strain between the final failure strain and
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the strain on the extrapolated initial slope line at the failure stress of the stress-strain diagram,
and ‘yield’ stress, defined as the stress at first local maximum point of stress-strain diagram, of
hybrid combinations (see Figure 4.3). In the cited works, the focus was to study the LS layer
fragmentation and LS fragmentation and stable delamination damages modes in order to
maximize the pseudo-ductile and ‘yield’ stress. In this way, the DMMs can easily be used as a
design tool to achieve optimal hybrid composites with desired damage modes [2]. DMMs divide
all possible configurations of a UD hybrid composite into four possible damage modes:

1. Premature HS failure, in which the whole hybrid specimen fails at first LS fracture;

2. Unstable delamination, in which delamination occurs at first LS fracture;

3. LS layer fragmentation, in which the energy released at first LS layer is not enough to
drive unstable delamination, allowing that other fractures take place in the LS layer until
saturation;

4. LS fragmentation and stable delamination in which the fragmented LS segments are
pulled-out stably from the HS layers.
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Figure 4.3 — Illustration of nonlinear pseudo-ductile behaviour and definitions of ‘yield’
stress and pseudo-ductile strain (adapted from [1]).

In DMMs, the horizontal axis is the ratio between the thickness of the two fibre type layers and
the vertical is the absolute thickness of the LS layer. The boundaries between different zones
can be determined by equating any two of the three stress levels described in [13]: (i) the stress
level at which the first crack in the LS material occurs, c@LF, (ii) the stress level at which
delamination development occurs, o@del, and (iii) stress level at which the high strain material
fails, c@HF', in accordance with the equations (4.8) to (4.10), respectively.

_ af+1

c@LF =§; 2B+ (4.8)
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1 Sy
COHF = i (4.10)

where SL and Su are the reference strength of the LS and HS materials, o and f are the modulus
and thickness ratios of the LS to HS fibre layers, Guc is the mode II interlaminar fracture
toughness of the interface between LS layers and HS layers of the hybrid composite, En the
elastic modulus of the HS fibres, my is the Weibull strength distribution modulus of the HS
fibre, Su is the reference strength of the HS material, K is the stress concentration factor in the

high strain material and V is the volume of the specimen (free length x width x total fibre layer
thickness).

Hybrid configurations in which fragmentation in the LS material initiates before delamination
should satisfy the c@LF < o@del condition, resulting after some simplifications in the
following inequality:

2GiicEg a(1-y)

<=7 E— (4.11)
where y is defined as:
y=—t =L (4.12)
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Hybrid configurations in which LS material fragmentation takes place before failure in the HS
material should satisty 6@LF < o@HF condition, resulting after some simplifications in the
following inequality:

VL < K¢S (aﬂ+1) \}ZWL (4.13)

where W is the width and L is the free length of specimens.

Hybrid configurations in which the HS material delamination stress failure stress, c@HF >
o@del, delamination propagation is expected before final failure, satisfying the next inequality:

11 1
(

t, @ > g7 KR IWL 26, By [ (4.14)

S a

In all last models, St is assumed as a constant mean value, not taking into account the hybrid
effect variation as function of the vol% of LS fibres, which would greatly contribute to ‘yield’
stress and pseudo-ductile strain of hybrid composites. In the present chapter, an actual strength
of the LS material, Si.., was considered assuming the hybrid effect (computed according to the
PDM described in section 4.2.1.2).

Spa =S, + (S, x HE(vol% of LS fibres)) (4.15)
where HE is the hybrid effect a function of vol% of LS fibres.

DMMs were used to analyse the evolution and to identify the trade-offs between different
responses in all damages modes, namely hybrid effect, ‘yield’ stress, pseudo-ductile strain,
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strength and elastic modulus. All the responses, with the exception of the elastic modulus
(Enybria), were predicted with Jalalvand et al. model, taking into account equation (4.15). Enybrid
was predicted according to the rule of mixtures (see equation (4.16)) that has been proven to
accurately estimate this property [6].

Ehybrl’d = VLEL + VHEH + VMEM (416)

where Vi, Vi, Vi, Er, En, and E)s are the volume and elastic modulus of the LS fibre, HS fibre
and matrix, respectively.

In the present chapter, the mechanical properties experimentally characterized of UD non-
hybrid composites were used as input variables of model (4.16) (see Table 4.1). The exact
volume of resin was not directly controlled during the application. Cross-sectional area of the
composite was computed considering only the thickness of the dry fabrics, according to the
usual practice of the hand lay-up method [31]. In this way, E1. and En were considered the elastic
modulus of LS and HS one layer composites, respectively. Therefore, the contribution of
Vy Eywas contemplated in VLEL and VuEw terms, leading to VL + Vu=1 and Vi, Ey = 0.

4.3. Experimental procedure

4.3.1. Materials

Commercial dry UD fabrics available for civil engineering applications, with a similar areal
mass of 400 g/m?, were used in this work, namely UD HM carbon (S&P C-Sheet 640), ST
carbon (S&P C-Sheet 240), E-glass (S&P G-sheet E 90/10) and basalt (Dalla Betta Group
U400B-40-50-03). An epoxy-based material (S&P Resin Epoxy 55) was used as matrix for
laminating the studied composites. According to the supplier, this epoxy has the following main
properties [32]: (i) a tensile strength of 35.8 MPa; (ii) a strain at the failure of 2.3%; and, (iii)
an elastic modulus of 2.6 GPa.

In Table 4.1 the density, areal mass, and fibre layer thickness (areal mass density divided by
the volumetric mass density) of UD fabrics are presented.

4.3.2. Tensile single fibre test

For each dry fabric, a reasonable number of single fibres (see Table 4.1) were randomly taken
from the dry fabrics and tested. The method used follows the guidelines laid down in ASTM
D3379-75 [33] for the tensile testing of fibres. The measurements were performed in a
Hounsfield H100KS universal testing machine with a load cell with 2.5 N maximum capacity
(with an accuracy of £+ 0.2% of applied force across load cell force range). In total, 200 fibres
were individually mounted in the jig by means of a work template with a fixed gauge length of
20 mm, see Figure 4.4. Fibre ends were bonded to the work template by an ethyl cyanoacrylate-
based adhesive. Then the tab ends were gripped in the jaws of the machine. Before the tensile
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tests were started, the work template was cut across, so that just the fibre was fixed as a
continuous length within the jig. The measurements were performed at a rate of 1.5 mm/min,
until breakage occurred. For each fibre, records of applied load against extension were taken,
and using an average mean diameter, determined through the analysis of microscopy images of
fibres obtained with Scanning Electron Microscopy (SEM) (see Figure 4.5), the data registered
were converted to stress-strain relationship.

In Table 4.1 it is possible to observe that elastic modulus of single fibres is lower than the
elastic modulus of cured composites. This is due to the fact that, in case of composites, the
tensile properties were evaluated ignoring the contribution of the resin. This means that tensile
strength was computed considering only the dry fabric thickness, which conducted to
overestimation of the tensile strength and, consequently, large elastic modulus.
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Table 4.1 — Properties of the dry fabrics, fibres and cured composite materials determined experimentally.

Material ID Properties of the dry fabric, as Properties of the fibres (tested according to ASTM D3379) Properties of 1 ply composites [6]*
reporter by the manufacturer

¢ dey)

Density Areal Fibre N. of Fibre Elastic Tensile Strain at Elastic Tensile Strain at
[g/m?] mass layer samples diameter modulus strength the failure modulus strength the strain
[g/m?] thickness [wm] [GPa] [MPa] [%] [GPa] [MPa] [%]
[mm/layer] (CoV [%]) (CoV[%]) (CoV[%]) (CoV [%]) (CoV[%]) (CoV[%]) (CoV [%])
Basalt (B) 2.67 420 0.157 50 18.14 61.41 1886.70 3.10 102.5 22442 2.46
(3.56) (31.14) (40.79) (27.73) (15.46) (20.17) (10.61)
E-glass (G) 2.60 400 0.154 50 14.98 76.92 2662.06 3.72 81.6 1671.2 2.31
(16.25) (27.97) (33.88) (20.45) (7.39) (8.59) (3.78)
ST carbon (C) 1.79 400 0.223 36 7.88 213.95 3920.67 1.38 231.3 25659 1.09
(5.15) (43.36) (39.37) (17.37) (12.50) (10.18) (8.81)
HM carbon (CHM) 2.10 400 0.190 26 11.03 558.07 2934.24 0.53 624.1 1749.4 0.27
(6.66) (24.67) (19.16) (18.99) (11.13) (24.39) (19.61)

Note: *The tensile properties were computed considering only the thickness of the dry fabrics, according the recommendation suggested in the guidelines [31].
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Figure 4.4 — Tensile fibre test: (a) illustration of the test and (b) geometry of specimen
(dimensions in mm).

4.3.3. Hybrid composite combinations

Hybrid composite combinations of HM carbon/glass, ST carbon/glass, HM carbon/basalt, ST
carbon/basalt and HM carbon/ST carbon up to 5 layers were studied. In total, 16 series of hybrid
composite combinations results were compared with PDM predictions: 12 combinations with
3 reinforcing material layers and 6 combinations with 5 reinforcing material layers. The
combinations of 3 symmetrical layers allowed to analyse the following approximate levels of
LS fibre vol%: 0%, 33%, 66% and 100%. In addition, combinations with 5 layers allowed to
analyse the following approximate levels of LS fibre vol%: 20%, 40% and 60%. Specimens
with 5 layers were only tested on 2 hybrid combinations: HM carbon/glass and ST carbon/glass.
Since each series was composed of 4 specimens, a total of 64 tests was carried out. It should be
noted that the UD fabrics had slightly different thicknesses and, for this reason, the vol% before
mentioned were corrected in the next sections, according to the corresponding thickness layer,
assuming that vol% =t /(t, + ty) X 100.

The hybrid composite laminates were manufactured by hand lay-up method, according to the
best practices suggested in the guidelines [31], following this protocol: (i) dry fabrics were cut
into pieces with 250 mm at parallel direction of fibres and 80 mm at perpendicular direction of
fibres; (ii) a layer of epoxy was applied over a teflon film and in the first fabric layer with a
brush; (iii) the fabric layer was adjusted manually, and then a ribbed rigid roller was used to
apply pressure, in order to force excess resin and air out of the composite; (iv) the above
mentioned steps were repeated for further layers. The top of the laminate was left rough, in
order to simulate real applications. All the samples were then cured at room temperature (20 +
0.5°C) for 40 days.
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(© (d)

Figure 4.5 — SEM images of the surface and diameter indication of: (a) glass fibres; (b)
basalt fibres; (c) ST carbon and (d) HM carbon.

The specimens of each series were obtained from the laminates using a diamond tipped wheel
cutter. Tensile tests were performed according to ISO 527-5:2009 standard [34]. Specimen
dimensions were 250/150/15/[0.7-3.5]/[0.5-1.0] mm overall length/free length/width/total
thickness/fibre layer thickness, respectively. Aluminium tabs of 50 x 15 mm? were used at each
end of the specimen to avoid gripping effects. A clip gauge with a gauge length of 100 mm
(with a linear error, including hysteresis of 0.25%) was used.

Tensile tests were carried out at room temperature on a universal testing machine (UTM)
equipped with a 200 kN load cell (with a linear error less than 0.05% of full scale) and hydraulic
grips. The specimens were held between grips of the UTM and extended (at a rate of 1 mm/min)
up to failure.
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As stated before, cross-sectional area of the composite was computed considering only the
thickness of the dry fabrics, according the recommendation suggested in the guidelines [31]. In
this way, mechanical properties of impregnated composite (elastic modulus and tensile stress)
were computed considering the wet lay-up system similar to an equivalent system of only dry
fabrics. However, all the composites were measured with a digital calliper, which allowed to
determine a fibre mean volume (Vf) of 23.4%, taking into account the fibre layer thickness
reported by the manufacturer.

4.4. Results and discussion

4.4.1. Single fibre strength distributions

The strength distribution obtained by testing single fibres in tension is shown in Figure 4.6
together with the Weibull model plotted by solid lines, considering Lo=20 mm and =150 mm.
The MLM was used to determine the Weibull parameters (shape and scale). The followed
procedure is based in application of fitdist function available in Mathworks' Matlab R2015b
[35]. The failure probabilities were estimated using the equation (4.17) (which is often used in
the literature, e.g. [28, 29]) in order to allow the visualisation of the data, although it was not
used to compute the distribution parameters, because MLM does not use such estimators [29].

p = 203 (4.17)

n+0.4

where i is the i-th number in ascendingly ordered strength data and # is the sample size.

Visual examination of the diagrams indicates that the experimental data are reasonably well
approximated by the chosen model. However, in the case of ST carbon fibres (Figure 4.6 (c))
there was some discrepancy between experimental results and fitted model, essentially due to
the contribution of the strongest fibres. As it was shown (in Figure 4.5), this type of fibres
present the lowest diameter and for this reason they are more sensible to large stress deviations.
It should be noticed that all stress results were computed considering an average fibre cross-
sectional area for converting load into stress.

The overall adequacy of the Weibull distribution was evaluated according to the chi-square
goodness-of-fit test. This test depends on the number and the size of the classes of equal
probabilities in which the data are grouped. For this reason, this approach maintains a certain
degree of arbitrariness. The test result can be reported through the p-value approach [36] to
state that the null hypothesis (described below) was or was not rejected at a specified level of
significance. P-value varies between 0 and 1 and it is the smallest level of significance that
would lead to rejection of the null hypothesis. In its turn, the level of significance is the
probability wrongly reject the null hypothesis when it is true. For example a p-value lower or
equal to 0.01 leads to the rejection of the null hypothesis with significant level of 1%.
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Figure 4.6 — Cumulative Weibull fibre strength distribution for: (a) glass fibres; (b) basalt
fibres; (c) ST carbon; (d) HM carbon.

The null hypothesis is defined as: the strength follows a Weibull distribution. The obtained p-
values for the series tested are summarized in Table 4.2. It is possible to observe that all of the
p-values for these goodness-of-fit statistics are larger than 0.01, implying that the null
hypothesis cannot be reject with significant level >1%. The p-value obtained in basalt and E-
glass cases is clearly superior to the obtained with the 2 types of carbon. Relatively to the ST
carbon, the low p-value indicates the worst agreement of the experimental results with the
Weibull distribution. However, the obtained p-value is high enough to avoid the rejection of
null hypothesis. For this reason, the obtained parameters for the Weibull distributions were all
accepted.

During the preparation of tests, mainly during the extraction of fibres, it was impossible to
prevent some fibres from breaking, particularly the HM carbon ones. This is understandable,
since the mean breaking force of all fibre types was very low, varying between 0.2 and 0.5 N.
The elimination of the weakest fibres causes deviations from Weibull distribution and
underestimates the scatter of strength (which means higher values of m). The m value of HM

116



HYBRID EFFECT PREDICTION AND EVOLUTION OF THE TENSILE RESPONSE

carbon is higher than in other cases. The experience gained in the execution of tests lead the
authors of this work to believe that this value is not correct, since it was not possible to test a
large number of weak fibres. As it is evident in Section 4.4.2, assuming an m value equal to the
average of the 3 other types of fibres, i.e., m=2.70 leads to much better adjustment of the hybrid
effect predictions. An algorithm that changes oo of CHM fibres while maintaining either the
same strength was implemented, this means that failure strain of CHM was changed. The
parameters that define this hypothetical distribution are as well exposed in Table 4.2.

Table 4.2 — Weibull distribution parameters.

Material ID Lo [mm] L [mm)] oo [MPa] m p-value

B 20 150 4593.83 2.61 0.5496

G 20 150 5965.90 2.80 0.1455

C 20 150 9353.44 2.68 0.0267

CHM 20 150 4559.57 5.51 0.0547
(Hypothetical) CHM* 20 150 2874.00 2.70 -

Note: *m value was assumed equal to the mean of the 3 other types of fibres because the
elimination of the weakest fibres underestimates the strength scatter.

4.4.2. Tensile strength and hybrid effect predictions of hybrid composites

The variation of vol% of LS fibres greatly modifies the hybrid tensile response. The PDM,
equation (4.7), is obviously sensitive to this variation. An example of the evolution of the stress—
strain analytical relationships of the CHM/G combination as the vol% of LS fibres increases
are plotted in Figure 4.2. It is possible to observe that when the vol% of HM carbon fibres
increases, the strength of the hybrid composite is no longer dominated by glass fibres and
depends on the contribution of the two types of fibres. This behaviour essentially follows the
bilinear rule of mixtures (ROM):

VLS, + VyEner; Vg < Ve

Ohybrid = { ViSis Vig > Vi (4.18)

where onypria 18 tensile strength of hybrid composites and ¢, is the ultimate strain of the LS
composite.

Based on this model, if the V' is lower than a critical value, Ve,i; the hybrid composite would
fail prematurely. On the other hand, if the Vs higher than V.., hybrid composites would keep
their integrity until the failure of HS fibre.
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As shown in Figure 4.7, the strength predictions follow completely the bilinear ROM. The
input parameters used to define the bilinear ROM derived from PDM model: the reference HM
carbon composite has a strength of 1350 MPa, an elastic modulus of 100.0 GPa and a failure
strain of 1.35%, while the reference glass composite has a strength of 2080 MPa, an elastic
modulus of 13.6 GPa and a failure strain of 15.24%. V.. was calculated by equating the two
branches of equation (4.18) and it was determined equal to 41.6%. The predicted failure strains
of the composites exceed a lot the experimental values (see Table 4.1), which lead to very low
values of elastic modulus. In this way, the PDM cannot be considered a good model to predict
the failure strains. Swolfs et al. [9] obtained the same conclusion and they believe that this is
due to the fact the GLS models neglect the stress concentrations. In the work of Turon et al.
[19], it was referred that failure prediction is out of the scope of the present model.

The two different sets of Weibull parameters were used as inputs of PDM in CHM fibres case:
(1) the m=5.51 and 6o=4559.57 MPa, pair computed according to the experimental tensile CHM
fibres strength distribution, and (ii) the m=2.70 and 60=2874.00 MPa pair, hypothetical
suggested. It is possible to observe in Figure 4.7 and Figure 4.8 that the suggested change had
no impact in the strength predictions, but had a great influence in the hybrid effect predictions,
improving reasonably the predictions of this property.

2800 T T
— — —Bilinear ROM
2400 - O CHM/G predicted strength m cHM=5.51 ]
o CHM/G predicted strength m cHM=2.70
2000 -
N g
s |
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Figure 4.7 —PDM strength predictions compared with the bilinear rule-of-mixtures as
function of Weibull modulus and relative volume of HM carbon fibres.

In Figure 4.8 the mean (and the 95% Fisher level of confidence intervals) of hybrid effect are
compared against the PDM predictions. As it is shown, the predictions are, in general, in good
agreement with the obtained experimental results. Quantitative comparisons between analytical
and experimental results are presented in Table 4.3.

It can be seen that apparently very high relative errors (between -251.7% and 2597.5%) were
registered. However, it is possible to observe that very high relative errors were registered in
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cases in which experimental hybrid effects were negative. Experimental negative hybrid effects
only make sense because the number of layers of LS material is not the same in all hybrid
combinations. It is well-known that there is a size effect in tensile properties of reinforcing fibre
due to the higher probability of finding a cluster of weaker fibre in a larger volume of material
[8]. In cases where the hybrid effect was negative, 2 or 3 layers of LS fibre were used. Since
the hybrid effect was computed relatively to the 1 layer non-hybrid composite results, negative
hybrid effects are understandable. The influence of size effect on the hybrid effect has not yet
been investigated in the literature [8]. In any case, in combinations in which the hybrid effect
was negative, the predictions are very close to zero, which would be a plausible prediction if
the size effect did not exist. With the exception of 2 combinations (1G/1CHM/1G/1CHM/1G
and 2G/1C/2G), the positive hybrid effects were predicted satisfactorily, with relative errors
varying between -20.4% and 31.1%.

Analytical hybrid effects were used to compute Si . (according to equation (4.15)). The results
are exposed in Table 4.3. It is possible to observe that Si.. was predicted satisfactorily, with
relative errors varying between -25.4% and 14.7%

In view of the above, PDM is a simple model that, if used with care, can predict reasonably the
hybrid effect. However, some limitations should be considered, for instance: (i) it does not take
into account the real number of fibres, leading to size effects being ignored. Furthermore, (i1) it
ignores the dispersion of fibres, which has been shown to be a very important parameter
affecting the hybrid effect [37].

4.4.3. Damage mode maps

In this section, the influence of the geometric and reinforcing material combinations in different
characteristics of the hybrid stress—strain response, such as hybrid effect, ‘yield’ stress, pseudo-
ductile strain, strength and elastic modulus of the hybrid composites is investigated. The main
objective of this part of the work is to better understand the potential of the hybridization of the
studied materials, and to identify which combinations maximize the tensile response.
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Figure 4.8 — Experimental mean hybrid effect results compared with analytical predictions.
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Table 4.3 — Comparison between experimental and analytical results.

Hybrid effect Sia [MPa] Tensile streng Pseudo-ductile strain
Combinations Series ID Volume of Experimental PDM Error Experimental Based on Error Experimental Analytical Error Experimental Analytical Error
LS fibre [%] [6] prediction [%] [MPa] [6] predicted HE [%] [MPa] [6] [MPa] [%] [%] [6] [%] [%]
[%] [%] [MPa]
C/B 1C/1B/1C 74.0 -8.99 3.21 135.7° 2289.9 2648.3 -15.65 2191.4 (7.28) 2264.6 -3.3 - -- --
1B/1C/1B 41.5 17.37 11.97 31.1 2960.6 2873.0 2.96 1950.2 (7.51) 1938.2 0.6 -- -- --
CHM/B 1CHM/1B/1ICHM 70.8 -12.95 1.44 111.2¢ 1497.8 1774.6 -18.48 1150.0 (14.10) 1341.0 -16.6 - -- --
1B/1CHM/1B 37.7 30.19 25.36 16.0 2246.8 2193.0 2.39 1328.0 (10.74) 1125.3 15.3 2.04 (8.84) 1.80 11.8
CHM/C 1CHM/1C/1CHM 63.0 -1.50 8.69 680.1° 1684.8 1901.4 -12.84 1352.5 (5.10) 1458.8 -1.9 - -- --
1C/1CHM/1C 29.5 44.52 40.58 8.9 2434.0 2459.3 -1.04 1937.5 (6.79) 1431.0 26.1 0.44 (9.57) 0.64 -45.5
C/G 1C/1G/1C 743 -4.44 3.85 186.6° 2405.0 2664.7 -10.77 2176.9 (8.55) 2222.0 -2.1 -- -- --
1G/3C/1G 68.5 -0.20 5.13 2597.5% 2521.2 2697.5 -7.00 2216.0 (8.77) 2143.7 33 -- -- --
1G/1C/1G/1C/1G 49.1 9.15 11.01 -20.4 2752.5 2848.4 -3.49 1776.3 (10.55) 1910.4 -1.5 -- -- --
1G/1C/1G 42.0 16.33 14.22 12.9 2937.5 2930.8 0.23 1856.0 (5.67) 1830.6 1.3 - -- --
2G/1C2G 26.6 7.33 25.77 -251.7 2706.2 3227.1 -19.25 1244.4 (1.74) 1693.6 -36.1 - -- --
CHM/G 1CHM/1G/1CHM 71.2 -7.07 2.17 130.7° 1560.3 1787.4 -14.56 1168.9 (19.49) 1339.3 -14.6 - -- --
1G/3CHM/1G 64.9 -14.09 2.89 120.6* 1435.4 1800.0 -25.40 1053.5 (10.14) 1251.1 -18.8 - -- --
1G/1ICHM/1G/1CHM/1G 45.1 27.66 6.52 76.4 2184.4 1863.5 14.69 1105.8 (9.18) 974.7 11.9 - -- -
1G/1ICHM/1G 382 9.97 8.69 12.8 1872.0 1901.4 -1.56 1054.7 (9.11) 879.1 16.6 1.21(23.32) 1.73 -43.0
2G/1CHM2G 23.6 21.94 19.57 10.8 2059.5 2091.8 -1.56 1164.7 (14.47) 1004.6 13.7 1.4 (15.20) 1.66 -18.6

Note: *apparently very high relative errors were registered in cases that hybrid effect was negative.
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4.4.3.1. Hybrid effect

The evolution of the hybrid effect for the different reinforcing material combinations is
presented in Figure 4.9. The presentation of the results for hybrid effect is based on DMMs
described in Section 4.2.2. Each DMM locates four zones that divide all possible expected
tensile damage modes of UD hybrid composites. The horizontal axis of DMMs shows the ratio
between LS and HS material thickness and the vertical axis shows the absolute thickness of LS
material. The border lines are defined for each material combination according to the equations
(4.11), (4.13) and (4.14). In innovative way, the evolution of St was contemplated according to
the predictions of hybrid effect, assuming St= Sr.. This means that mean values presented in
the Table 4.1 and the corresponding computed hybrid effect were updated as function of the
ratio between the thicknesses of the reinforcing materials. This option had influence in the
definition of the boundaries that depend on Si, namely those which are defined in equations
(4.11) and (4.13) .The length and width of specimens were assumed equal to L = 150 mm and
W =15 mm, respectively. The interlaminar toughness, Guc, for the different hybrid interfaces
was not experimentally measured and it was arbitrated in way that, in combination with
experimental pseudo-ductile behaviour, the fragmentation & dispersed delamination damage
mode was analytically achieved (see the details in [6]). Weibull modulus of HS fibres was
assumed constant and equal to the value used by Jalalvand et al. [13], mu = 29.3. This value is
significantly higher than that obtained experimentally in this work (and higher than those
usually reported in bibliography, e.g. [26]). However, it was proved by the authors’ model [13]
that this value allowed the best predictions. In practice, this implies that a lower variability of
HS fibres strength is being considered. The value of the stress concentration factor was assumed
constant for all of the specimens, K; = 0.97.

In general terms, observing the Figure 4.9, it is possible to conclude that the combination of
HM carbon with ST carbon allowed to achieve the maximum hybrid effect (at least close to
50%). For all the combinations the maximum hybrid effect was achieved with the occurrence
of fragmentation or fragmentation & delamination.

In Figure 4.10 the DMMs of different reinforcing material combinations are presented in
conjugation with the localization of experimental configurations and indication of vol% of LS
fibres. The border lines defined with the contemplation of a mean experimental S . and
analytical Si.. are compared. The mean experimental Si. was computed assuming the mean
value obtained for all series within the material combination. It is possible to observe that the
contemplation of analytical Si . reduced the fragmentation and fragmentation & delamination
zones. In this way, the premature failure and catastrophic delamination damages modes occur
much more frequently. Anyway, in both cases the boundaries in Figure 4.10 separate the
studied configuration in absolute accordance with registered damage modes exposed in [6].
However, in the case of HM carbon/glass combination, the configuration with 38.2% of LS
fibres is located very close to the border line. This point is even slightly outside of fragmentation
& delamination zone, considering boundaries with analytical Si. contemplation. In this case,
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the SiL.a are a little overestimated. In the remaining cases, all the points that correspond to
combinations in which the pseudo-ductile was achieved are located in fragmentation and stable
delamination zone. This happened essentially with some combinations that included HM
carbon as the LS material. For other hand, configuration in which the ST carbon is considered
the LS material, it is possible to observe that the fragmentation and fragmentation &
delamination zones are very reduced, indicating that it is almost impossible to get these types
of damage modes in practice. For instance, the abscissa point of the apex of the boundary lines
of ST carbon/glass combination is 0.1548. A layer of ST carbon has a thickness of 0.223 mm
(see Table 4.1), this means that in the referred point, the thickness of the glass is 1.505 mm,
which corresponds approximately to 9.77 layers. The best practices suggested in the guidelines
[31] advise to use no more than 5 layers.

4.4.3.2. Yield stress and pseudo-ductile strain

DMMs presented in Figure 4.11 allow to observe that the highest value of ‘yield’ stress, if it
exists, can be achieved close to LS fragmentation/HS failure boundary. This means that this
property increases with the amount of the LS fibres. ‘Yield’ stress was computed according to
equation (4.8), for the damages modes 3 and 4 described in Section 4.2.2, i.e., the white zones
in DMMs correspond to configurations in which damage modes 1 and 2 take place. S was
assumed equal to analytical St .. The maximum ‘yield’ stress was achieved for the combination
of ST carbon with basalt. However, in this material combination, the reduced areas of the
fragmentation and fragmentation & delamination zones leads almost to the impossibly of
achieving this damage mode in practice. In this way, the combination of HM carbon with ST
carbon is the best plausible choice to reach the highest ‘yield’ stress.

The predicted pseudo-ductile strains for all material combinations are present in Figure 4.12.
As in the previous case, the coloured regions of the maps indicate the existence of pseudo-
ductility. The white regions show either premature HS material failure or catastrophic
delamination. It is possible to observe that the highest value of pseudo-ductile strain can be
achieved close to the intersection of the boundaries within fragmentation & delamination zones.
This is understandable because delamination promotes extra extension to the composite, when
compared to the case in which only fragmentation takes place. The highest values of pseudo-
ductile strain were achieved in the combination of HM carbon with basalt. On the other hand,
the combination of HM carbon with ST carbon resulted in the worst response. Again, the
pseudo-ductile strain in the combination of ST carbon with glass or basalt are very difficult to
achieve experimentally. The predicted pseudo-ductile strains are presented in Table 4.3 and
they are compared with experimental results. Although, the relative errors are very high,
absolute values are close. Comparing very low values generates situations where small
variations lead to very high relative errors. For this reason, this type of errors should be carefully
analysed.
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Figure 4.9 — Damage mode map and distribution of hybrid effect of: (a) HM carbon/glass;
(b) ST carbon/glass; (¢) HM carbon/basalt; (d) ST carbon/basalt and (¢) HM carbon/ST
carbon hybrid composites.
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4.4.3.3. Strength and elastic modulus

The strength was predicted according to equations (4.8) and (4.9). For each configuration, the
maximum between o@LF and c@HF was assumed as the strength. The evolution of the
strength for studied hybrid combinations is presented in Figure 4.13. It is possible to observe
that, in all cases, the minimum strength was achieved in LS fragmentation/delamination
boundary. The evolution of strength follows basically the conclusions obtained with bilinear
ROM. The highest strength was achieved with the combination of ST carbon with basalt. Since
HM carbon is one of the materials with lower tensile strength, in combination with this material,
the increase of volume of HM carbon would not lead to significant improvements in tensile
strength. Experimental and analytical strengths are presented in Table 4.3. It is possible to
observe that strength was reasonably predicted, with relative errors varying between -36.1%
and 26.1%.

Figure 4.14 presents the evolution of elastic modulus of the 5 material combinations referred
before. This property was evaluated according to equation (4.16). As expected, the elasticity
modulus increases with the thickness increase of LS fibres in all the combinations. It is possible
to observe that the property under review varies only with thickness ratio between the
reinforcing materials, i.e. the absolute LS layer thickness has no influence in the response.
Combinations that include HM carbon are the ones that allow reaching higher elasticity
modulus. According to the DMMs shown in Figure 4.14, the combination of HM carbon with
ST carbon results in the highest elastic modulus and the combination of carbon with glass in
the lowest values.
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4.5. Conclusions

In the present chapter, it was concluded that PDM, if used with care, can predict reasonably the
hybrid effect. However, there are some limitations, because the method does not take into
account scale effects or the dispersion of fibres. Furthermore, Weibull parameters, which are
used as inputs of the PDM, are susceptible to several error sources and they are dependent of
the number of tests and the gauge length of specimens. Having said that, quantitative
comparisons between analytical and experimental results revealed that positive hybrid effects
were predicted with relative errors varying between -20.4% and 31.1%. It was explained that
negative hybrid effects appear probably due to the size effect in tensile properties of reinforcing
fibre due to the higher probability of finding a cluster of weaker fibre in a larger volume of
material. It should be highlighted that it is not possible, in combination with low vol% of LS
fibres, to achieve a clear local maximum point at stress-strain diagram predicted with PDM,
corresponding to strain to failure of LS fibres. In these cases, the hybrid effect was considered
equal to the achieved with lowest possible vol% of LS fibres.

Analytical hybrid effects were used to compute the reference strength of LS fibres and it was
demonstrated that this property was reasonably predicted, with relative errors varying between
-25.4% and 14.7%. Furthermore, analytical hybrid effects were considered to modify the model
of Jalalvand et al. [13] and, in this way, to predict pseudo-ductile strain and strength. It was
demonstrated that the magnitude of the two cited properties is close to the experimental results.

DMMs of different reinforcing material combinations were presented. The border lines were
defined with the contemplation of the hybrid effect. It was possible to observe that this
contemplation reduced the fragmentation and fragmentation & delamination zones. DMMs
allowed as well to observe that the highest value of ‘yield’ stress can be achieved if the
coordinates of a given hybrid configuration are close to LS fragmentation\HS failure boundary.
In configurations where C was considered as the LS material, it was possible to observe that
the fragmentation and fragmentation & delamination zones were very reduced, indicating that
it is almost impossible to get these types of damage modes in practice. In this way, the
combination of CHM with C is the best plausible choice to reach the highest ‘yield’ stress.

It was also possible to observe that the highest value of pseudo-ductile strain can be achieved
close to the intersection of the boundaries within fragmentation & delamination zone. The
highest values of pseudo-ductile were achieved in the combination of CHM with B.

It was also possible to observe that in all cases the minimum strength was achieved in LS
fragmentation/ delamination boundary. The highest strength was achieved with the combination
of C with B.

As expected, the elasticity modulus increases with the increase of thickness of LS fibres in all
the combinations. The combination of CHM with C resulted in the highest elastic modulus.
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5.HYBRID FRP-CONFINED CONCRETE: EXPERIMENTAL AND
ANALYTICAL STUDY

5.1. Introduction

FRP composites have been effectively used as passive jacket of concrete columns in the last
three decades. It is known that concrete in compression expands radially leading to internal
cracking [1]. The confinement, first, delays cracking and, then, prevents the relative
displacement of disaggregated concrete pieces, thus allowing concrete to reach higher
compressive strength and higher ultimate axial and lateral strains [2]. FRP jackets are typically
produced through the wet lay-up method [2]. These systems have been implemented mainly in
two situations: (i) in rehabilitation of existing concrete structures, being columns retrofitted
through FRP wrapping (positioning the fibres transversely oriented, relatively to the
longitudinal axis of the member) and (ii) in new construction, adopting composite columns
made of concrete-filled FRP tubes (CFFTs) [3-5].

Confinement of concrete columns is more effective in the case of circular cross-sections, than
in the case of square/rectangular cross-sections because, in the former situation, concrete is
uniformly confined. For this reason, as addressed in [6], the behaviour of FRP-confined
concrete in circular cross-sections has been widely studied since the mid-1980s. A database
built from an extensive literature review covering 1063 test results is published in [7, 8]. The
behaviour of FRP-confined concrete in square/rectangular cross-sections has received relatively
less attention. Thus, in a similar database, published in [9], it was possible to assemble 484 test
results.

Although the performance of FRP-confined concrete is well studied, it can be improved. For
instance, results in bibliography have shown that the ultimate tensile strain of conventional FRP
jackets is lower than that observed in tensile tests of laminates of non-hybrid FRP of the same
material [10-12]. This phenomenon has been designated as lateral strain efficiency of FRP
jackets. A several number of factors has been reported as cause of lower efficiency in FRP
jackets [10]. These factors include differences between FRP jackets and laminate specimens in
variables such as the form, the methods of measurement and testing, the quality of
workmanship, the geometric imperfections, the presence of an overlap region in the jacket, and
the curvature and multiaxial stress state of the FRP jacket. Lim and Ozbakkaloglu [10] have
presented the results of an analytical study that closely examined factors influencing the lateral
rupture strains and axial strains in FRP-confined concrete. It has been concluded that ultimate
tensile strain of non-hybrid FRP jackets are significantly affected by (i) concrete strength, and
(1) type of FRP material. It has been demonstrated that the FRP lateral strain at failure decreases
with an increase in the unconfined concrete strength and elastic modulus of fibres. In addition,
conventional FRP materials are brittle, exhibiting a linear elastic behaviour up to failure. For
this reason, when submitted to pure compression, the compressive stress of the confined

135



Chapter 5

concrete continuously increases with the strain up to FRP failure. Since the confinement
material is brittle, failure is abrupt, even explosive, dominated by FRP failure.

In the present chapter, an innovative solution to overcome these drawbacks is presented. The
strategy passed by combining commercially available unidirectional dry fabrics of different
materials in the same matrix obtained a hybrid composite that promotes synergies between the
involved reinforcing materials, conducting, for instance, a pseudo-ductile tensile response
(characterized by fragmentation in the low strain material and dispersed delamination, please
see details in [13]), and an increase (until 50% [13, 24]) of the apparent failure strain of low
strain fibres, known as ‘hybrid effect’. The present research focus on the results of pure
compression tests, performed on small-scale plain concrete columns confined with 16
unidirectional interlayer hybrid composite combinations, exploiting the demonstrated hybrid
effect and pseudo-ductility of this confining material [14]. All the unidirectional hybrid
composites used in the jacketing have been tensile characterized before in [14]. This work aims
at demonstrating that the hybrid effect can maximize the efficiency of the FRP jackets and
pseudo-ductility can avoid abrupt failures, and thus, improve safety. To the best of the author’s
knowledge, it is the first time that fragmentation of low strain material and dispersed
delamination is explored in this type of applications. Moreover, it is intended to prove that the
model of Jalalvand et al. [13] and the bilinear rule of mixtures (ROM) [14] can be used to
predict satisfactorily the confining pressure of hybrid composites. A new design-oriented model
to predict the ultimate condition of hybrid FRP-confined concrete is proposed in this work.
Lastly, an analysis-oriented model for hybrid FRP-confined concrete, developed by modifying
the calculation method of the confining pressure of Lim and Ozbakkaloglu [15, 16] model, is
also presented.

5.1.1. Tensile behaviour of hybrid unidirectional composites

Aiming at achieving pseudo-ductile tensile response (so called to describe a mechanical non-
linear behaviour characterized by presenting a flat-topped stress-strain curve in monotonic
tensile tests), exhaustive work has been carried out with a combination of different
unidirectional FRP composites [13, 14, 17-22]. This type of combination consist of two types
of fibres, namely low strain (LS) and high strain (HS) fibres, within the same polymeric matrix.
Please note that non-catastrophic tensile curve, achievable with some configuration of
unidirectional hybrid FRP composites, is not repeatable on subsequent unloadings/reloadings
[17,23].

In addition to pseudo-ductility, as referred to above hybridisation also promotes the appearance
of the ‘hybrid effect’, i.e., an increase of strain at the failure of LS material. This was reported,
for the first time, in 1972, by Hayashi [24]. The restriction caused by HS fibres adjacent to a
broken LS fibre has been reported as the main factor contributing for the hybrid effect, since
HS fibres inhibit the formation of critical clusters [21, 23].
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Ribeiro et al. [14] conducted an experimental study on the tensile stress—strain curves of
interlayer (layer-by-layer) unidirectional hybrid FRP composites, aiming at evaluating the
corresponding hybrid effect and pseudo-ductility of this innovative solution. A maximum
hybrid effect of circa 45% was achieved, by combining unidirectional fabrics of high-modulus
carbon with standard-modulus carbon. In four tested hybrid combinations, that included HM
carbon as LS material, pseudo-ductile tensile responses with fragmentation and dispersed
delamination of LS fibres were achieved. In these combinations, the mean ‘yielding’ stress
varied between circa 730 and 1500 MPa and the pseudo-ductile strain between 0.4 and 2.0%.

At the present moment, although the documentation on hybrid solutions applied in the
confinement of concrete columns is very scarce, the few studies already carried out allow
assuming these as very promising [25-29]. Generally, experimental results have demonstrated
that failure of hybrid composites does not lead to explosive failure of confined concrete.
However, as emphasized in Ribeiro et al. [14], these attempts have been performed without a
complete understanding of the material behaviour and the factors controlling the failure mode
of the hybrid composites have not been clearly explained. Moreover, the pseudo-ductility
concept, resulting from the fragmentation phenomena and controlled delamination of LS fibres,
has not been explained either.

However, even with the above mentioned advantages of hybrid composites, it is important to
be aware that, if the hybrid configuration is not carefully designed, the hybrid composite may
not only break suddenly, but it may also show a strength lower than its constituents individually.

5.2. Analytical models for FRP-confined concrete

Over time a large number of models has been proposed to predict the behaviour of non-hybrid
FRP-confined concrete [6]. These models can be classified into two categories [11]: (i) design-
oriented models and (ii) analysis-oriented models.

Typically, design-oriented models are closed form equations developed through regression
analyses from axial compression test results. These models allow to predict the ultimate
conditions of confined concrete without capturing the confinement mechanisms [15]. In the
work of Ozbakkaloglu et al. [6], an exhaustive critical review of 59 design-oriented models was
performed. It was concluded that the models developed by Lam and Teng [11] and Tamuzs et
al. [30] are the most accurate for predicting, respectively, the ultimate strength and the ultimate
axial strain of confined concrete. The work of Ozbakkaloglu et al. [6] contemplated the
prediction of 832 test results, leading to average errors of 11.8% for the first model and 26.3%
for the second [7].

Analysis-oriented models are capable of establishing all the axial stress-strain behaviour of
FRP-confined concrete, considering the interaction between the confining material and the
concrete core. In these models, it is assumed that the axial stress and the axial strain of FRP-
confined concrete are those of concrete actively confined with a constant confining pressure
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(equal to that supplied by the FRP at every moment) [15]. This way, the accuracy of this type
of models depends on two input parameters: (1) the lateral strain-to-axial strain relationship,
and (2) the stress-strain base curves of the actively confined concrete [15].

Recently, Lim and Ozbakkaloglu [15] proposed a generic model to describe the lateral strain-
to-axial strain relationship of confined concrete. This model emerged following an in-depth
evaluation of previous models in the literature. The predictions of the proposed model are well
above of previous models for both FRP-confined and actively confined concretes. The lateral
strain-to-axial strain relationship of confined concrete is shown to be a function of the confining
pressure, type of confining material and concrete strength. In [16], the same authors presented
an analysis-oriented model to describe the stress-strain relationships of both actively confined
concretes and FRP-confined concretes. It was proved that the model provides improved
predictions compared to the previous models presented in the literature. For these reasons the
models presented in [15] and [16] were used in present work. Since these models proved to be
quite efficient, it is not expected to get improved predictions with other models.

5.2.1. Analysis-oriented model

Analysis-oriented models assume that, for a given confining pressure (fi), an active confinement
model for concrete can be used to evaluate the corresponding FRP-confined concrete
compressive stress. This way, the complete stress-strain curve of FRP-confined concrete can be
obtained by repeating the next incremental procedure until FRP failure:

i.  Lateral strain (&) is the input parameter to estimate the fi of FRP-confined concrete (see

section 5.2.1.1);

ii. e and fi are used to estimate the axial strain (&) of FRP-confined concrete (see Section
5.2.1.2);

iii.  Simultaneously, fi is used to define the stress-strain model of actively confined concrete
(see Section 5.2.1.3);

iv.  The latter allows to determine the compressive stress (fc) of FRP-confined concrete,
assuming that it is equal to the compressive stress of actively confined concrete for the
estimated éc.

5.2.1.1. Confining pressure modelling

Under concentric compression, the lateral tensile stress (or hoop tensile stress) from the FRP
jacket in circular confined columns results in uniform fi. The latter increases proportionally with
the lateral expansion of concrete up to the failure of the system. Based on the deformation
compatibility between the jacket and the concrete surface, the lateral confining pressure applied
to concrete by the FRP jacket can be computed according to the following equation [6]:

f, = .ZEfrprltfrp (5.1)
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where Efyp 1s the elastic modulus of FRP, #;, is the total thickness of FRP and D is the diameter
of the concrete specimen.

In the present chapter, the exact volume of the epoxy resin was not directly controlled during
the application. For this reason, the total thickness of the FRP was computed considering only
the thickness of the dry fabrics, according to the usual practice of the wet lay-up method and
suggested by codes, e.g., [31].

In a unidirectional (UD) hybrid FRP submitted to uniaxial tension, the first damage mode is
always the failure of the LS fibres. However, the other damage modes depend on the properties
and configuration of the composite reinforcing materials [19]. The analytical approach
proposed by Jalalvand et al. [13], validated in the scope of the present work in [14], considers
that four different damage modes may occur after LS fibres failure: (i) premature HS failure,
(i1) unstable delamination, (iii) LS layer fragmentation, and (iv) LS fragmentation and stable
delamination. For each hybrid configuration, three stress levels can be computed [13]: (i) the
stress at which the first crack in the LS material occurs, o@LF, (ii) the stress at which
delamination starts, o@del, and (iii) the stress at which the HS material fails, c@HF, in
accordance with equations (5.2) to (5.4), respectively.

_ af+1

C@LF =S, - s (5.2)
_ 1 1+af 2GricEhg

o@del = 1+ﬁ\/( ap )( ty ) (5.3)
1 Sy

oOHE =h K. AV S

where Si is the reference strength of the LS material, a and f are the modulus and thickness
ratios of the LS to HS fibre, Gyc is the mode II interlaminar fracture toughness of the interface
between LS layers and HS layers of the hybrid composite, £y is the elastic modulus of the HS
fibres, ¢z is the half thickness of the HS fibre, my is the Weibull strength distribution modulus
of the HS fibre, Su is the reference strength of the HS material, K; is the stress concentration
factor in the high strain material, and V" is the volume of the specimen (free length x width x
total fibre layer thickness).

Knowing the magnitude of all three possible stresses allows assessing their order of occurrence
and, consecutively, the identification of the damage modes, according to Table 5.1. The details
of the adopted analytical approach are fully discussed in [13].

After the determination of the damage modes, it is possible to plot the tensile stress—strain curve
of hybrid FRP using the characteristic points given in Table 5.2. In the latter, Es. is the saturated
modulus of the composite (according to equation (5.5)), en is the failure strain of the HS fibres,
and egn.ps is the strain in the composite at the post-saturation phase when the high strain
material fails (according equation (5.6)) [13].
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af+1

Esat = Ey FrDar ) (5.5)
gy 7 5.8
€oH-Ps = TR~ 5, (5.6)

In the present chapter, the definitions of ‘yield’ stress and pseudo-ductile strain suggested by
Jalalvand et al. [13] were considered. Thus, the ‘yield’ stress is the stress at the point where the
response deviates from the initial linear elastic line, i.e., equal to c@LF and the pseudo-ductile
strain is defined as the extra strain between the final failure strain and the strain on the
extrapolated initial slope line at the failure stress of the stress-strain diagram (see Figure 5.1).

In confining applications, FRP is essentially subjected to tensile stress. For this reason, in the
present chapter, fiof different hybrid combinations was computed assuming a modified equation

(5.1):

where anybrid 1S the stress of hybrid FRP for a given tensile strain, assuming that the tensile strain
is the same in all layers of the hybrid composites. The stress was computed according to the
described stress-strain model of Jalalvand et a/. [13]. The length and width of tensile specimens
were assumed equal to L = 150 mm and W = 15 mm, respectively. The interlaminar toughness,
Gic, for the different hybrid interfaces was estimated, assuming that for combinations with
experimental pseudo-ductile behaviour, the fragmentation & dispersed delamination damage
mode was analytically determined (see details in [14]). Weibull modulus of HS fibres was
assumed constant and equal to the value used by Jalalvand et al. [13], mu = 29.3. The value of
the stress concentration factor was assumed constant, K; = 0.97, for all of the specimens. This
value is slightly lower than the one used by Jalalvand et al. [13] but it led to the best predictions.

Table 5.1 — Summary of different damage modes in function of stress level (adapted from

[19]).

Damage mode Stress level
Premature failure 0@HF < 0@LF < o@del
0c@HF < o@del < c@LF
Catastrophic delamination oc@del < c@HF < c@LF
oc@del < c@LF < c@HF
Fragmentation o@LF < c@HF < o@del
Fragmentation & dispersed delamination o@LF < c@del < c@HF
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Table 5.2 — Characteristic points of different damage processes on stress—strain graph

(adapted from [13]).
Damage mode Point 1 Point 2 Point 3 Point 4 Point 5
Premature failure (0,0) (e, 0@LF) -- -- -
Catastrophi 0,0 LF del o@del(1 +
atastrophic 0,00 (e,0@LF) (¢, 0@del) ( ( ﬁ),o'@del) i @HF
delamination Ey K, "V
i @LF -
Fragmentation (0,0) (€1, 0@LF) (U ,O‘@LF) (ey_ps, O@HF)
Esat
' Fragmentatio‘n &. (0,0) (g1, c@LF) (J@LF,O‘@LF) (a@del(l +8) , a@del) &y G@HF
dispersed delamination Esat Ey K, "y
1500
) *pd >
1250 P 1
/
™ ]
S 1000t J
7
2 750}
)
2
£ 500}
2 o@LF
250
0 \ AR . .
0.00 0.50 1.00 1.50 2.00
Strain [%]

Figure 5.1 — Illustration of nonlinear pseudo-ductile tensile behaviour of hybrid composite
and definition of ‘yield’ stress and pseudo-ductile strain.

5.2.1.2. Lateral strain-to-axial strain relationship

The prediction of & based on fi of the FRP-confined concrete is fundamental to estimate f.
According to Lim and Ozbakkaloglu [ 15], lateral strains of actively confined and FRP-confined
concrete match, for the same fi. The use of FRP as passive jacket means that a specific fi is
reached for a certain .. This assumption allows developing a model to describe the dilation
behaviour of confined concrete, i.e., to describe the evolution of &. with &, see equation (5.8)
[15]:

g = ———— o +0.04g,"7 [1 +21 (%)08] (5.8)
) |

where v;is the initial Poisson’s ratio of concrete (e/ec) [32]:

v; = 8 X 107%f.0% + 0.0002f,, + 0.138 (5.9)

&co 1s the axial strain at the peak stress (f,) of the unconfined concrete:
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gco = (—0.067f,% + 29.9f,5 + 1053) x 107°

n is the curve shape parameter:

n=1+0.03f,

(5.10)

(5.11)

This way, the trend of the lateral strain-to-axial strain relationship of confined concrete is shown

to be a function of fi, type of confining material, and concrete strength. The model described by

equation (5.8) is adopted in the present study.

5.2.1.3. Stress-strain model

The stress-strain model for active confined concrete comprises both an ascending and a

descending branch. The former is computed according to equation (5.12), proposed by Popovics

[33], and the latter is computed according to equation (5.13), proposed by Lim and
Ozbakkaloglu [16]:

« (€
Sl o <o, < e
7‘—1+(£C/£2c)

fC=

_ * f;c_fc,res . *
fe = fee — =, if &, > &,

«
gc—¢
1+(—€f )

Eci~€cc

(5.12)

(5.13)

where f'cc and &"cc are the peak stress and the peak strain of actively confined concrete [15, 34],

r is the concrete brittleness [35], fcres 1S the residual stress [16], and ec; is the axial strain

corresponding to the inflection point of the descending branch of stress-strain curve [16]:

In equation (5.16), E. is the elastic modulus of plain concrete [16]:

. fr\* -o.
fée = feo + 520857 (1) where @ = £

£, = £,9 + 0.045 (ﬂ)l'15

feo
Ec
r=—
Ec—fec/€cc
f*0.24-
fores = 16 (Lsz) and fopes < fi = 0.15.0

« (Je, -0.12 % fc, -0.47
Eci = 2.8¢¢¢ (%) feo + 10¢&;, (1 - %) feo

E. = 4400,/ f,

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)
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5.2.2. Design-oriented models

In the present chapter, ultimate condition models were developed to predict the peak axial stress
(fec) and the peak axial strain (ecc) of hybrid FRP-confined concrete. These are simple linear
models based on the general form of the expressions proposed by Richart et al. [36], as usual
in the vast majority of works dedicated to non-hybrid FRP-confined concrete [6], for the
calculation of ultimate conditions of confined concrete:

% = ¢, + ky (’%’;) (5.20)
etk (’%’g) (5.21)

where ¢ and ¢ are calibration constants and k1 and k> are strength and strain enhancement
coefficients for FRP-confined concrete, respectively.

The tensile strength of all hybrid combinations was predicted according to the model of
Jalalvand et al. [13], described in Section 5.2.1.1, and to bilinear ROM:

VLS, + VyEnper; Vg < Ve

Ohybrid = { ViSu; Vig > Veris (5.22)

where onypria 1S the tensile strength of hybrid composites, ¢L is the failure strain of the LS fibre,
VL and Wy is the volume of low and high strain material.

From equation (22), one realizes that if Vu is lower than the critical value, Ve, the hybrid
composite will fail prematurely. On the contrary, if Vy is higher than Vi, the hybrid composite
will keep its integrity up to the failure of the HS fibres. Vit was calculated by equating the two
branches of equation (5.23), taking into account that Vi+ Vu=1, i.e., V'L is equal to 1-Vu:

SL
Sp+Sy—EneL

(5.23)

Verie =

The properties of 1 layer non-hybrid composites were used as input variables for both models
(Jalalvand et al. [13] and bilinear ROM [14]).

Analytical tensile strength values were used to compute the ultimate confining pressure, fiu, of
different combinations, according to equation (5.7). This way, it was possible to compute the
confinement ratio (fiw/fco) and to compare the evolution of this ratio with both the strength
enhancement (f./fco) and the strain enhancement (e./ec0), resulting in the determination of ¢,
C2, k1 and k.
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5.3. Experimental program
5.3.1. Materials

5.3.1.1. Concrete

A ready-mix concrete, prepared by an external concrete company, was used in the present
chapter. The maximum aggregate size was 12.5 mm. The experimental campaign of the
confined concrete specimens described herein (see details in Section 5.3.2) was conducted in
15 consecutives working days. During this time, the concrete age varied between 294 and 315
days. Until the testing date, all specimens were kept in standard laboratory conditions
(temperature around 20 °C, relative humidity around 50%). In the end of the experimental
campaign, 3 plain cylindrical concrete specimens, with a diameter of 150 mm and a height of
300 mm, were tested. The mean values of elastic modulus, according to [37], and compressive
strength, according to [38], were 30.29 GPa (CoV = 6.57%) and 33.49 MPa (CoV = 1.33%),
respectively.

5.3.1.2. FRP constituents (unidirectional fabrics and epoxy resin)

Four types of dry UD fabrics, with a similar areal mass of 400 g/m?, were used in the present
study: (i) UD high-modulus (HM) carbon (S&P C-Sheet 640), (ii) standard-modulus (ST)
carbon (S&P C-Sheet 240), (iii) E-glass (S&P G-sheet E 90/10) and (iv) basalt (Dalla Betta
Group U400B-40-50-03), denoted as “CHM”, “C”, “G” and “B”, respectively. In Table 5.3 the
density, areal mass, fibre layer thickness (areal mass density divided by the volumetric mass
density), as reported by the manufacture, and the basic tensile properties of the mentioned
materials assessed experimentally are presented.
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Table 5.3 — Properties of the dry fabrics, fibres and cured composite materials.

Material ID Properties of the dry fabric Properties of the fibres (tested according to ASTM Properties of composites [14]*
D3379)
Density  Areal Fibre N. of Fibre Elastic Tensile Strain at Series Elastic Tensile  Strain at
[g/m?] mass layer sample diameter modulus strength the ID** modulus  strength the

[¢/m?]  thickness s [um] [GPa] [MPa] failure [GPa] [MPa] failure

[mm/layer] (CoV (CoV (CoV [%] (CoV (CoV [%]

[%]) [%]) [%]) (CoV [o]) [%o]) (CoV

[%]) [%])

Basalt (B) 2.67 420 0.157 50 18.14 61.41 1886.70 3.10 1B 102.5 22442 2.46
(3.56) (31.14) (40.79) (27.73) (15.46) (20.17) (10.61)

3B 92.6 1974.6 2.40

(13.55) (15.76) (8.20)

E-glass (G) 2.60 400 0.154 50 14.98 76.92 2662.06 3.72 1G 81.6 1671.2 2.31
(16.25) (27.97) (33.88) (20.45) (7.39) (8.59) (3.78)

3G 80.6 1254.8 2.00
(10.10) (15.05) (13.95)

ST carbon (C) 1.79 400 0.223 36 7.88 213.95 3920.67 1.38 1C 231.3 2565.9 1.09
(5.15) (43.36) (39.37) (17.37) (12.50) (10.18) (8.81)

3C 227.6 2363.2 1.02

(5.80) (7.44) (6.02)

HM carbon (CHM) 2.10 400 0.190 26 11.03 558.07 2934.24 0.53 ICHM 624.1 1749.4 0.27
(6.66) (24.67) (19.16) (18.99) (11.13) (24.39) (19.61)

3CHM 588.2 1073.9 0.18
(3.97)  (1827)  (15.84)

Notes: *The tensile properties were computed considering only the thickness of the dry fabrics, according the recommendation suggested in the guidelines [31];** the number before letters in

series ID shows the number of layers.
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The tensile properties of the fibres were determined according to ASTM D3379-75 [39]. For
each dry fabric, a large number of single fibres (see the details in Table 5.3) were randomly
taken from the dry fabrics and tested in tension. The initial idea was to test 50 fibres of each
fabric. However, during the preparation of tests, it was impossible to prevent the breaking of
some fibres. The tests were carried out in a Hounsfield HI00KS universal testing machine with
a maximum load cell capacity of 2.5 N (with an accuracy of +0.2% of applied force across load
cell force range). Fibres were individually assembled in the tensile jig by means of a work
template with a fixed gauge length of 20 mm. Fibre ends were glued to the work template by
an ethyl cyanoacrylate-based adhesive. Then the tab ends were gripped in the jaws of the
machine. The work template was cut across, so that just the fibre was fixed as a continuous
length within the jig, before starting the tensile tests. The measurements were performed at a
rate of 1.5 mm/min, until breakage occurred. For each fibre, records of applied load against
extension were taken, and using an average mean diameter, determined through the analysis of
microscopy images of fibres obtained with Scanning Electronic Microscopy (SEM), the data
were converted to stress against strain.

In Table 5.3 is also presented the tensile proprieties of non-hybrid composites. An epoxy-based
resin (S&P Resin Epoxy 55) was used as matrix for laminating the studied composites.
According to the supplier, this epoxy resin has the following main properties [40]: (i) tensile
strength of 35.8 MPa; (ii) strain failure of 2.3%; and (ii1) elastic modulus of 2.6 GPa. In Table
5.3 it is even possible to observe that elastic modulus of single fibres is lower than the elastic
modulus of cured composites. This is due to the fact that in case of composites the tensile
properties were evaluated ignoring the contribution of the resin, according to the usual practice
of the wet lay-up method and the guidelines [31]. This means that tensile strength was computed
considering only the dry fabric thickness which conducted to overestimation of the tensile
strength and, consequently, large elastic modulus. Differences of experimental results related
to the number layers are due to a size effect, i.e., the higher probability of finding a cluster of
weaker fibre in a larger volume of material [21].

5.3.2. Test specimens

In the present chapter, a total of 63 cylindrical specimens, comprising 48 hybrid FRP-confined
specimens, 12 non-hybrid FRP-confined specimens and 3 unconfined specimens (referred to in
Section 5.3.1.1), were prepared and tested under monotonic uniaxial compression. Each
specimen was 150 mm in diameter and 300 mm in height. The experimental variables included
(1) the LS fibres relative volume (vol%) and (ii) the type of FRP of jacket.

All possible symmetrical hybrid FRP combinations up to 5 layers were applied as confining
material. Whenever possible, LS layers were sandwiched between HS layers. In total, 16 hybrid
series were considered: 10 combinations with 3 reinforcing material layers and 6 combinations
with 5 reinforcing material layers. Each series was composed of 3 specimens of confined
concrete. The combinations of 3 symmetrical layers allowed to analyse the following
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approximate levels of LS fibres vol%: 0%, 33%, 66% and 100%. In addition, combinations
with 5 layers allowed to analyse the following approximate levels of LS fibres vol%: 20%, 40%
and 60%. It should be noted that specimens with 5 layers were only tested on 2 hybrid
combinations: HM carbon/glass and ST carbon/glass. In addition to hybrid series, 4 series of
non-hybrid composites (1 for each reinforcing material) were produced with 3 layers. All the
specimens involved in the experimental campaign are resumed in Table 5.4. In the present
chapter, in case of composite materials nomenclature, numbers placed before letters are used
for indicating number of layers. The sequence according to which these letters appear indicate
the stacking sequence of the reinforcing materials. The UD fabrics had slightly different
thicknesses and, for this reason, the relative volume of LS fibres (Vo/% LS) was computed in
the next sections, according to Equation (5.24):

Vol% LS = —~—x 100 (5.24)

tp+ty

where 71 is the half thickness of the LS layers and #4 is the half thickness of the HS layers.

Table 5.4 — Summary of tested compression specimens.

Jacketing Designation Non Stacking Jacketing material  N. of tests per
type corrected sequence combinations type of
layer ratio stacking
(LS/HS sequence
fibres) [%]
Non-hybrid -- 100/0 OoOog G, B, CHM, C 12
Hybrid 1ILS/THS/1LS 66/33 Omgd C/B, CHM/B, 15
CHM/C, C/G,
CHM/G
1HS/3LS/1HS 60/40 BOCOOR C/G, CHM/G 6
1HS/1LS/1HS/1L 40/60 HOECOR C/G, CHM/G 6
S/THS
1HS/1LS/1HS 33/66 | m] | C/B, CHM/B, 15
CHM/C, C/G,
CHM/G
2HS/1LS/2HS 20/80 [ | m] | | C/G, CHM/G
None Unconfined -- -- -- 9

Notes: Il — HS fibres layer; L1 — LS fibres layer.

5.3.3. Specimen manufacturing and test setup

In order to ensure concentric loading and distributed stress throughout the cross-section during
the test, both ends of each cylinder were capped. Furthermore, the entire lateral surface of each
confined specimen was roughened with an angle grinder and then cleaned with a compressed
air blower in order to improve bonding between the jacket and the concrete.
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Before the application of the jacket, dry fabrics pieces with 620 mm in fibre direction and 300
mm in perpendicular direction were cut. The total length allowed an overlap length of 150 mm,
this value being suggested and adopted by other authors [10, 41, 42] and it has been proved to
prevent FRP debonding failure during tests. The FRP jacket was manufactured by wet lay-up
method, following the best practices suggested in [31], according to the following protocol: (i)
application of a layer of epoxy resin over the dry concrete surface with a brush; (i1) saturation
of the fabric layer with epoxy resin; (ii1) application of an FRP layer over the epoxy resin wetted
concrete surface, adjusting it manually; (iv) pressure application by means of a ribbed rigid
roller, in order to expel both the epoxy resin excess and air in the composite, and also stretching
the latter; (v) repetition of steps ii to iv for subsequent layers, avoiding coincidence between
overlap zones of different layers. All the specimens were then cured at room laboratory for 230
days.

Axial deformations of the specimens were measured with 3 linear variable displacement
transducers (LVDTs), which were positioned, equally spaced around the specimen, between
the steel plates of the universal testing machine (UTM), with 2000 kN capacity, as shown in
Figure 5.2. In this case, the measured displacements using full-height LVDTs were amplified
because deformations of the testing machine parts and closure of the gaps in the setup were
considered. For this reason, the results of three mid-height LVDTs measurements applied
directly on plain concrete specimens, using an aluminium ring, were considered to correct the
full-height LVDTs measurements of all specimens, as also adopted in [42]. As illustrated in
Figure 5.3, the lateral strains were measured by 3 or 5 unidirectional 5 mm gauge length strain
gauges (one for each layer of fabric). These were bonded to the FRP equally spaced along the
circumference.

The specimens were tested under axial compression using a UTM at room temperature. The
loading force was applied to the specimen at a displacement rate of 1.20 mm/min. up to failure.

5.4. Results and discussion
5.4.1. Non-hybrid FRP-confined concrete

5.4.1.1. Ultimate conditions

The summary of the test results of each series of non-hybrid FRP-confined concrete are shown
in Table 5.5, which includes the mean peak axial stress (fc), the peak axial strain (ecc), strength
enhancement (fcc/fc0), the strain enhancement (ecc/ec0), and the FRP strain reduction factor
(ke.fip). It should be noted that the unconfined concrete strain (e.0) was computed according to
equation (5.10) and ke fp was computed according to equation (5.25):

k _ ElLrup

sfrp — frp (5.25)
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where é1,up s the FRP lateral strain at failure, assessed in the test of cylinders, and &g is the FRP
strain at failure, assessed with tensile tests. The latter were previously presented, in Table 5.3,
for composites with 3 layers. The ¢l rp is the mean value of the maximum lateral strain values
of each series.

(a) (b)

Figure 5.2 — Axial compressive test: (a) illustration of the test and (b) geometry of specimen
(dimensions in mm).

(@) (b)

Figure 5.3 — Layers, LVDT and strain gauge arrangement: (a) hybrid jackets with 3 layers

and (b) hybrid jackets with 5 layers. Note: different colours in the illustrated hybrid jackets

are a schematic representation of a possible stacking sequence of two different reinforcing
materials.
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Table 5.5 — Ultimate conditions of non-hybrid FRP-confined concrete

Series ID * fec Jeel feo Eee Eecleen ™ &lrup ketep
[MPa] [%o] [%0]
(CoV [%]) (CoV [%])) (CoV [%])
3B 64.80 (3.48) 1.93 1.09 (15.87) 5.45 1.79 (16.92) 0.75
3G 64.67 (4.21) 1.93 1.48 (30.89) 7.40 1.88 (15.90) 0.94
3C 89.02 (7.03) 2.65 140 (27.48)  7.00  0.98 (35.98) 0.96
3CHM 54.89 (12.91) 1.64 0.38 (39.84) 1.90 0.13(17.17) 0.72

Note: * the number before letters in series ID shows the number of layers; ** it was assumed & = 0.0020
(according equation (5.10)).

Comparing Table 5.3 and Table 5.5, it is possible to observe that, in general, larger tensile
strengths of FRP materials imply larger f.. and &1rup. However, this tendency is affected by the
reduction of efficiency relative to the strain at failure of FRP applied in the jacketing,
characterised by the reduction factor. The computed reductions factors varied between 0.72, for
the 3CHM series, and 0.96, for the 3C series. Although a reduction of strain at failure of FRP
materials has been observed in all cases, apparently the basalt and HM carbon composites were
the most affected. Lim and Ozbakkaloglu [8] indicate that reductions factors vary with the
elastic modulus of FRP composite, but this tendency was not evidenced in the present chapter.
Similar reductions factors were obtained for FRP composites with very different elastic
modulus (e.g. glass and ST carbon). The reduction factor is discussed for hybrid jacketing in
Section 5.4.2.1. Relatively to ., no evident tendency was observed.

In Figure 5.4, the dispersion of the obtained results and their mean values are plotted. Very
similar results were obtained with glass and basalt combinations. The ¢ statistical test (t-test)
was adopted to assess whether the mean values of these two materials are statistically different
from each other. The results are exposed using the p-value. This value varies between 0 and 1
and it is the smallest level of significance that would lead to rejection of the null hypothesis (in
the present case, the null hypothesis is that the mean value of glass equals the mean value of
basalt). In turn, the level of significance is the probability of rejecting the null hypothesis when
it is true. The computed p-values for f., &cc, and &1 up were 0.952, 0.386, and 0.230, respectively.
Given the large computed p-values (above 0.05), it can be stated that the null hypothesis cannot
be rejected, i.e., glass and basalt lead to identical results.

150



HYBRID FRP-CONFINED CONCRETE: EXPERIMENTAL AND ANALYTICAL STUDY

100

90

80

[MPa]

cc

f

60

50

40

25

20

151

[%]

€
cc

1.0r

051

0.0

25

20

[%]

l,rup

051

0.0

70

[ ]
a
[ ]
H t
° e °
]
® results °
= mean values
3B 3G 3C 3CHM
(a)
® results
= mean values
[ ]
[ ]
[ ]
a [ ]
a
[ )
]
L °
[ ]
[ ]
]
°
3B 3G 3C 3CHM
(b)
® results
° = mean values
°
:
]
.
[ ]
°
a
[ J
[ ]
e
3B 3G 3C 3CHM
(c)

Figure 5.4 — Scatter diagrams and mean values of the non-hybrid composites confined

concrete: (a) ultimate axial compressive stress; (b) ultimate axial strain and (¢) hoop rupture

strain of FRP

151



Chapter 5

5.4.1.2. Dilation behaviour and axial stress-strain behaviour

The analysis-oriented model of Lim and Ozbakkaloglu [15, 16] was developed to predict the
compressive stress-strain curve of non-hybrid FRP-confined concrete. The aim of the work
described in this section was to validate (or not) the developed approach for the set of materials
and fabrication method used in the present chapter.

Results of non-hybrid FRP with 3 layers, presented in Table 5.3, were used as input variables
to compute fi, according to equation (5.1). The lateral strain at failure of the different material
combinations was assumed as the mean of the corresponding experimental values. The diameter
of all specimens was assumed as D = 150 mm and fco = 33.49 MPa was used as input variable
in equations (5.8) to (5.19).

In Figure 5.5 and Figure 5.6 the lateral strain-axial strain curves (dilation behaviour) and the
compressive stress-strain curves of non-hybrid FRP-confined concrete are presented,
respectively. In the specimen designation, the last number (i.e., 1, 2 or 3) was used to make the
distinction between the three identical specimens.

The analysis of the lateral strain-axial strain curves show that these typically present an initial
slope, in agreement with initial Poisson’s ratio of concrete (equation (5.18)). Moreover, this
initial phase is similar for all combinations. After the compressive stress-strain peak of plain
concrete (fe0, £c0), microcracking initiation and propagation occurs and leads to a rapid increase
of the lateral strain [15]. The different applied confining materials induce different confining
pressures leading to different trends after stress-strain peak of the plain concrete (see
Figure 5.6). The development of the compressive stress-strain curves follows approximately a
bilinear law, where the slope of the first branch depends primarily on the properties of plain
concrete, whereas the slope of the second (hardening branch) is controlled by the confining
pressures induced by the jacket. It can be observed that the higher the FRP’s elastic modulus,
the higher the slope of the hardening branch. It is evident that, when HM carbon is used in
jacketing, the highest slope of the hardening branch is achieved (Figure 5.6(d)). However, the
low lateral strain efficiency of this material makes it the worst to use in the non-hybrid
jacketing, since the lowest f.c and ecc are achieved with this combination. On the other hand, the
highest f.c and & are achieved with ST carbon jacketing (Figure 5.6(c)).

The typical failure modes of non-hybrid FRP-confined specimens tested are illustrated in
Figure 5.7. It is possible to observe from the figure, that all specimens failed by the FRP jacket
rupture. All the failures occurred in an abrupt way, with a rapid release of energy characterized
by the projection of small concrete fragments. The failure occurred approximately at mid-height
of the specimens, except in the case of HM carbon jackets in which a full height failure
occurred.

Analytical curves, obtained with the referred to analysis-oriented model, are also plotted in
Figure 5.5 and Figure 5.6 to allow the comparison with the corresponding experimental
curves. To generate these curves an infinite lateral strain was assumed as input of the model.
To plot the latter, experimental mean axial strain was defined as end criterion.
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The performance of the analysis-oriented model was quantified comparing the predictions of
the f.c and the mean lateral strain (&l up - mean) at the peak stress (i.e. the mean strain value at the
failure measured with the set of strain gauges) with respective experimental results. The
comparison is presented in Table 5.6. For f.. predictions, the relative error varied between -
0.9% and 6.0%. This error’s magnitude is acceptable and is actually lower than mean error
presented by the authors of the model (|10.5%][+0.8%). For &l rup — mean predictions, the error
varied between -27.0% and 24.9%. This error magnitude is quite high. However, considering

that there is a great dispersion of €;rup - mean results, it can be stated that the model was able to
accurately predict the latter.
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Table 5.6 — Comparison of analysis-oriented model predictions with non-hybrid FRP-
confined concrete test results

Series ID fee ELrup - mean

Exp. Prediction  Rel. Exp. Prediction  Rel.
[MPa] [MPa] error [MPa] [MPa] error

(CoV [%]) [7o] (CoV [%]) [7o]

3B 64.80 (3.48) 60.93 6.0 1.14 (26.28) 0.86 24.9
3G 64.67 (4.21) 62.52 33 1.45 (10.46) 1.29 11.1
3C 89.02 (7.03) 89.79 -0.9 0.67 (5.95) 0.60 10.7
3CHM 54.89 (12.91) 53.95 -1.7 0.08 (50.80) 0.10 -27.0

5.4.2. Hybrid FRP-confined concrete

5.4.2.1. Ultimate conditions

Table 5.7 presents the elastic modulus, tensile strength, and failure strain of LS fibres of cured
hybrid composite materials; the peak axial stress (fcc), the strength enhancement (fcc/fc0), the
peak axial strain (&cc), the strain enhancement (ecc/eco0), the lateral failure strain of LS fibres, the
lateral strain of HS fibres (for the cases that composites keep their integrity beyond the LS fibres
failure and the strain reduction factor of LS fibres of hybrid FRP-confined concrete.

As expected, from Table 5.7, it can be observed that, in similar combinations, the replacement
of ST carbon by HM carbon resulted in significate reductions of f.. and & because, as it is
shown in Table 5.3, HM series tensile results are lower than ST series results. Analysing the
strength enhancement (fcc/fco) of combinations of ST carbon with glass and HM carbon with
glass, it is possible to note that the results varied between 2.44 and 3.57, for the first case, and
1.63 and 2.40, for the second case. Relatively to strain enhancement (ecc/eco), it is possible to
verify that similar observation can be done, the results varied between 6.15 and 10.65 for the
combinations of ST carbon with glass, and between 1.95 and 6.10 for the combination of HM
carbon with glass. In this way, the use of HM carbon conducts to the worst f.. and ... However,
the use of HM carbon in some hybrid combinations allows to avoid premature failures of the
composite. This happens because HM carbon has a low tensile strength and, for this reason, the
stress level at which the first failure in HM carbon material occurs is not sufficient to release
significant amounts of energy that lead to catastrophic delamination or high strain material
failure [43]. Catastrophic failures of the composite were avoided in five combinations
(2G/1CHM/2G, 1G/1CHM/1G, 1G/1CHM/1G/1CHM/1G, 1B/1ICHM/1B and 1C/1CHM/1C)
exposed in Table 5.7. In these cases it was possible to present two values: (i) the lateral failure
strain of LS fibres and (ii) the lateral failure strain of HS fibres. This is according to the tensile
test results presented in [14], in which catastrophic failures were avoided exactly in the same
combinations. A detailed discussion of these results is presented in Section 5.4.2.3.
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Table 5.7 — Properties of cured hybrid composite materials and ultimate conditions of hybrid FRP-confined concrete

Material Series ID* Volum Cured hybrid composite properties [14] Ultimate conditions of non-hybrid FRP-confined concrete
co:lbma ef(;)f LS Elastic Tensile Failure Jee e feo Ecc Eccl Eco Lateral Lateral k, at
ton l[ O/r ;es modulus strength strain of LS [MPa] [%] failure strain  failure strain failure of
o [GPa] [MPa] fibres [%] (CoV [%]) (CoV [%]) of LS fibres of HS fibres LS fibres
(CoV [%]) (CoV [%]) (CoV [%]) [%0] [%0]
(CoV [%]) (CoV [%])
C/B 1C/1B/1C 74.0 218.4 (2.84) 2191.4 (7.28) 0.99 (5.76) 87.4 (-) 2.61 141 (-) 7.05 0.81 (-) - 0.82
1B/1C/1B 41.5 152.5(5.93) 1950.2 (7.51) 1.28 (3.46) 73.2(3.01) 2.19 0.91 (13.74) 4.55 1.03 (7.54) -- 0.80
CHM/B 1CHM/1B/1CHM 70.8 474.1 (2.25)  1150.0 (14.10)  0.24 (11.19) 54.2 (8.59) 1.62 0.51(17.63) 2.55 0.19 (25.34) 0.79
1B/1ICHM/1B 37.7 297.4(9.29)  1328.0 (10.74) 0.36 (5.77) 62.9 (5.46) 1.88 0.99 (16.71) 4.95 0.39 (7.05) 1.17 (34.9) 1.00
CHM/C 1CHM/1C/1CHM 63.0 489.6 (7.39) 1352.5 (5.10) 0.27 (5.55) 59.7(7.76) 1.78 0.48 (7.20) 2.40 0.19 (17.86) - 0.70
1C/1ICHM/1C 29.5 368.8 (6.43) 1937.5 (6.79) 0.39 (3.59) 79.9 (5.01) 2.39 0.94 (13.95) 4.70 0.46 (28.74) 0.61 (22.66) 1.18
C/G 1C/1G/1C 74.3 201.7 (9.63) 2176.9 (8.55) 1.04 (1.92) 81.7 (1.48) 2.44 1.23 (6.00) 6.15 0.86 (22.99) -- 0.83
1G/3C/1G 68.5 202.4 (2.64) 2216.0 (8.77) 1.08 (6.26) 119.4 (2.66) 3.57 2.13 (19.54) 10.65 1.19(1.35) -- 1.09
1G/1C/1G/1C/1G 49.1 148.9 (11.75)  1776.3 (10.55) 1.19 (3.68) 108.3 (7.53) 323 1.60 (8.27) 8.00 1.29 (12.66) -- 1.08
1G/1C/1G 42.0 146.7 (5.92) 1856.0 (5.67) 1.27 (2.72) 77.5 (5.00) 2.31 1.23 (12.19) 6.15 1.27 (15.16) - 1.00
2G/1C2G 26.6 110.8 (10.21)  1244.4 (1.74) 1.18 (8.27) 98.3(2.43) 2.94 1.64 (23.68) 8.20 1.44 (15.90) - 1.22
CHM/G 1CHM/1G/1CHM 71.2 454.5(11.95) 1168.9(19.49)  0.25(11.66) 54.7 (9.00) 1.63 0.39(29.22) 1.95 0.21 (46.47) - 0.81
1G/3CHM/1G 64.9 439.2 (7.35)  1053.5(10.14) 0.23 (6.43) 74.5 (6.12) 222 0.72 (11.63) 3.60 0.24 (8.31) -- 1.00
1G/1CHM/1G/1CH 45.1 318.7 (7.33) 1105.8 (9.18) 0.35 (5.02) 76.6 (1.98) 2.29 0.77 (24.58) 3.85 0.37 (32.84) 0.90 (4.71) 1.06
M/1G
1G/1CHM/1G 382 252.0 (8.55) 1054.7 (9.11) 0.30 (2.39) 63.7 (1.70) 1.90 0.85 (13.86) 4.25 0.38 (7.71) 1.27 (14.54) 1.27
2G/1CHM/2G 23.6 2143 (8.45) 1164.7(14.47)  0.33 (14.65) 80.5 (3.93) 2.40 1.22(20.72) 6.10 0.39 (5.96) 1.49 (9.11) 1.18

Note: * the number before letters in series ID shows the number of layers of each material; ** it was assumed &0 = 0.20 (according equation (5.10)).
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From Table 5.7, it can also be observed that, for each combination, failure strain of LS fibres
increases with the decrease of LS fibres vol%. This tendency is reflected in the strain reduction
factor that as well increases as the volume of LS fibres decreases. In some cases, the strain
reduction factor is higher than 1, which proves that hybridisation, discussed in Section 5.4.2.2,
allows to fully eliminate the reduction of LS fibres strain efficiency.

The same table reveals that the failure strain of HS fibres is significantly lower in hybrid than
in non-hybrid jacketing. Sometimes, this observation has been done even in tensile tests of
hybrid composites [43]. Since no substantiated explanation exists today in literature, this
subject should be further investigated. Moreover, the failure strain of HS fibres appears to
increase as the volume of LS fibres decreases.

The relationship between the confinement ratio (fiu/fc0) and the strength enhancement (fc/fc0),
as well as the relationship between the confinement ratio and the strain enhancement (gcc/€co),
are presented in Figure 5.8 and Figure 5.9, respectively. The fi, was established based on the
onybria iInput computed according the model of Jalalvand ef al. [13] and the bilinear ROM model
[14]. In the present chapter, the gnypria 1s designated J-onypria, in the cases that the value was
computed according to the model of Jalalvand ef al. [13], and B-onysria, in the cases that the
value was computed according to the bilinear ROM model [14]. In Figure 5.8 and Figure 5.9
the corresponding linear regression models (design-oriented models) and their coefficient of
determination (R?) are also presented. Relatively large values of R? (0.84 and 0.80) were found
between predictions of fc/fco and the corresponding experimental values. The resulting
regression models are in fact very similar to the Lam and Teng [11] model, referred to in [6] as
the most accurate model to predict the strength of non-hybrid confined concrete. Relatively to
eccleco predictions, lower values of R? (0.62) in both cases were achieved.
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Figure 5.8 — Variation of strength enhancement ratio with confinement ratio: (a) fiu based on
J-onypria; (b) fiu based on B-opypria.
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Figure 5.9 — Variation of strain enhancement ratio with confinement ratio: (a) fi, based on J-
Onybrid; (b) fiu based on B-onypbria.

The tensile strength of the composite of all hybrid combinations, ultimate confining pressure,
peak axial stress and peak axial strain predictions are presented in Table 5.8. For /.. predictions,
the relative error varied between -13.3% and 18.1%, when fi, values were computed based on J-
onybrid, and varied between -18.6% and 16.7%, when fi, values were computed based on B-apyia.
This error magnitude (maximum absolute value of 20%) is acceptable and is in agreement with
other published studies [6]. Thus, it can be stated that both models (Jalalvand et al. [13] and
bilinear ROM [14]) can be used to accurately predict fi, and, consequently, the fcc.

For & predictions the obtained relative errors varied between -104.0% and 29.8%, when fi
values were computed based on J-ouria, and varied between -115.7% and 25.6%, when fiy
values were computed based on the B-a,5ria. With this error magnitude, it can be stated that the
suggested models cannot be used to predict e... This statement is in agreement with the
bibliography [6]. In fact, usually, the relative errors associated to e../eco predictions are much
higher than those associated to fo/fco predictions [6] and, for this reason, some authors propose
a model for the peak stress only [6].

5.4.2.2. Hybrid effect

In the present chapter, different ways of computing the hybrid effect were considered, varying
the numerator and denominator of equation (5.26):

Agg,

Hybrid ef fect = x 100 (5.26)

€L

where Ag; is the absolute variation between the strain of LS material at failure in hybrid and
non-hybrid composites and ¢, is the reference strain of the non-hybrid LS composite at failure.
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Table 5.8 — Ultimate conditions of hybrid FRP-confined concrete predictions.

Material Series ID Composite tensile strength Siu See Ece
combinat
ion Experimental Jalalvan Bi. tirp Based on Based on Experim. Based on Based on Based on Based on Experimental Based on Based on Based on Based on
[MPa] d model ROM [mm] J-Ghybria B-Ghybrid [MPa] J-Gnybrid B-Ohybrid J-Ghybria B-Ghybrid [%] J-Gnybrid B-Ghybrid J-Ghybria B-Ghybrid
(CoV [%]) [MPa] [MPa] [MPa] [MPa] (CoV [%]) [MPa] [MPa] rel. error rel. error (CoV [%]) [%] [%] rel. error rel. error
[%] [%] [%] [%]
C/B 1C/1B/1C 2191.4 (7.28) 1957.9 2189.3 0.60 15.7 17.6 87.4(-) 853 90.5 2.4 -3.5 1.41 (-) 1.29 1.40 8.6 0.7
1B/1C/1B 1950.2 (7.51) 1996.6 1718.4 0.54 143 123 73.2(3.01) 80.5 73.3 -10.0 -0.2 0.91 (13.74) 1.19 1.04 -30.7 -14.4
CHM/B 1CHM/1B/ICHM 1150.0 (14.10) 1131.8 1325.4 0.54 8.1 9.5 54.2 (8.59) 60.1 64.2 -11.0 -18.6 0.51 (17.63) 0.76 0.85 -49.9 -66.8
1B/1ICHM/1B 1328.0 (10.74) 1152.3 1398.1 0.50 7.7 9.4 62.9 (5.46) 59.0 63.9 6.3 -1.6 0.99 (16.71) 0.74 0.84 253 14.7
CHM/C 1CHM/1C/1CHM 1352.5 (5.10) 1292.7 1350.3 0.60 10.4 10.9 59.7(7.76) 67.7 68.6 -133 -14.9 0.48 (7.20) 0.92 0.94 -92.0 -96.5
1C/1ICHM/1C 1937.5 (6.79) 1544.9 1809.0 0.64 13.1 15.3 79.9 (5.01) 76.6 83.2 4.1 -4.1 0.94 (13.95) 1.11 1.25 -17.8 -32.6
C/G 1C/1G/1C 2176.9 (8.55) 2005.5 2135.1 0.60 16.0 17.1 81.7 (1.48) 86.3 88.8 -5.6 -8.7 1.23 (6.00) 1.31 1.36 -6.5 -10.9
1G/3C/1G 2216.0 (8.77) 1988.4 2037.8 0.98 25.9 26.5 119.4 (2.66) 118.7 114.5 0.6 -0.1 2.13 (19.54) 1.99 2.01 6.7 5.9
1G/1C/1G/1C/11G 1776.3 (10.55) 1830.5 1712.6 0.91 222 20.7 108.3 (7.53) 106.4 100.6 1.8 7.1 1.60 (8.27) 1.73 1.61 -8.1 -0.7
1G/1C/1G 1856.0 (5.67) 1820.3 1593.6 0.53 12.9 11.3 77.5 (5.00) 75.9 70.0 2.1 9.7 1.23 (12.19) 1.09 0.97 11.2 21.0
2G/1C2G 1244.4 (1.74) 1420.3 1335.4 0.84 15.9 14.9 98.3 (2.43) 85.8 81.9 12.7 16.7 1.64 (23.68) 1.30 1.22 20.8 25.6
CHM/G 1CHM/1G/1CHM 1168.9 (19.49) 1201.9 1313.7 0.53 8.6 9.4 54.7 (9.00) 61.6 63.8 -12.8 -16.7 0.39 (29.22) 0.80 0.84 -104.0 -115.7
1G/3CHM/1G 1053.5 (10.14) 997.7 1218.4 0.88 11.7 143 74.5 (6.12) 71.9 79.7 3.4 -7.0 0.72 (11.63) 1.01 1.17 -40.3 -63.0
1G/1CHM/1G/1CHM/1 1105.8 (9.18) 1142.5 918.9 0.84 12.8 10.3 76.6 (1.98) 75.7 66.9 1.1 12.6 0.77 (24.58) 1.09 0.91 -41.4 -17.7
G
1G/1ICHM/1G 1054.7 (9.11) 852.4 1032.8 0.50 5.7 6.9 63.7 (1.70) 52.1 55.7 18.1 12.5 0.85 (13.86) 0.60 0.67 29.8 20.9
2G/1CHM/2G 1164.7 (14.47) 1028.7 1276.8 0.81 11.1 13.7 80.5(3.93) 69.9 71.9 13.2 32 1.22 (20.72) 0.97 1.14 20.7 6.8
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Firstly, the hybrid effect was computed only considering tensile tests results. In this case, the
failure strain values of both 1 and 3 layers non-hybrid composites, presented in Table 5.3, were
assumed as reference to compute the hybrid effect. Secondly, the hybrid effect of lateral strains,
registered in compression tests, was computed considering 3 reference failure strain values: the
failure strain results of both 1 and 3 layers non-hybrid composites and the lateral failure strain
of the 3 layers jacket, presented in Table 5.5. The different values obtained are presented in
Table 5.9.

Table 5.9 — Hybrid effect computed considering different failure strains of non-hybrid
composite as reference.

Material Series ID Volume Hybrid effect
combinatio of LS
n fibres Tensile tests Compression tests (lateral strain)
[%o]

1 layer 3 layers 1 layer 3 layers 3 layers
composite composite composite composite composite

tensile tensile tensile tensile lateral

results results results results results

C/B 1C/1B/1C 74.0 -8.99 -1.47 -26.12 -21.05 -17.42
1B/1C/1B 41.5 17.37 27.07 -5.17 1.33 5.98

CHM/B 1CHM/1B/1CHM 70.8 -12.95 31.43 -31.28 3.07 45.86

1B/1ICHM/1B 37.7 30.19 96.57 45.17 117.8 208.14

CHM/C 1CHM/1C/1CHM 63.0 -1.50 48.71 -31.29 3.06 45.83

1C/1CHM/1C 29.5 44.52 118.19 69.43 154.15 259.64

C/G 1C/1G/1C 74.3 -4.44 3.45 7.92 -15.92 -12.07
1G/3C/1G 68.5 -0.20 8.04 8.96 16.44 21.78

1G/1C/1G/1C/1G 49.1 9.15 18.17 9.76 12.29 17.44

1G/1C/1G 42.0 16.33 25.94 16.34 24.32 30.03

2G/1C2G 26.6 7.33 16.20 15.36 23.28 28.94

CHM/G 1CHM/1G/1CHM 71.2 -7.07 40.3 -20.69 18.96 68.35
1G/3CHM/1G 64.9 -14.09 29.71 -6.02 40.97 99.49

1G/1CHM/1G/1CHM/1G 45.1 27.66 92.74 37.09 105.63 190.99

1G/1CHM/1G 38.2 9.97 66.03 42.56 113.83 202.59

2G/1CHM/2G 23.6 21.94 84.10 45.72 118.59 209.33

Associations between hybrid effects computed according cited different ways were analysed by
a Spearman's rank test, using SPSS version 23 [44]. Spearman’s correlation coefficient, 7, 1s a
statistical measure of the “strength” of a monotonic relationship between paired data [45].
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Additionally, associations between the hybrid effects and the FRP strain reduction factor were
also analysed. Results are presented in Table 5.10. The p-values are also presented in Table
5.10. In this case, the null hypothesis is defined as: there is no monotonic correlation between
the variables. When very low p-values (below 0.05) are presented the null hypothesis should be
reject, i.e., there is evidences to believe that variables are monotonically correlated. In the same
table, N is the number of considered different hybrid composite combinations.

Spearman's rank of data revealed both moderately strong (above 0.5) and strong (above 0.7)
correlations between all ways of calculating the hybrid effect. As expected, this indicate that
the magnitude of hybrid effect depends on the considered reference strain to failure of LS fibres.

Excluding the correlation between the hybrid effect (computed using the failure strain obtained
with 3 layers non-hybrid composite as reference) and FRP strain reduction factor, moderately
strong (above 0.5) and strong (above 0.7) correlations exist as well between hybrid effects and
FRP strain reduction factors. This proves that the hybrid effect actually contributes to eliminate
the reduction of the FRP strain efficiency. This is clear from Figure 5.10, in which it is possible
to observe that the uniaxial failure strains of LS fibres are almost coincident with the lateral
failure strain of LS fibres, for all of the analysed hybrid FRP combinations.

5.4.2.3. Dilation behaviour and axial stress-strain behaviour

Lateral strain-axial strain curves (dilation behaviour) of hybrid FRP-confined concrete can be
significantly different of the ones obtained in non-hybrid cases. Figure 5.11 illustrates the
different stages observed on a lateral strain-axial strain curves of the specimens exhibiting
pseudo-ductile behaviour. The different stages are marked on this curve. It is possible to observe
that the first two branches of the curve are very similar to the curve obtained for the non-hybrid
cases, i.e., there is an initial phase, herein named first ascending branch, that depends on
Poisson’s ratio of concrete (equation (5.18)) and next, from approximately stress-strain peak of
plain concrete (fco, &), a second ascending branch in which microcrack initiation and
propagation occurs resulting in a rapid increase in the lateral strain. After, in specimens with
pseudo-ductile behaviour, a last branch, which corresponds to the flat-topped stress-strain curve
observed in monotonic tensile tests of hybrid FRP, can be achieved, after the failure of LS
fibres.

Experimental lateral strain-axial strain curves of hybrid FRP-confined concrete as well as the
corresponding analytical curves are plotted in Figure 5.12 to Figure 5.16. In general, there is
a good agreement between predicted and measured values. In combination 1C/1B/1C, there are
two outlier experimental results which were ignored because they are abnormally low.
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Table 5.10 — Correlation matrix between different ways of compute hybrid effect (considering different failure strains of non-hybrid

composite as reference) and strain reduction factor.

Tensile tests

Compression tests (lateral strain)

1 layer composite 3 layers 1 layer composite 3 layers 3 layers k. at failure of LS
tensile results composite tensile tensile results composite tensile composite lateral fibres
results results results
Tensile tests 1 layer composite r 1.000 0.602** 0.858** 0.651** 0.521* 0.533*
tensile results p-value - 0.008 0.000 0.003 0.027 0.023
N 18 18 18 18 18 18
3 layers composite r 0.602** 1.000 0.573* 0.820** 0.936%* 0.330
tensile results p-value 0.008 - 0.013 0.000 0.000 0.181
N 18 18 18 18 18 18
Compression 1 layer composite r 0.858** 0.573* 1.000 0.837** 0.657** 0.831**
tests (lateral :
strain) tensile results p-value 0.000 0.013 - 0.000 0.003 0.000
N 18 18 18 18 18 18
3 layers composite r 0.651%** 0.820%** 0.837%* 1.000 0.936** 0.737%*
tensile results p-value 0.003 0.000 0.000 - 0.000 0.000
N 18 18 18 18 18 18
3 layers composite r 0.521* 0.936** 0.657** 0.936** 1.000 0.531*
lateral results
p-value 0.027 0.000 0.003 0.000 - 0.023
N 18 18 18 18 18 18
k. at failure of LS r 0.533* 0.330 0.831%* 0.737** 0.531* 1.000
fibres
p-value 0.023 0.181 0.000 0.000 0.023 -
N 18 18 18 18 18 18

Notes: N is the number of considered different hybrid composite combinations; ** correlation is significant at the 0.01 level; * correlation is significant at the 0.05 level.
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Figure 5.10 — Comparison between uniaxial tensile and lateral failure strains of LS fibres of
the: (a) HM carbon/glass; (b) ST carbon/glass; (¢) HM carbon/basalt; (d) ST carbon/basalt and
(e) HM carbon/ST carbon composites
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Failure strain of HS fibres

Srp | — — - - - - - - - - - — — =

Failure strain of LS fibres
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First ascending branch

Secopeascending branch | Pseudo-ductile branch,
>

I Stress-strain peak of plain concrete |

£
Axial strain [%]

Figure 5.11 — Illustration of different stages of lateral strain—axial strain curves of specimens
with pseudo-ductile behaviour.

It is possible to notice that, in most cases, hybrid FRP-confined concrete has a similar behaviour
to that of non-hybrid FRP-confined concrete. As explained before, the different applied
confining materials induce different confining pressures leading to curves exhibiting different
trends after stress-strain peak of plain concrete (fco, £0). This similarity between hybrid and
non-hybrid behaviours exists because almost all the analysed hybrid combinations have
premature tensile failure modes of the HS fibres [14], i.e., the tensile behaviour of these hybrid
combinations is linear elastic up to failure. However, in 3 hybrid combinations, pseudo-ductile
behaviour with simultaneous multiple fractures of LS fibres and dispersed delamination
occurred in tensile tests, namely in 2G/ICHM/G, 1G/1CHM/1G, and 1B/1CHM/1B
combinations [14]. The corresponding lateral strain-axial strain curves of the combinations
referred to (Figure 5.12(a), Figure 5.12(b), Figure 5.14(a)) show a last branch that
corresponds to the flat-topped stress-strain curve observed in monotonic tensile tests.
According to [14], it was expected that the same behaviour occurred in 1C/1ICHM/IC
combination (Figure 5.16(a)). However, in this combination apparently very short pseudo-
ductile branches took place that, in practice, lead to the consideration that premature failure of
HS fibres occurred. This is according to the fact that in this combination a low lateral failure
strain of HS fibres (0.61%) was registered (see Table 5.7). For this reason, the hybrid FRP
failure of composite occurs too soon.
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Figure 5.12 — Lateral strain-axial strain curves of CHM/G combinations: experimental
versus predicted values.
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Figure 5.13 — Lateral strain-axial strain curves of C/G combinations: experimental versus

predicted values.
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Figure 5.16 — Lateral strain-axial strain curves of CHM/C combinations: experimental
versus predicted values

As discussed in [14], tensile tests of 1G/1CHM/1G/1CHM/1G combination reveals that failure
mode is in a transition zone, for this reason, it is expected that there is some random alternation
between catastrophic delamination and premature HS fibres failure modes (see Figure 5.12(c)).

The compressive stress-strain curves are presented in Figure 5.17 to Figure 5.21. It can be seen
in these that there is as well a good agreement between predicted and measured values.
Similarly to non-hybrid cases, most curves development follows approximately a bilinear law.
However, an approximately flat-topped curve is evident in Figure 5.17(a), Figure 5.17(b) and
Figure 5.19(a). This was expected because in 3 used hybrid combination (2G/1CHM/G,
1G/1CHM/1G, and 1B/1CHM/1B) a pseudo-ductile behaviour occurred in tensile tests [14].
However, this plateau exhibits a slight hardening component, which is not captured by the
model. In tensile test results, it has been already observed some hardening at the ‘yielding’
plateau [14], which again confirms the relationship between fi and f.. In compressive stress-
strain curve obtained with 1B/1CHM/1B combination, the extension of the predicted plateau is
significantly lower than the experimental one. This is due to a slight overestimation of lateral
failure strain of LS fibres, which defines the ‘yield’ point, as it can be seen in Figure 5.14(a).

Comparing HM carbon/glass and HM carbon/basalt (Figure 5.17 and Figure 5.19) with ST
carbon/glass and ST carbon/basalt confined concrete results (Figure 5.18 and Figure 5.20), it
is possible to notice that the formers lead to the worst f.c and .. values. The previous observation
makes sense because ST carbon has higher tensile strength than HM carbon composite, which
leads to major fi, and, consecutively, to larger fcc and &cc.
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Figure 5.17 — Stress—strain curves of CHM/G combinations: experimental versus predicted
values.
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The HM carbon/glass and ST carbon/glass confined concrete failure modes are illustrated in
Figure 5.22 and Figure 5.23. It was decided to show these combinations because the
translucence of the glass allows to visualize the possible fragmentation and delamination that
may occur in LS material. As expected, fragmentation is evident in 2G/1CHM/2G
(Figure 5.22(a) and Figure 5.22(b)) and 1G/1CHM/1G (Figure 5.22(c)) jackets because they
promoted pseudo-ductile behaviours. In these combinations, the specimens were initially black
due to the carbon natural colour but, after fragmentation and delamination, light was reflected
from the interface, and these zones of specimens looked white, as it is marked in the figures. In
the remaining cases, there are no evidences of fragmentation of LS material.

With exception of two cited cases (2G/1CHM/2G and 1G/1CHM/1G) in which fragmentation
took place, all specimens failed explosively with the projection of small concrete fragments.
Again, the jacket with highest elastic modulus (1CHM/1G/1CHM) promoted an almost full
height failure.

As exposed in Table 5.11, the analysis of performance of the analysis-oriented model reveal
that for fcc predictions, the relative error varied between -14.0% and 14.2%, and for &l rup - mean
predictions, the error varied between -26.3% and 35.1%. In the case of fc, it can be stated that
the model was able to accurately predict the experimental results. However, in the case of &l rp
— mean the error magnitude is quite high. In this case, the model should be used with care.
Anyway, the biggest advantage of the analysis-oriented model, if compared to the design-
oriented model, is that it allows to predict complete lateral strain-axial strain and axial stress-
strain curves, not only strength and failure strain.
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Figure 5.18 — Stress—strain curves of C/G combinations: experimental versus predicted

values.
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Figure 5.19 — Stress—strain curves of CHM/B combinations: experimental versus predicted
values.
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Figure 5.20 — Stress—strain curves of C/B combinations: experimental versus predicted

values.
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Figure 5.21 — Stress—strain curves of CHM/C combinations: experimental versus predicted

values.

(d)
Figure 5.22 — Failure modes of HM carbon/glass FRP-confined concrete: (a) 2G/1CHM/2G
—view 1; (b) 2G/1CHM/2G — view 2; (c) 1G/1CHM/1G; (d) 1G/1CHM/1G/1CHM/1G; (e)
1G/3CHM/1G and (f) ICHM/1G/1CHM.
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(d)
Figure 5.23 — Failure modes of ST carbon/glass FRP-confined concrete: (a) 2G/1C/2G; (b)
1G/1C/1G; (c) 1G/1C/1G/1C/1G; (d) 1G/3C/1G and (e) 1C/1G/1C.

Table 5.11 — Comparison of analysis-oriented model predictions with hybrid FRP-confined
concrete test results

Series ID * Jee &l,rup - mean
Exp. Prediction Rel. error Exp. Prediction Rel. error
[MPa] [MPa] [%] [MPa] [MPa] [%]
(CoV [%]) (CoV [%])

1C/1B/1C 87.4 (-) 84.88 29 0.66 (--) 0.69 -4.9
1B/1C/1B 73.2 (3.01) 67.01 8.5 0.88 (8.56) 0.58 339
1CHM/1B/1CHM 54.2 (8.59) 61.79 -14.0 0.14 (38.13) 0.18 -26.3
1B/1ICHM/1B 62.9 (5.46) 70.19 -11.6 0.67 (28.56) 0.59 11.8
1CHM/1C/1CHM 59.7(7.76) 58.03 2.8 0.16 (26.25) 0.14 12.4
1C/1ICHM/1C 79.9 (5.01) 80.28 -0.5 0.45(19.92) 0.35 229
1C/1G/1C 81.7(1.48) 79.45 2.8 0.66 (13.60) 0.62 5.4
1G/3C/1G 119.4 (2.66) 112.32 5.9 0.96 (17.86) 0.78 18.8
1G/1C/1G/1C/1G 108.3 (7.53) 92.87 14.2 1.08 (17.29) 0.70 35.1
1G/1C/1G 77.5 (5.00) 72.50 6.5 0.92 (13.03) 0.77 16.2
2G/1C2G 98.3(2.43) 87.03 11.5 0.95 (14.03) 0.85 10.9
1CHM/1G/1CHM 54.7 (9.00) 52.80 35 0.15(30.30) 0.12 18.8
1G/3CHM/1G 74.5 (6.12) 78.52 -5.4 0.21 (24.17) 0.22 -2.5
1G/1CHM/1G/1CHM/1G 76.6 (1.98) 67.45 11.9 0.29 (27.88) 0.36 -26.0
1G/1CHM/1G 63.7 (1.70) 63.28 0.7 0.72 (12.50) 0.56 223
2G/1CHM/2G 80.5(3.93) 70.47 12.5 0.99 (12.93) 0.79 20.3

5.5. Conclusions

The compression behaviour of several hybrid FRP-confined small-scale plain concrete columns
has been investigated using experimental testing and analytical modelling. All the jackets were
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made through the hand lamination of four different commercially available dry UD fabrics:
high-modulus carbon (CHM), standard-modulus carbon (C), E-glass (G), and basalt (B).
Additionally to hybrid FRP series, few non-hybrid confined concrete columns were also
analysed in order to obtain reference values. Main observations and conclusions drawn are
presented next.

Analysing non-hybrid FRP-confined concrete results, a minimum FRP strain reduction factor
of 0.72 and a maximum of 0.96 were achieved respectively in the CHM and C series. This way,
it was concluded that FRP tensile strain at failure is not reachable in sitru with FRP jackets.
However, it was demonstrated that this reduction of efficiency can be minimized, or even
eliminated, with hybridisation. In fact, it was observed that for a large number of hybrid
combinations the strain reduction factor was even higher than 1. It was verified that moderately
strong (above 0.5) and strong (above 0.7) correlations exist between the hybrid effect and the
FRP strain reduction factor. This means that there is an increase of the strain reduction factor
as the volume of LS fibres decreases, i.e, hybrid effect increases.

Two models to predict the tensile strength of hybrid FRP were adopted, namely the model of
Jalalvand et al. [13] and bilinear ROM [14] and it was proven that these can be used to
accurately predict the ultimate confining pressure provided by the hybrid composites.
Consequently, two new design-oriented models, in which the confining pressure is used as input
variable, were proposed to predict the peak stress of hybrid FRP-confined concrete. Relatively
large R? of 0.84 and 0.80 were found in predictions of peak axial stress with the proposed
models, respectively, for first and second models.

In the three tested hybrid combinations, which included HM carbon as LS material
(2G/1CHM/G, 1G/1CHM/IG and 1B/1CHM/1B), pseudo-ductile tensile responses with
fragmentation and dispersed delamination of the jacket were observed, leading that, in the
compressive stress-strain curves of these combinations, a flat-topped curve is evident. In these
combinations abrupt and explosive failure modes were avoided.

Finally, the presented analysis-oriented confinement model, based on the modification of the
approach of Lim and Ozbakkaloglu [15, 16], allowed to accurately simulate both the dilation
behaviour and the compressive stress-strain behaviour of all hybrid confined concrete series
analysed.
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6. FINITE ELEMENT MODEL FOR HYBRID FRP-CONFINED
CONCRETE

6.1. Introduction

In the last three decades, FRP composites have been used as jackets in the confinement of
concrete columns. Today, it is known that FRP jackets allow concrete to reach higher
compressive strength and higher ultimate axial and lateral strains, contributing to delay concrete
cracking and preventing the relative displacement of disaggregated concrete pieces [1]. These
confining systems are typically produced through the hand lay-up method [1]. Columns are
retrofitted through FRP wrapping, positioning the fibres transversely oriented, relatively to the
longitudinal axis of the column.

Although FRP systems have important advantages over traditional structural materials (such as
lightweight, durability, high strength and stiffness), they also present a significant drawback:
brittleness. In fact, a linear elastic behaviour up to failure is observed. For this reason, FRP-
confined concrete submitted to pure compression fails abruptly, being this behaviour dominated
by FRP failure. However, it was proved by Ribeiro et al. [2] that the drawback referred to can
be mitigated through the hybridisation of reinforcing materials, i.e., by combining two different
types of unidirectional (UD) dry fabrics in the same matrix (thus obtaining a hybrid FRP
composite). If this combination of fibres is properly materialized, it is possible to promote
synergies between the reinforcing materials, conducting, for instance, to pseudo-ductile tensile
response (characterized by fragmentation in the low strain material and dispersed delamination,
please see details in [3]), and an increase of the apparent failure strain of low strain fibres,
known as ‘hybrid effect’. Achieving pseudo-ductility may help composite structures to
maintain functionality (even when they are overloaded) and to improve safety, thus enabling
the reduction of the safety design factors.

Although there are already several examples of hybrid composites developed for civil
engineering [4-20], the study of the same was initially motivated in the scope of aerospace and
automotive industries [6, 21, 22]. Today, the last referred to industries continue to show the
greatest interest in the subject. In this context, an exhaustive work to achieve pseudo-ductile
tensile response with UD hybrid composites has been carried out [3, 23-28]. Research
demonstrated that, to achieve pseudo-ductility in hybrid composites, two damage mechanisms
should take place simultaneously, namely: (i) the fragmentation of the low strain (LS) material
and (i1) the stable delamination of the LS material from the high strain (HS) material layers
close to the LS material fractures. The described properties of hybrid composites were explored,
for the first time, in the confinement of small-scale circular concrete columns in the work of
Ribeiro et al. [2]. In this work, it has been demonstrated that an analysis-oriented confinement
model, based on a modified approach of Lim and Ozbakkaloglu [29, 30] (incorporating the
model of Jalalvand et al. [3] to simulate the tensile stress-strain curve of hybrid composite)
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allows to accurately simulate both the dilation behaviour and the compressive stress-strain
behaviour of all hybrid confined concrete series analysed.

According to the author’s knowledge, up to the current date, an accurate finite element (FE)
model to predict the hybrid FRP-confined concrete compressive behaviour has not been
developed yet. As it is known, such models allow modelling the three-dimensional behaviour
of confined concrete subjected to complex stress states. This is important, for instance, to
simulate non-circular FRP-confined columns, since in this case the confining pressure provided
by the jacket is non-uniform and analytical analysis-oriented models developed for circular
confined concrete columns cannot be readily used [31]. In case of FRP-confined concrete
columns under eccentric loading, three-dimensional FE models allow as well to overcome the
difficulties associated with laboratory studies, namely the lack of information about the
interaction mechanism between FRP and concrete and the distribution of axial stress and
confining pressure over the section [32].

Recently, modified plasticity-damage models [31-34], based on the proposed models of
Lubliner ef al. [35] and Lee and Fenves [36], have been suggested as the best models to predict
axial compression responses of FRP-confined concrete columns. To achieve this goal, the
confinement-dependent characteristics of FRP-confined concrete have to be incorporated into
the yield function, flow rule, and damage variable [31]. These modifications have been
implemented within the theoretical framework of the concrete damaged plasticity model
(CDPM) available in ABAQUS software [37]. More specifically, it is common the use of lateral
strain-to-axial strain analytical models to compute the dilation angle and, consequently, to
modify the flow rule in function of confining pressure and axial strain. Besides, compressive
stress-strain analytical models have been used to compute the effective compressive cohesion
stress (also known as strain-hardening/softening rule) for different levels of confinement [31].
Finally, the damage variable, which allows simulating the reduction of elastic stiffness of
concrete, has been computed as well in function of the confining pressure. However, it has been
proved that, in case of monotonic compression tests simulation, this parameter has little effect
on the predicted stress-strain curve of FRP-confined concrete [33].

The aim of the present work is to develop and apply a modified CDPM for hybrid FRP-confined
columns. The analysis-oriented model for hybrid FRP-confined concrete presented in the work
of Ribeiro et al. [2], based on models of Lim and Ozbakkaloglu [29, 30], is adopted to compute
all the necessary input parameters of the CDPM. ABAQUS software [37] was used to perform
all the simulations. The modifications in the yield surface and flow rule were made through a
user subroutine in order to redefine the field variables at material points (USDFLD). This type
of subroutine allows users to define the values of field variables (in the present case, the
confining pressure and the axial strain) directly at the integration points of FE. This was
accomplished using tabular input and a FORTRAN code to define the field variables. The
proposed modifications to improve the CDPM are discussed in detail in the following sections.
Comparisons with experimental and analytical results show that the predictions of the proposed
model are in close agreement with measured parameters.
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6.2. Concrete damaged plasticity model

6.2.1. Theoretical background

The CDPM is a continuum plasticity-based damage model in which the concept of isotropic
damaged elasticity in combination with isotropic plasticity is adopted [38]. In this way, the
CDPM can be used for modelling the nonlinear deformation and irreversible damage, generally
associated to cracking, of plain concrete with high accuracy [38]. As any other plasticity model,
the CDPM depends on yield criterion, which is a mathematical description of the stresses under
which yielding occurs (known as yield function), and the flow rule that establishes the general
relations between plastic strains and the stress states.

The yield function is defined as follows:
F= ﬁ (,’gjz - A71 + B(_Emin> - C(Emin>> - Ecn(gp,(;) =0 (6.1)
with

1
A=L2—0<4<05 (6.2)

B =22Ced (4 _ gy _ (142 (6.3)

Gen(Ept)

3(1-K)
2K-1

C = (6.4)

where I, is the first effective stress invariant (see equation (6.5)) and jz is the second effective
deviatoric stress invariant (see equation (6.6)), the @,,;, is the minimum principal effective
stress, (-) denotes the Macauley bracket defined as (x) = (|x| + x)/2, f¢ is the concrete strength
under equal biaxial compression, feois the peak stress of the unconfined concrete, o, and o4,
are the effective compressive and tensile cohesion stresses respectively, &, . and €, are the
equivalent compressive and tensile plastic strains respectively, and K is the strength ratio of
concrete under equal biaxial compression to triaxial compression. It should be highlighted that
throughout this work the soil mechanics sign convention is adopted, whereby compressive
stresses/strains are considered positive while tensile stresses/strains are considered negative.

71=fc+fl,1+fl,2 (6.5)
jz _ (fc_fl'l)z+(7l'1_671'2)2+(7l'2_70)2 (66)
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where ]_CC is the effective principal compressive stress, ]_Cl‘1 and ]_Cl’2 are the effective principal
lateral stresses. Please note that, in the present chapter, only the case of triaxial compression is
being considered.

The term effective stress is used because all the stress quantities are understood as:

£, =L 6.7)

- l—dij

where ]_Cl.j is the effective stress tensor, fijis the stress tensor (see equation (6.8)), and d;; is the

damage tensor which characterizes the degradation of the elastic stiffness.
— P
fij = A = dip) Djra(eij — &) (6.8)
where ¢;; and elpj are the strain and the plastic strain tensors and Die]- «1 18 the initial (undamaged)
elasticity matrix.

For concrete with a constant confining pressure, the damage tensor is reduced to the
compressive damage parameter [31]:

_1+C+2A

fe——/1
d.=1- : 1icf2A (6.9)
fcc_ 1-4 fl

where f: is the compressive stress of concrete, fiis the confining pressure, and f.; is the peak
stress of actively confined concrete and can be estimated using equation (6.10) [29, 39]:

a
fee = foo + 5:2£57 (££) where @ = foo ™ (6.10)

In the work of Hany et al. [33], it was stated that damage parameter has significant effect on
the stress-strain curve when FRP-confined concrete is subjected to cyclic loading, but it is
negligible for monotonic loading situations. In the present chapter, two scenarios were tested:
(1) to adopt the damage parameter, according to equation (6.9), and (ii) to neglect the damage
parameter. It was confirmed that, in both situations, no significant differences occurred.
However, the damage parameter, computed according equation (6.9), was implemented in the
final model.

The flow rule, deip}, that defines the direction of plastic deformation and dictates the evolution

of dilation behaviour of concrete is non-associated:

D _ 6G
where G is the Drucker-Prager hyperbolic function, defined by equation (6.12):
- 2 T
G = \/(9 opotan¥)? + 3], — I;ltan 14 (6.12)

182



FINITE ELEMENT MODEL FOR HYBRID FRP-CONFINED CONCRETE

where a1 1s the uniaxial tensile stress at failure; 3 is the eccentricity parameter, and ¥ is the
plastic dilation angle, according to equation (6.13):

_ 3(ecpt2ep)

tan¥ =
Z(SC'p—Sl,p)

(6.13)

where €., is the axial plastic strain and €, , the lateral plastic strain.

For actively confined concrete, the referred to plastic strains can be computed according to
equations (6.14) and (6.15) [34]:

Ep =& — Eic (fe = 2vif) (6.14)

ep = &1~ 5 (L= vfi —vif.) (6.15)

where E. is the elastic modulus of plain concrete and v; is the initial Poisson’s ratio of concrete
(ei/ec) [40]:

v; = 8 X 1076£.0% + 0.0002f,, + 0.138 (6.16)

For concrete under non-uniform confinement, the confining pressure should be computed using
the equation (6.17) [31]:

_ 2(f11+0.039fc0) (f12+0.039fc0)
fi= fl1+f12+2%0.039f 0.039f,,

(6.17)

In the present chapter, since the compressive behaviour of confined small-scale plain circular
concrete columns is analysed, it is expected that fi = fi,1 = fi>. However, equation (6.17) was
implemented in the final model in order to turn the same capable of simulating the compressive
behaviour of concrete under non-uniform confinement.

6.2.2. Proposed modifications

It has been stated that original CDPM is not successful in predicting the compressive behaviour
of actively confined concrete and, consequently, the passively confined concrete [31, 33, 34].
This is due to the fact that a unique stress-strain curve of plain concrete cannot be used to define
the compressive cohesion stress, 0.y, or, in other words, the hardening rule of concrete. As
discussed in Section 6.2.2.1, the hardening rule has to be dependent on the confining pressure,
which leads to the modification of the original yield function. Furthermore, the plastic dilation
angle should vary in function of lateral strain-axial strain curve, as discussed in Section 6.2.2.2.

6.2.2.1. Hardening/softening rule

In the present subsection, the modification of the hardening rule is proposed. Numerical
predictions are compared with analytical results obtained through the stress-strain model for
actively and passively confined concrete of Lim and Ozbakkaloglu [30]. These were computed
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according to both equation (6.18), proposed by Popovics [41], and equation (6.19), proposed
by Lim and Ozbakkaloglu [30]:

fee (£C/£zc)r

f.= . 7 if0 < g, < & (6.18)
r—1+( C/gzc)

_ * f;c_fc,res . *
fe = fee — =, if &, > &

«
gc—¢
1+(—€f )

Eci~€cc

where f. and ¢, are the compressive stress and the axial strain of confined concrete, €z, is the

(6.19)

peak strain of actively confined concrete [29, 39], 7 is the concrete brittleness [42], fc s is the
residual stress, and &, ; is the axial strain corresponding to the inflection point of the descending
branch of stress-strain curve [30]. These last parameters are defined in the next equations:

. f 1.15
£, = £,9 + 0.045 (f—f)) (6.20)
E¢
r= EC_fC*C/EZC (621)
* flO'Z4 *
fc,res = 1.6/ (W) and f;',res < fee — 0.15f¢ (6.22)
* fC,TeS —VU. * fC,TeS —VU.
£ei = 286l (f—) foo 02 +10es, (1 - f—) foo 0 (6.23)

In equation (6.20), eco is the axial strain at the peak stress of the unconfined concrete (f,) given
by [29]:

gco = (—0.067f,% + 29.9f,, + 1053) x 107° (6.24)

In equation (6.21), E. is defined according to the next equation [30]:

E, = 4400,/f. (6.25)

The model of Lim and Ozbakkaloglu [30] was used to define the compressive stress-strain curve
of plain concrete, i.e., the material input data of the numerical model that gave rise to the results
of Figure 6.1 (a), assuming fco= 33.49 MPa and fi= 0 MPa. Four levels of constant confining
pressure were considered in both models (numerical and analytical): 5, 10, 20, and 30 MPa.
This range was selected because it is intended to validate the proposed FE model against
experimental results published in a previous work by the authors [2]. In the mentioned work, it
is possible to observe that the ultimate confining pressure in tested specimens varied between
6 and 26 MPa, approximately. These values are within the considered range. The detailed
description of the several parameters and assumptions used in FE modelling is present in
Section 6.3.

In Figure 6.1 (a) it is possible to observe that the shape of the numerical curves is the same for
the different levels of confining pressure. According to the original CDPM, the increase of the
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confining pressure imposes a vertical and horizontal translation of the compressive stress-strain
curve. The former is dependent on the yield function, and the latter is defined by the elastic
modulus of plain concrete, i.e., since the axial stress increases with the increase of the confining
pressure, the initial elastic branch is prolonged, leading to the observable lateral translation of
the initial stress-strain curve.

180 T T T T 180
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140 140
& 120f 3 & 120f
= =
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Figure 6.1 — Numerical versus analytical stress-strain curves of actively-confined
concrete: (a) original and (b) modified CDPM.

In Figure 6.1 (a) it is also demonstrated that original CDPM leads to inaccurate predictions of
actively confined concrete compressive behaviour, for the presented levels of confining
pressure. It should be noted that a large number of actively confined and FRP-confined
specimen results were used in the development of the presented stress-strain analytical model.
It was proved that the analytical model provides improved predictions when compared to the
previous models presented in the literature, see the details in [29, 30]. For this reason, it was
expected that the numerical curve matched the analytical one.

Due to the lack of the observed accuracy between the numerical and analytical curves, it is
mandatory to turn the hardening rule dependent of the confining pressure in order to correct the
results. In ABAQUS software [37] the introduction of the hardening rule is made in tabular
format. To turn the hardening rule dependent on the confining pressure, several compressive
stress-strain curves have to be defined in function of specific values of confining pressure. The
last is considered a field variable that should be specified through USDFLD subroutine,
programmed in FORTRAN language. Furthermore, the elastic modulus has to be modified, as
well, in function of the confining pressure. The following procedure was used to correct the
hardening rule:
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1. The stress-strain analytical model, presented in equations (6.18) and (6.19), is used to
define the expected compressive stress-strain curves of plain concrete subjected to
different levels of constant confining pressure;

ii.  The yield function, presented in equation (6.1), is used to define the value of f. when
the effective compressive cohesion stress is equal to zero;

iii.  An actual elastic modulus is computed dividing the £ value (obtained in step ii) by the
corresponding strain;

iv.  The strain that corresponds to the f. value (obtained in step ii) is subtracted to all strain
values of the compressive stress-strain curve computed in step i;

v.  The f value (obtained in step ii) is subtracted to all stress values of the compressive
stress-strain curve defined in step i;

vi.  Since the strain that corresponds to the f. value (defined in step ii) is a positive value
and the same is subtracted to all strain values of stress-strain curve, negative strain
values results from step iv. In this step, negative values are deleted.

It should be noted that the presented procedure is different from all others found in published
studies. In the present chapter, the perfectly-plastic behaviour assumption used by Yu et al. [31]
is assumed as well, i.e., after the peak stress, the stress-strain curve is truncated and the yield
function remains unchanged. This option has implications in the dilation concrete behaviour
predictions. If a complete stress-curve curve was considered, it would not be possible to control
the concrete dilation behaviour.

In Figure 6.1 (b) the numerical results obtained after the correction are presented and compared
against analytical ones. It is possible to observe that after an initial branch, that was intentionally
assumed as elastic, there is a perfect match between numerical and analytical curves until the
peak stress is reached.

6.2.2.2. Flow rule

Many authors have used the CDPM assuming a constant ¥ [43-49]. However, this assumption
does not lead to accurate prediction of the dilation behaviour (lateral strain-axial strain curves)
of actively confined concrete, as demonstrated in Figure 6.2 (a). In this case, a constant ¥ =
35° was assumed to obtain the lateral strain-axial strain numerical curves. As it is possible to
observe, the last assumption leads to confining pressure having only a residual influence on the
numerical curve developing. Therefore, all numerical curves are almost coincident and differ
substantially from the analytical ones (presented as well in Figure 6.2 (a)). The last was
obtained with the model proposed by Lim and Ozbakkaloglu [29], see equation (6.26):

f 0.8
o = " + 0,047 [1 +21(£) ] (6.26)
() |
where 7 is the curve shape parameter:
n =14 0.03f, (6.27)
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The analytical model was developed based on large database of unconfined and actively
confined concrete results, please see the details in [29]. It was also proved that the model is able
to predict the dilation behaviour of hybrid FRP confined concrete, please see details in [2].

Figure 6.2 (a) also shows that the numerical predictions of dilation behaviour of actively
confined concrete are not in agreement with analytical ones. For this reason, they need to be
corrected. This can be done considering the evolution of ¥, according to equation (6.13). In
Figure 6.3 the referred evolution of ¥ is presented as a function of axial plastic strain (see
equation (6.14)) for the considered levels of confining pressure. It is important to note that,
according to the sign convention, lateral strain was considered negative and axial strains
positive in the computation of ¥.

Similarly to what was stated for the hardening rule, in ABAQUS software [24] the introduction
of ¥ is also carried out in tabular format. However, the software only admits values of ¥
between 0.1° and 56°. This limitation implies that, even with the modification of ¥, a precise
dilation behaviour of confined concrete cannot be simulated. Since ¥ is negative in some cases
and higher than 56° in others, it is possible to observe in Figure 6.2 (b) that there are still some
mismatches between numerical and analytical curves. However, the suggested modifications
proved to be sufficient to reach good predictions of hybrid FRP confined concrete behaviour,
as it is demonstrated in Section 6.4.

— Numerical
— Analytical

47 |—e—1,=5.0MPa
+f| =10.0 MPa
3 —a—fl =20.0 MPa
—6—1,=30.0 MPa

Lateral strain [%)]
[\M]

Lateral strain [%)]
[\M]

—%—1,=10.0 MPa
—a—f,=20.0 MPa| ] 0p==
—o—f,=80.0 MPa

o 1 2 3 4 5 o 1 2 3 4 5
Axial strain [%)] Axial strain [%)]

(2) (b)

Figure 6.2 — Numerical versus analytical lateral strain-axial strain curves: (a) considering
a constant dilation angle, and (b) considering variation of the dilation angle in function of

level of confining pressure.
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Figure 6.3 — Plastic dilation angle of actively-confined concrete in function of axial

plastic strain for several levels of confining pressure.

6.3. Finite element modelling

6.3.1. Experimental database

In the present chapter, experimental results obtained in monotonic uniaxial compression tests
of 60 cylindrical specimens, comprising 48 hybrid FRP-confined and 12 non-hybrid FRP-
confined specimens, are compared with numerical predictions obtained with the suggested
modified CDPM. Each tested specimen was 150 mm in diameter and 300 mm in height. The
experimental variables included (1) the LS fibres relative volume (vol%) and (i1) the type of
FRP of jacket, i.e., jackets made with different combinations of reinforcing materials. The
details of the experimental results can be found in [2].

Four types of dry UD fabrics were used to produce the FRP jackets: UD HM carbon (S&P C-
Sheet 640), ST carbon (S&P C-Sheet 240), E-glass (S&P G-sheet E 90/10), and basalt (Dalla
Betta Group U400B-40-50-03) fabrics. In Table 6.1 the density, areal mass, fibre layer
thickness (areal mass density divided by the volumetric mass density) and the basic tensile
properties of the mentioned materials are presented. For each dry fabric, a large number of
single fibres (see the details in Table 6.1) were randomly taken from the dry fabrics and tested
in uniaxial tension, according to ASTM D3379-75 [50].

The tensile properties of 1 layer non-hybrid composites, determined according to ISO 527-
5:2009 [51], are also presented in Table 6.1. All the composites referred to in the present
chapter were laminated using an epoxy-based resin (S&P Resin Epoxy 55). According to the
supplier, this epoxy resin has the following main properties [52]: (i) 35.8 MPa tensile strength;
(i1) 2.3% strain failure; and (iii) of 2.6 GPa elastic modulus.

In Table 6.1, it is possible to observe that tensile strength and, consequently, the elastic modulus
of non-hybrid composites are higher than the values obtained for single fibres. This is due to
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the fact that, in the case of composites, the tensile properties were evaluated ignoring the
contribution of the resin, according to the usual practice of the wet lay-up method and guidelines
[53]. This means that tensile strength was computed considering only the dry fabric thickness,
thus leading to overestimation of the tensile strength.

Relatively to hybrid combinations, 16 series were considered in the confinement application:
10 combinations with 3 reinforcing material layers and 6 combinations with 5 reinforcing
material layers. Each series was composed of 3 specimens of confined concrete. Specimens
with 5 layers were tested only on 2 hybrid combinations: HM carbon/glass and ST carbon/glass.

In addition to hybrid series, 4 series of 3 layer non-hybrid composites (1 for each reinforcing
material) were produced. All specimens involved in the experimental campaign are listed in
Table 6.2. In the present chapter, regarding composite materials nomenclature, numbers placed
before letters are used for indicating the number of layers. The sequence according to which
these letters appear indicate the stacking sequence of the reinforcing materials. The relative
volume of LS fibres (Vol% LS) was computed and presented in the next section, according to
equation (6.28):
Vol% LS = - L %100 (6.28)

LttH

where 71 is the half thickness of the LS layers and ¢y is the half thickness of the HS layers.
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Table 6.1 — Properties of the dry fabrics, fibres and cured composite materials determined experimentally.

Material ID Properties of the dry fabric, as Properties of the fibres (tested according to ASTM D3379) Properties of 1 ply composites [54]*
reporter by the manufacturer
Density Areal Fibre layer N. of Fibre Elastic Tensile Strain at Elastic Tensile Strain at
[g/m?] mass thickness samples diameter modulus strength the failure modulus strength the strain
[g/m?] [mm/layer] [um] [GPa] [MPa] [%] [GPa] [MPa] [%]
(CoV[%])  (CoV[%]) (CoV[%]) (CoV[%]) (CoV[%]) (CoV[%]) (CoV[%])
Basalt (B) 2.67 420 0.157 50 18.14 61.41 1886.70 3.10 102.5 22442 2.46
(3.56) (31.14) (40.79) (27.73) (15.46) (20.17) (10.61)
E-glass (G) 2.60 400 0.154 50 14.98 76.92 2662.06 3.72 81.6 1671.2 2.31
(16.25) 27.97) (33.88) (20.45) (7.39) (8.59) (3.78)
ST carbon (C) 1.79 400 0.223 36 7.88 213.95 3920.67 1.38 231.3 2565.9 1.09
(5.15) (43.36) (39.37) (17.37) (12.50) (10.18) (8.81)
HM carbon (CHM) 2.10 400 0.190 26 11.03 558.07 2934.24 0.53 624.1 1749.4 0.27
(6.66) (24.67) (19.16) (18.99) (11.13) (24.39) (19.61)

Note: *The tensile properties were computed considering only the thickness of the dry fabrics, according the recommendation suggested in the guidelines [31].
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Table 6.2 — Summary of tested compression specimens.

Jacketing Designation Stacking Jacketing material Number of tests
type sequence combinations per type of
stacking sequence
Non- -- O0omd G, B,CHM, C 12
hybrid
Hybrid 1LS/THS/1LS COm C/B, CHM/B, CHM/C, 15
C/G, CHM/G
1HS/3LS/1HS BCOOCOON C/G, CHM/G 6
1HS/1LS/1HS/1LS/1HS BORONR C/G, CHM/G 6
1HS/1LS/1HS | Im] | C/B, CHM/B, CHM/C, 15
C/G, CHM/G
2HS/1LS/2HS [ § Im] | | C/G, CHM/G 6

Notes: Il - HS fibres layer; L1 — LS fibres layer.

6.3.2. Geometry, element types and meshing

Taking into account the double symmetry of both the loading and the specimen, only a quarter
of cylinders was modelled, as illustrated in Figure 6.4.

Two different FE types (three dimensional 8-node linear bricks with reduced integration
(C3D8R) and 4-node shell elements with reduced integration (S4R)) were used to discretize the
concrete cylinders and the FRP jacket, respectively.

Care was taken to ensure that the mesh had, as much as possible, a regular geometry. Several
decreasing mesh sizes were studied to evaluate the convergence of the model. It was concluded
that elements with edges of about 8 mm provide accurate solutions.

300

(a) (b) (©)

Figure 6.4 — Geometric representation of FE model: (a) full specimen, (b) mesh of 1/4

concrete specimen, and (c¢) mesh of 1/4 FRP jacket (dimensions in mm).
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6.3.3. Boundary conditions and interactions

Traditionally, in uniaxial compression tests of concrete specimens, the load is applied through
rigid steel plates. In this way, it is inevitable frictional forces to occur at the concrete—steel
interface. These forces lead to the development of a stress field which restrains the transverse
expansion of concrete within the end regions of specimens [55].

In this section, it is discussed if the detail of surface-to-surface contact (steel—concrete) should
or should not be considered in the numerical model. Thus, two scenarios were considered in the
simulation of compressive behaviour of plain concrete:

e In the first scenario, three dimensional steel plates with the same cross section as
concrete and 50 mm of thickness were assembled to the ends of the concrete core.
C3D8R elements were used to discretize the steel plates. It was assumed that these
elements are rigid. A friction model to define the force resisting relative to tangential
motion between concrete and steel plates was specified. A friction coefficient of 0.1 was
assumed, according to the recommendation suggested in the guideline [56]. In normal
direction (i.e., in the loading direction) a hard contact was defined. It was concluded
that the consideration of end restrains leads to highly non-uniform distribution of lateral
displacements, as shown in Figure 6.5 (a). It is possible to observe that at middle height
of the cylinder, the lateral deformation is maximum. The presented values of lateral
displacement are relative to the peak axial stress of plain concrete;

e In the second scenario, the end restrains were not detailed. This leads to uniform
distribution of lateral displacement, as shown in Figure 6.5 (b). It is possible to observe
that the values of lateral displacement are approximately 14% lower than the ones
observed in the first scenario, comparing the middle sections, for the same axial
displacement.

It should be noted that, in both scenarios, compatible boundary conditions with the
simplifications of the geometry assumed in the model were defined, i.e., lateral displacement
restraints were applied orthogonally to the sliced faces. Axial displacements were restrained in
the base of the model and uniformly imposed on the top the latter. Again, the model of Lim and
Ozbakkaloglu [30] was used to define the compressive stress-strain curve of plain concrete,
assuming fco = 33.49 MPa and fi= 0.00 MPa.

Analytical axial stress-strain curves are compared with numerical ones in Figure 6.6. Since the
analytical model of Lim and Ozbakkaloglu [30] was used to define compressive stress-strain
curve of plain concrete and there is no other action on the concrete than axial compression (in
the case frictional forces were not contemplated), it was expected that both numerical and
analytical curves were coincident.
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Figure 6.5 — Distribution of lateral displacement of plain concrete at the peak stress in
one of the two lateral principal stress directions: (a) considering frictional forces and (b)

without considering frictional forces.
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Figure 6.6 — Evaluation of the effect of end restrains contemplation in the compressive

stress-strain curve of plain concrete.

It is possible to conclude that end restraints have no influence in the pre-ultimate compressive
response of concrete and strength predictions but the post peak behaviour of concrete is
dependent of friction between concrete and steel plates.

It should be highlighted that the analytical model of Lim and Ozbakkaloglu [30] was calibrated
from experimental results in which the influence of end restraints were not suppressed. In this
way, the obtained stress-strain curve implicitly considers the effect of end restraints. For this
reason, it is not correct to consider the detail of end restraints in the numerical model, if the
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referred to analytical model is used to obtain the material input parameters of concrete.
Otherwise, the end restraints effect would be contemplated twice.

Due to the above reasons, the influence of end restraints were not explicitly considered in the
present chapter.

6.3.4. Plasticity parameters

Beyond hardening and flow rules, there are several parameters that have to be specified in order
to use the CDPM, namely 3, fv/fc0, viscosity, and K.

According to published studies [31, 32, 57], 3 and fv/fco should be defined as 0.00 and 1.16,
respectively. The definition of 3 as null implies that the potential function tends to a straight
line. In this way, the strategy exposed in section 6.2.2.2 to compute ¥ and to predict the dilation
behaviour of concrete is valid. According to the work of Kupfer et al. [58], fv/fco assumes a
constant value of 1.16. However, in the work of Papanikolaou and Kappos [59] it was suggested
that fu/fco should vary according to equation (6.29):

]f—l; = 1.5 X f, 0075 (6.29)

According to this equation, if fco varies between 19 and 30 MPa, f/fco will vary approximately
between 1.16 and 1.20. Teng et al. [57] found that, within this range, the variation of fu/fco has
no significant effect on the numerical predictions. Due to the lack of information about the
subject, and taking into account that 1.16 is the most used value in published studies, it was
decided to maintain this value in the present chapter.

Few studies [33, 60] on the viscosity parameter state that it has residual influence on the
prediction’s accuracy. For this reason, this parameter was ignored in the present chapter.

Although the influence of K on the compressive behaviour predictions of confined concrete was
studied in the present chapter, since only triaxial compression situations are analysed, a
simplification of equation (6.1) was adopted [31]:

1 - (C+34) = —
(gc + 1) /3]2 - 28T = (1 - Ay (6.30)

This equation is known as Drucker-Prager yield function and it defines a conic yield surface in

the principal stress space, as presented in Figure 6.7 (a). It is possible to observe that changing
the value of K leads to substantial changes in the diameter of the yield surface, as seen for

instance in the deviatoric plane defined as 1,;/3 = 100 (see Figure 6.7 (b)).
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Figure 6.7 — Influence of K the yield surface of CDPM: (a) principal stress space and (b)
deviatoric plane ((fc+f1,17/,2)/3=100).

In Figure 6.8, it is possible to observe that, for a constant level of confining pressure (fi=fi,1 =
fi2), the peak stress of confined concrete (f..) decreases with the increase of K. A sensitivity
analysis was carried out to find out the value of K leading to lowest initial prediction errors of
the peak stress of actively confined concrete. From this analysis, it was concluded that K = 0.68
leads to the lowest differences between unmodified CDPM and analytical peak stress
predictions. For this reason, this value (0.68) was assumed in the present chapter.

—e—fI =5.0 MPa
180} —%—1,=10.0 MPa |
—g—1,=20.0MPa
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Figure 6.8 — Peak stress of actively confined concrete in function of £ and K.
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6.3.5. Material properties

6.3.5.1.FRP

In a unidirectional (UD) hybrid FRP submitted to uniaxial tension, the first damage mode is
always the failure of the LS fibres. However, other damage modes depend on the properties and
configuration of the composite reinforcing materials [25]. The analytical approach proposed by
Jalalvand et al. [3], validated in the scope of the present work in [54], considers that four
different damage modes may occur after LS fibres failure: (i) premature HS failure, (i) unstable
delamination, (iii) LS layer fragmentation, and (iv) combination of LS fragmentation with
stable delamination. For each hybrid configuration, three stress levels can be computed [3]: (i)
the stress at which the first crack in the LS material occurs, c@LF, (ii) the stress at which
delamination starts, o@del, and (iii) the stress at which the HS material fails, c@HF, in
accordance with equations (6.31) to (6.33), respectively.

_ af+1

C@LF =5, “2 (6.31)
_ 1 1+af 2GricEl

c@del = \/(—a : )(—tH ) (6.32)
_ 1 SH

O@HF =i (6.33)

where St is the reference strength of the LS material, o and B are respectively the elastic
modulus and thickness ratios of the LS to HS fibre, Gic is the mode II interlaminar fracture
toughness of the interface between LS layers and HS layers of the hybrid composite, En is the
elastic modulus of the HS fibres, ty is the half thickness of the HS fibre, my is the Weibull
strength distribution modulus of the HS fibre, Sy is the reference strength of the HS material,
K: is the stress concentration factor in the high strain material, and V is the volume of the
specimen (free length x width x total fibre layer thickness). The details of the adopted
parameters are fully discussed in [54].

Knowing the magnitude of all three possible stresses allows assessing their order of occurrence
and, consecutively, the identification of the damage modes, according to Table 6.3. In the
present case, the studied combinations of materials (presented in Table 6.4) lead to the
appearance of 3 damage modes, namely premature failure, catastrophic delamination and
combination of fragmentation of LS material and dispersed delamination. When the last damage
mode occurs, the behaviour of hybrid composite is pseudo-ductile because a flat-topped stress-
strain curve is achieved.

As it has been exposed in [54], the damage mode of 2G/1CHM/2G, 1G/1CHM/IG,
1B/1ICHM/IB and 1C/1CHM/1C series was combination of fragmentation and dispersed
delamination and, in the case of 1G/1CHM/1G/1CHM/1G and 1G/3CHM/1G series,
catastrophic delamination occurred. In the remaining cases, the damage mode was premature
failure.
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Table 6.3 — Summary of different damage modes as a function of stress level (adapted from

[25]).

Stress level
c@HF < 0@LF < o@del
0c@HF < c@del < c@LF
oc@del < c@HF < c@LF
oc@del < c@LF < c@HF
0@LF < c@HF < o@del
0@LF < o@del < c@HF

Damage mode
Premature failure

Catastrophic delamination

Fragmentation
Fragmentation & dispersed delamination

After the determination of the damage modes, it is possible to plot the tensile stress—strain curve
of hybrid FRP. Five stress-strain coordinates are sufficient to define all possible tensile stress-
strain curves of hybrid FRP, see Figure 6.9. The sets of coordinates that define the stress-strain
curves for all the studied combinations are presented in Table 6.4. Please note that, when
premature failure occurs, only the linear elastic branch is defined with two sets of stress-strains

coordinates.
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Figure 6.9 — Tensile nonlinear behaviour of hybrid FRP.

The FRP properties were specified using “Lamina” material type [37] in which the elastic
modulus in the fibre direction is defined in accordance with the value provided in Table 6.1, in
case of non-hybrid confinement, and Table 6.4, in case of hybrid confinement. In the
orthogonal direction, an almost null elastic modulus (0.001 GPa) was assigned, and the
Poisson’s ratio was set equal to zero. Tie constraint was used to model the interaction between

FRP jackets and concrete.
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Table 6.4 — Tensile properties of hybrid FRP composites [54].

Combination Series ID Volume of Elastic trrp Tensile stress-strain analytical curve
LS fibres modulus [mm]
[%] [GPa]
Point 1 Point 2 Point 3 Point 3 Point 5

Strain Stress Strain Stress Strain Stress Strain Stress Strain Stress
[7] [MPa] [*] [MPa] [7] [MPa] [*] [MPa] [7] [MPa]

C/B 1C/1B/1C 74.0 2184 0.60 0.00 0.0 0.99 1957.9 - - - - - -

1B/1C/1B 41.5 152.5 0.54 0.00 0.0 1.28 1996.6 - - - - - -

CHM/B 1CHM/1B/1CHM 70.8 474.1 0.54 0.00 0.0 0.24 1131.8 - - - - - -
1B/1ICHM/1B 37.7 297.4 0.50 0.00 0.0 0.36 1077.0 1.17 1077.0 1.73 1106.0 2.03 11523

CHM/C 1CHM/1C/1CHM 63.0 489.6 0.60 0.00 0.0 0.27 1292.7 - - - - - -
1C/1ICHM/1C 29.5 368.8 0.64 0.00 0.0 0.39 1359.8 0.66 1359.8 0.95 1544.3 0.94 1544.9

C/G 1C/1G/1C 74.3 201.7 0.60 0.00 0.0 1.04 2005.5 - - - - - -

1G/3C/1G 68.5 202.4 0.98 0.00 0.0 1.08 1988.4 - - - - - -

1G/1C/1G/1C/1G 49.1 148.9 091 0.00 0.0 1.19 1830.5 - - - -- - -

1G/1C/1G 42.0 146.7 0.53 0.00 0.0 1.27 1820.3 - - - - - -

2G/1C2G 26.6 110.8 0.84 0.00 0.0 1.18 1420.3 - - - - - -

CHM/G 1CHM/1G/1CHM 71.2 454.5 0.53 0.00 0.0 0.25 1201.9 -- - - - - -
1G/3CHM/1G 64.9 439.2 0.88 0.00 0.0 0.23 997.7 0.23 451.5 1.58 451.5 191 483.5
1G/1CHM/1G/1CHM/1G 45.1 318.7 0.84 0.00 0.0 0.35 1142.5 0.35 599.9 1.34 599.9 1.88 745.8
1G/1CHM/1G 38.2 252.0 0.50 0.00 0.0 0.30 846.2 1.14 846.2 1.68 846.9 1.91 852.4
2G/1CHM/2G 23.6 2143 0.81 0.00 0.0 0.33 691.3 0.81 691.3 1.29 802.1 1.86 1028.7
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For all non-hybrid as well as for hybrid composites in which premature failure occurred, only
elastic properties were defined. For the remaining cases, a plastic behaviour was defined using
as input the coordinates exposed in Table 6.4. In these cases, strains have to be converted first
in plastic strains, according to equation (6.34):

pl Ohybrid
€ o =¢ I 6.34
t,hybrid t,hybrid /Ehybrid ( )

where sg hybrid 1S the tensile plastic strain, & pypriq 18 the total tensile stain, gy,,,  is the tensile

stress, and Epypriq is the elastic modulus of hybrid composite.

All simulations carried out showed that the tensile behaviour of both 1G/1ICHM/1G/1CHM/1G
and 1G/3CHM/1G series has to be defined as linear elastic, otherwise the numerical analysis
will abort. This is due to the fact that the stress drop that occurs in the stress-strain curve of
these series leads to convergence errors.

6.3.5.2. Concrete

A ready-mix concrete was used in the experimental campaign [2]. The experimental campaign
of the confined concrete specimens herein described was conducted in 15 consecutives working
days. During this time, the concrete age varied between 294 and 315 days. Until the testing
date, all specimens were kept in standard laboratory conditions (temperature of circa 20 °C, and
relative humidity of approximately 50%). In the end, three identical plain cylindrical concrete
specimens were submitted to compressive tests. The mean values of the elastic modulus,
according to [61], and compressive strength, according to [62], were 30.29 GPa (CoV =6.57%)
and 33.49 MPa (CoV = 1.33%), respectively.

In ABAQUS software [37], two parameters are needed to describe the elastic behaviour of
concrete: (i) the elastic modulus, and (ii) the Poisson’s ratio. Equations (6.25) and (6.16) were
used to define these parameters, in order to maintain coherence with the analytical model that
was used to calibrate the numerical parameters.

Although the tensile behaviour of concrete is not important for the simulations conducted in the
present study, it was defined aiming at widening the field of application of the model. The
parameters required to define the tensile behaviour (the tensile strength, f;, and the fracture
energy, Gr) were obtained according to equations (6.35) and (6.36) [32]:

2/

0—8\ /3

fi=14(557) (639
2 feo 0.7

Gr = (0.0469d2 — 0.5d, + 26) (12) (6.36)

where d, is the maximum aggregate size (assumed to be 12.5 mm in the present chapter). In the
last equation, fco is in MPa and d, is in millimetres. In this way, f;, obtained from equation
(6.35), is in MPa and G, obtained from equation (6.36), is in N/m.

199



Chapter 6

The parameters used to define the non-linear compressive behaviour are already detailed in
sections 6.2.2 and 6.3.4.

6.4. Comparison of FE model predictions with experimental results

The performance of the proposed CDPM is validated with the experimental results described
in Section 6.3.1. In the work of Ribeiro et al. [2], it has already been proven that the analytical
model here presented allows to accurately simulate both the dilation behaviour and the
compressive stress-strain behaviour of all confined concrete specimens analysed. Since the
material parameters for the modified CDPM were obtained from the referred to analytical
model, predictions obtained with both models (analytical and numerical) are expected to have
similar accuracy.

6.4.1. Non-hybrid FRP-confined concrete

In Figure 6.10 the evolution of ¥ for the studied non-hybrid FRP-confined concrete
combinations is presented. This parameter was computed according to equations (6.13) and
(6.26) and it was introduced in CDPM in order to define the flow rule, taking into account the
software limitations exposed in Section 6.2.2.2, i.e., negative values and values higher than 56°
were not considered. Although, in the computation of ¥, an infinite axial tensile strain was
assumed to generate the input parameters, then the peak axial strain (e.c) of different
combinations was assumed as the of the corresponding main experimental value.

60

S
o
T

N
o

N
o

Plastic dilation angle [°]
o

—©—3B

| —*—3G
—8—3C

—0—3CHM

A
=)

-60 \ L L
0.00 0.01 0.02 0.03 0.04 0.05

Axial plastic strain [m/m]

Figure 6.10 — Plastic dilation angle of non-hybrid FRP-confined concrete in function of
axial plastic strain.
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In Figure 6.11 and Figure 6.12 the lateral strain-axial strain and the compressive stress-strain
curves of non-hybrid FRP-confined concrete are presented. In the specimen designation, the
last number (i.e., 1, 2 or 3) was used to make the distinction between the three identical
specimens. Analytical and numerical curves are also plotted to allow the comparison with the

corresponding experimental curves. A good agreement between theoretical and experimental
results is observed.
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Figure 6.11 — Lateral strain-axial strain curves: (a) basalt; (b) glass; (¢) ST carbon and (d)

HM carbon composite confined concrete.
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Figure 6.12 — Axial stress-strain curves: (a) basalt; (b) glass; (¢) ST carbon and (d) HM

carbon composite confined concrete.

As expected, all the numerical predictions obtained using the proposed modified CDPM are in
close agreement with test results. Nevertheless, some differences are observed between
analytical and numerical values. This is essentially due to two factors: (i) the allowed range of
¥ have influence in the prediction of lateral strain-axial strain curves and (ii) the fact that stress-
strain curves of FRP-confined concrete are interpolated from a reduced and fixed number of
stress-strain curves for actively confined concrete (see Figure 6.1 (b)) leads to slope variations
after the compressive stress-strain peak of plain concrete (fco, £c0), represented in simulations
with a red circle.

As expected, the development of the compressive stress-strain curves follows approximately a
bilinear law, where the slope of the first branch depends primarily on the properties of plain
concrete. For this reason, the initial phase of the curves is similar for all combinations. The
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second branch depends on the confining pressure applied by the confining materials. The higher
the elastic modulus of the jacket, the higher the slope of the second branch.

6.4.2. Hybrid FRP-confined concrete

All the W-axial plastic strain curves used as input in the simulation of compressive behaviour
of hybrid FRP-confined concrete are presented in Figure 6.13. It is possible to observe that, in
hybrid jackets with non-linear tensile behaviour (see Table 6.4) there is an increase of ¥
comparatively to cases in which premature failure of hybrid composites take place. This is due
to the fact that tensile non-linear behaviour of jackets allows the rapid increase of the lateral
strain of concrete, and, consequently the increase of ¥. Again, it should be noted that in the
computation of ¥, an infinite tensile strain of hybrid FRP was assumed. However, the numerical
simulations were interrupted when &.c was reached.

Experimental lateral strain-axial strain and compressive stress-strain curves of hybrid FRP-
confined are compared with corresponding analytical and numerical curves in Figure 6.14 to
Figure 6.23. It is possible to observe that predictions are generally in reasonable agreement
with test results.

It is also possible to observe that pseudo-ductile branches were predicted in 3 combinations,
namely in 2G/1CHM/G, 1G/1CHM/1G, and 1B/1CHM/1B. This was expected since pseudo-
ductile tensile responses (i.e., simultaneous multiple fractures of LS fibres and dispersed
delamination) occurred in tensile tests of these combinations [54]. Although pseudo-ductile
tensile response has occurred as well in 1C/1CHM/1C combination [54], this behaviour did not
have a significant influence in the compressive results. This is due to the fact that (i) pseudo-
ductile strain (defined as the extra strain between the final failure strain and the strain on the
extrapolated initial slope line at the failure stress of the stress-strain diagram, as it is shown in
Figure 6.9) of this combination is very low, and (ii) the hybrid FRP failure of the jacket
occurred sooner that it was expected [2]. In this way, the application in practice of this
combination in confinement would lead to fragile failures.

The predicted tensile behaviour of 1G/ICHM/1G/1CHM/1G and 1G/3CHM/1G combinations
indicates catastrophic delamination modes, meaning that there is an abrupt drop of stress after
the failure of LS fibres. This leads to compressive behaviour of confined concrete very similar
to the one that is obtained in non-hybrid FRP-confined concrete series, when these
combinations are used as confining materials, as it is evident from experimental results.

In the remaining cases, stress-strain curves development follows approximately a bilinear law,
similarly to what was observed in non-hybrid FRP-confined concrete series. Please note that,
in combination 1C/1B/1C, there are two outlier experimental results which were therefore
ignored.

In all cases, analytical and numerical curves are almost coincident. This validates the strategy
of CDPM modification that is proposed in the present chapter.
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Figure 6.13 — Plastic dilation angle of hybrid FRP-confined concrete in function of axial
plastic strain: (a) HM carbon/glass; (b) ST carbon/glass; (¢) HM carbon/basalt; (d) ST

carbon/basalt and (e) HM carbon/ST carbon composites.

204



FINITE ELEMENT MODEL FOR HYBRID FRP-CONFINED CONCRETE

2,50 : . . . r 250 r T . . .
—e— 2G/1CHMI2G, —e—1G/1CHMNG,
—#— 2G/1CHM/2G, —+—1G/ICHMIG,
2.00 | —=—2G/1CHM/2G, 1 200 | —=—1G/1CHWAG, 1
—_— = Numerical —_— = Numerical
X - - - Analytical 2 - = - Analytical
150 o fy 1 £150F| © fy 1
g g
> >
© ©
5 1.00} {1 g1.00} 1
® ®
-l -l
0.50 1 0.50 1
Pseudo-ductility Pseudo-ductility
0.00 : : : : : 0.00 : : : : :
0.00 0.50 1.00 1.50 2.00 2.50 0.00 0.50 1.00 1.50 2.00 2.50
Axial strain [%)] Axial strain [%)]
(a) (b)
250 . . . . r 250 T T . . .
—o— 1GHCHMAGACHMAG, —e— 1G/3CHM/1G,
—%— 1G1ICHMAG/CHM/G,, —»—1G/3CHM/1G,,
2.00 | —=—1GMCHM1G/CHM/1G, 1 2.00 [ | —=—1G/3CHM/1G, 1
—_ Numerical —_ Numerical
X - - = Analytical 2 = = = Analytical
£150F| © fu 1 £150f| © fy 1
g g
® ®
© ©
o 1.00} {1 g100} 1
© ©
| |
0.50 1 0.50 1
0.00 : : : : : 0.00 f@ : : : :
0.00 0.50 1.00 1.50 2.00 2.50 0.00 0.50 1.00 1.50 2.00 2.50
Axial strain [%)] Axial strain [%]
(c) (d)
2.50 T T T T T
—o— 1CHMAG/ICHM,
—%— 1CHM/1G/1CHM,
2.00 | —=— 1CHM1G/ACHM, i
—_ Numerical
.°\_°. = = = Analytical
£ 150 o fy 1
[
®
©
o 1.00f 1
©
-l
0.50 _
000 M 1 1 1 1
0.00 0.50 1.00 1.50 2.00 2.50

Axial strain [%)]

(e)

Figure 6.14 — Lateral strain-axial strain curves of CHM/G combinations: experimental

versus predicted values.
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Figure 6.15 — Lateral strain-axial strain curves of C/G combinations: experimental versus

predicted values.
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Figure 6.16 — Lateral strain-axial strain curves of CHM/B combinations: experimental

versus predicted values.
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Figure 6.17 — Lateral strain-axial strain curves of C/B combinations: experimental versus

predicted values.
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Figure 6.18 — Lateral strain-axial strain curves of CHM/C combinations: experimental

versus predicted values.
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Figure 6.19 — Stress-strain curves of CHM/G combinations: experimental versus

predicted values.
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Figure 6.20 — Stress-strain curves of C/G combinations: experimental versus predicted

values.
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Figure 6.21 — Stress-strain curves of CHM/B combinations: experimental versus
predicted values.
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Figure 6.22 — Stress-strain curves of C/B combinations: experimental versus predicted

values.

211



Chapter 6

120 ) ' ' ) e 120
100 1 100
E 80 E 80
= =
2 2
o 60 o 60
% —o— 1C/1CHM/1C1 % —o— 1CHM/1C/1CHM1
3 40 F —;|(_1C/1CHM/1C2 E 5 40t _;|(_1CHM/1C/1CHM2 E
—e—1C/1CHM/1Cs —a—1CHM/1C/1CHM3
Numerical Numerical
20r - = = Analytical 20r = = = Analytical
o fe o fy
0 L . . ’ f 0 L . . ’ f
0.00 0.50 1.00 1.50 2.00 2.50 0.00 0.50 1.00 1.50 2.00 2.50
Axial strain [%)] Axial strain [%)]
(a) (b)

Figure 6.23 — Stress-strain curves of CHM/C combinations: experimental versus

predicted values.

The performance of the models was quantified comparing the predictions of the peak axial
stress (fcc) and the mean lateral strain (&l,rup - mean) at the peak stress (i.e. the mean strain value at
the failure measured with the set of strain gauges) with respective experimental results. The
comparison is presented in Table 6.5. As it was expected, there are no significant differences
between analytical and numerical predictions. For fc. predictions, the relative error varied
between -14.0% and 14.2%, when analytical model is considered, and between -10.1% and
15.8%, when numerical model is considered. This error’s magnitude is acceptable (maximum
absolute value of 20%). For &lrup - mean predictions, the error varied between -27.0% and 35.1%,
when analytical model is considered, and between -24.1% and 41.7%, when numerical model
is considered. This error magnitude is quite high. However, it should be noted that comparing
very low values generates situations where small variations of absolute values lead to very high
relative errors. Furthermore, considering that there is a great dispersion of € rup - mean results, it
can be stated that experimental research should be further explored in order to understand which
factors contribute to variation of lateral strain.
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Table 6.5 — Comparison of models predictions with test results

Series ID * Jee &1,rup - mean
Experimental Analytical Numerical Experimental Analytical Numerical
[MPa] [MPa]
(CoV [%]) (CoV [%])
Prediction Rel. error Prediction Rel. error Prediction Rel. error Prediction Rel. error

[MPa] [%] [MPa] [%] [MPa] [%] [MPa] [%]

3B 64.80 (3.48) 60.93 6.0 60.57 6.5 1.14 (26.28) 0.86 24.9 0.79 30.6

3G 64.67 (4.21) 62.52 33 65.10 -0.7 1.45 (10.46) 1.29 11.1 1.23 15.4

3C 89.02 (7.03) 89.79 -0.9 88.74 0.3 0.67 (5.95) 0.60 10.7 0.59 12.1
3CHM 54.89 (12.91) 53.95 1.7 53.67 22 0.08 (50.80) 0.10 -27.0 0.10 -24.1
1C/1B/1C 87.4 (--) 84.88 29 86.89 0.6 0.66 (--) 0.69 -4.9 0.66 -0.6
1B/1C/1B 73.2(3.01) 67.01 8.5 63.44 13.3 0.88 (8.56) 0.58 339 0.53 39.2
1CHM/1B/1CHM 54.2 (8.59) 61.79 -14.0 59.45 -9.7 0.14 (38.13) 0.18 -26.3 0.16 -11.9
1B/1ICHM/1B 62.9 (5.406) 70.19 -11.6 69.23 -10.1 0.67 (28.56) 0.59 11.8 0.47 29.8
1CHM/1C/1CHM 59.7 (7.76) 58.03 2.8 57.76 32 0.16 (26.25) 0.14 12.4 0.13 16.7
1C/1CHM/1C 79.9 (5.01) 80.28 -0.5 80.90 -1.3 0.45 (19.92) 0.35 22.9 0.34 253
1C/1G/1C 81.7 (1.48) 79.45 2.8 79.45 2.8 0.66 (13.60) 0.62 5.4 0.59 9.4
1G/3C/1G 119.4 (2.66) 112.32 5.9 115.68 3.1 0.96 (17.86) 0.78 18.8 0.75 222
1G/1C/1G/1C/1G 108.3 (7.53) 92.87 14.2 91.19 15.8 1.08 (17.29) 0.70 35.1 0.71 339
1G/1C/1G 77.5 (5.00) 72.50 6.5 71.11 82 0.92 (13.03) 0.77 16.2 0.73 20.4
2G/1C2G 98.3 (2.43) 87.03 11.5 84.13 14.4 0.95 (14.03) 0.85 10.9 0.87 9.0
1CHM/1G/1CHM 54.7 (9.00) 52.80 35 51.86 52 0.15(30.30) 0.12 18.8 0.11 26.7
1G/3CHM/1G 74.5 (6.12) 78.52 -5.4 76.87 -3.2 0.21 (24.17) 0.22 -2.5 0.20 7.3
1G/1CHM/1G/1CHM/1G 76.6 (1.98) 67.45 11.9 72.94 4.8 0.29 (27.88) 0.36 -26.0 0.25 14.1
1G/1CHM/1G 63.7 (1.70) 63.28 0.7 62.47 1.9 0.72 (12.50) 0.56 22.3 0.42 41.7
2G/1CHM2G 80.5 (3.93) 70.47 12.5 70.37 12.6 0.99 (12.93) 0.79 20.3 0.60 39.5
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6.5. Conclusions

In the present chapter, the performance of a modified concrete damage plasticity model
(CDPM) is validated against both experimental and analytical results. The modifications were
implemented in both hardening and flow rules, turning them confining dependent. An analysis-
oriented confinement model, based on the approach of Lim and Ozbakkaloglu [29, 30], was
adopted to define the input parameters of the CDPM. Major conclusions drawn from this study
are presented in the following paragraphs.

The need to contemplate friction forces in surface-to-surface contact between rigid steel plates
and concrete was analysed. It was concluded that, if an analytical model that implicitly
considers the frictions forces (such as the one considered in the present chapter) is used, to
compute the input parameters of the numerical model, the end restrain does not need to be
detailed.

It was observed that K parameter (strength ratio of concrete under equal biaxial compression to
triaxial compression) has a significant influence in the prediction of the peak stress of confined
concrete. Then, a sensitivity analysis was carried out and it was concluded that assuming K =
0.68 leads to residual errors in initial numerical predictions. For this reason, this value was
assumed in the remaining part of the work.

The analytical model of Jalalvand et al. [3] was used to predict the input tensile parameters of
hybrid FRP. In the 2G/1ICHM/G, 1G/ICHM/1G, 1B/ICHM/IB, and 1C/ICHM/1C
combinations, plasticity was defined in order to take into account the pseudo-ductile tensile
responses of the latter. In the remaining cases, a linear elastic behaviour was assumed. This
approach has shown to provide accurate predictions for all FRP-confined circular concrete
columns. As expected, pseudo-ductility was predicted in cases in which it was experimentally
observed. Moreover, it should be highlighted that analytical and numerical curves are almost
coincident.

As a final conclusion, taking into account what has been stated previously, it can be concluded
that the developed 3D finite element model, using modified CDPM, can be adopted to
accurately predict the compressive behaviour of hybrid FRP-confined concrete.
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7. CONCLUSIONS AND FUTURE PERSPECTIVES

7.1. Conclusions

This PhD thesis has been oriented aiming at the development of a hybrid FRP confining system
for concrete columns with improved properties, compared to the conventional methods. As it
is known, FRP jacketing has become an attractive technique for strengthening reinforced
concrete columns. However, two main drawbacks can still be pointed out:

1) The ultimate strain of FRP jackets is often lower than the ultimate tensile strain of
laminates of the same material;
1) Being fragile materials, the failure of conventional FRP is abrupt, i.e., without warning.

In the course of this work, it has been demonstrated that the above mentioned drawbacks can
be mitigated through the use of hybrid FRP composites. If a proper combination of constituent
materials is chosen, it is possible to promote synergies between fibres, conducting to both
(1) an increase of the apparent failure strain of the low strain (LS) reinforcing material and (i1)
a pseudo-ductile tensile response.

First, specific attention has been paid to developing the hybrid FRP composite at the material
level. An experimental and analytical investigation was carried out in an attempt to understand
the tensile behaviour of these innovative composites. All the hybrid FRP samples were made
through hand lamination of four different dry unidirectional fabrics, namely high-modulus
carbon (CHM), standard-modulus carbon (C), E-glass (G) and basalt (B).

Then, the performance of the different hybrid FRP combinations was assessed in the
confinement of small-scale plain concrete columns. Besides the experimental study, this work
also included the development of both analytical and numerical models.

In the presented work, for the first time, the pseudo-ductile of composite materials, which is
dependent of fragmentation of LS material, was explored in the confinement of concrete. The
latter concept is relative new in composite field (in general), and completely unexplored in civil
engineering applications. Thus, this is main innovation of the present thesis, which aimed to
bring a first contribution in this research area. It has been shown that abrupt failure can be
avoided, if the hybrid FRP is materialized for this purpose. Furthermore, is was demonstrated
that efficiency of LS material can be improved with hybrid FRP combinations.

The six specific goals of this work were enunciated in Section 1.2, whereas in the present
chapter the main findings derived from those goals are synthesized.
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7.1.1. Identification of properties of the constituent materials that influence most the tensile
response of hybrid FRP composites

Initiation and propagation of damage in hybrid FRP composites depend primarily on the
strength, stiffness, volume fractions of the reinforcing materials, ply thickness, stacking
sequence, and toughness of mode II fracture of the interface between the reinforcing materials.

The elastic modulus of hybrid FRP composites increases linearly with the increase of the
relative volume (vol%) of low strain (LS) fibres. As expected, combinations that include CHM
(the material with the highest elastic modulus) are the ones that lead to higher elastic modulus.
The combination of CHM with C results in the highest elastic modulus, whereas the
combination of C with G leads to the lowest values.

The strength varies with the vol% of LS material and the total volume of composite. The highest
strength was achieved with the combination of C with B. Since CHM is one of the materials
with lower tensile strength, increasing the volume of CHM in combinations with this material
would not lead to improvements in the resulting tensile strength.

It was verified that hybrid effect depends not only on the vol% of LS fibres but also on the non-
dimensional stiffness parameter (Exp). Moderately strong negative correlations between hybrid
effect and Vol% LS fibres (r = - 0.526) and Enp (r = - 0.515) were found with Spearman's rank
tests carried out. The hybrid effect varied between -14.1% and 44.5%. The maximum hybrid
effect was obtained by combining CHM with C, and the minimum hybrid effect was obtained
by combining CHM with G. In all studied combinations, it was possible to observe that above
60% of LS fibres vol% the hybrid effect was nearly zero or even negative.

7.1.2. Characterization of hybrid pseudo-ductile tensile behaviour

In four tested hybrid combinations, that included CHM as LS material (2G/1CHM/2G,
1G/1CHM/1G, 1B/1CHM/1B, and 1C/1CHM/1C), pseudo-ductile tensile responses with
fragmentation and dispersed delamination were achieved. In these combinations, the mean
‘yield’ stress varied between 732.6 and 1504.5 MPa and the pseudo-ductile strain between 0.4%
and 2.0%.

The effect of geometric and material parameters on the tensile response of hybrid composites
was interpreted using damage mode maps (DMMs). It was possible to observe that the highest
value of pseudo-ductile strain can be achieved close to the intersection of the boundaries within
fragmentation & delamination zone. The highest values of pseudo-ductile behaviour were
achieved in the combination of CHM with B.

DMMs also allowed to observe that the highest value of ‘yield’ stress can be achieved if the
coordinates (ratio between the thickness of the two fibre type layers vs. absolute thickness of
the LS layer) of a given hybrid configuration are close to LS fragmentation/HS failure
boundary. In configurations in which C was considered as the LS material, it was possible to

220



CONCLUSIONS AND FUTURE PERSPECTIVES

observe that the fragmentation and fragmentation & delamination zones were very reduced,
indicating that it is almost impossible to get these types of damage modes in practice. In this
way, the combination of CHM with C is the most plausible choice to reach the highest ‘yield’
stress.

7.1.3. Validation of accuracy of different analytical models to predict several tensile properties
of hybrid FRP composites, namely elastic modulus, strength, hybrid effect, ‘yield’ stress and
pseudo-ductile strain

The elastic modulus was well-predicted using the rule of mixtures (ROM). Predictions showed
a good agreement with the experimental results. The obtained relative errors ranged between
-14.5% and 9.6%. It was concluded that ROM can be used for quality control of hand lay-up
hybrid composites, since it allows checking both the volume and the alignment of the
reinforcing materials used in this type of composites.

In the case of tensile strength, predictions were carried out using two models: (i) bilinear ROM
and (i) a modification of model of Jalalvand et al. [1], taking into account the hybrid effect and
assuming the maximum value between the stress level at which the first crack in the LS material
occurs and the stress level at which the HS material fails. In the first case, the relative errors
between the bilinear ROM prediction and the experimental results varied between -15.7% and
16.9%. In the second case, the relative errors varied between -36.1% and 26.1%. In this way;, it
can be stated that, from both models considered, bilinear ROM is the one that best predicts
strength.

The analytical approach developed by Jalalvand et al. [1] allowed to predict all the failure
modes and the pseudo-ductile strain successfully. In this way, this model was validated for the
set of materials and fabrication method used.

Finally, it was concluded that progressive damage model, if carefully used, can predict
reasonably the hybrid effect. Relative errors between analytical and experimental positive
hybrid effects varied between -20.4% and 31.1%. It should be highlighted that this model has
some limitations, because the latter does not take into account neither scale effects nor
dispersion of fibres. Furthermore, Weibull parameters, which are used as inputs, are prone to
several error sources, being dependent on both the number of tests and the gauge length of
specimens.

7.1.4. Understanding how the hybrid effect and the pseudo-ductility can contribute to improve
the performance of FRP-confined circular concrete columns

It was demonstrated that the reduction of efficiency of LS material in FRP jackets can be
minimized, or even eliminated, with hybridisation. It was observed that for a large number of
hybrid combinations, the strain reduction factor is higher than 1. It was verified that moderately
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strong (above 0.5) and strong (above 0.7) correlations exist between the hybrid effect and the
FRP strain reduction factor. This means that there is an increase of the strain reduction factor
as the volume of LS fibres decreases, i.¢., the hybrid effect increases.

In all three tested hybrid combinations, which included CHM as LS material (2G/1CHM/2G,
1G/1ICHM/1G and 1B/1CHM/1B), pseudo-ductile tensile responses with fragmentation and
dispersed delamination of the jacket were observed, leading to flat-topped compressive stress-
strain curves. Moreover, abrupt failure modes were avoided in these combinations. According
to tensile tests results, the same behaviour was expected to occur in 1C/1CHM/1C combination.
However, in this combination, allegedly a very short pseudo-ductile branches took place and,
in practice, this led to the consideration that premature failure of HS fibres occurred. This is in
agreement with the fact that in this combination a low lateral failure strain of HS fibres (0.61%)
was registered. In tensile tests, the failure strain of this combination was 0.94%. For this reason,
the hybrid FRP failure of composite occurs too soon.

7.1.5. Development of analytical models to predict different properties of hybrid FRP-confined
concrete, namely compressive strength, stress-strain curve, and dilation behaviour

Two new design-oriented models were proposed to predict the peak stress of hybrid FRP-
confined concrete. Relatively large R? of 0.84 and 0.80 were found in predictions of peak stress
using the first and the second model, respectively. The relative errors for peak stress predictions,
varied between -13.3% and 18.1%, with the first model, and between -18.6% and 16.7%, with
the second model.

Next, an analysis-oriented confinement model, based on the modification of the approach of
Lim and Ozbakkaloglu [2, 3], was proposed. It was verified that this model allows to accurately
simulate both the dilation behaviour and the compressive stress-strain curves of all hybrid
confined concrete series analysed. Using this model, error’s prediction of the peak stress varied
between -14.0% and 14.2%.

7.1.6. Proposal of an accurate three-dimensional finite element model to predict the compressive
behaviour of hybrid FRP-confined concrete

It was verified that the concrete damage plasticity model (CDPM), available in ABAQUS, can
be adopted, if adequately modified, to accurately predict the compressive behaviour of hybrid
FRP-confined concrete. This was validated using both experimental and analytical results.

The modifications were implemented in both hardening and flow rules, turning these confining
dependent. An analysis-oriented confinement model, based on the approach of Lim and
Ozbakkaloglu [2, 3], was adopted to define the input parameters of the CDPM.
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The analytical model of Jalalvand et al. [3] was used to predict the input tensile parameters of
hybrid FRP. In the 2G/1CHM/2G, 1G/1CHM/1G, 1B/1CHM/1B, and 1C/1CHM/1C
combinations, plasticity was defined in order to take into account the pseudo-ductile tensile
responses. In the remaining cases, a linear elastic behaviour was assumed. In this way, pseudo-
ductility was predicted in cases in which it was experimentally observed.

Since the material parameters for the modified CDPM were obtained from the referred to
analysis-oriented model, it was expected that predictions obtained with both models (analytical
and numerical) have similar accuracy. In fact, it was verified that the analytical and numerical
curves are almost coincident. The relative error for peak stress predictions varied between -
10.1% and 15.8% with the developed numerical model.

7.2. Future research

In this subsection, based on remaining open questions as well as on newly-formed questions,
future research studies are proposed.

Despite all the research work carried out, the hybrid effect remains not thoroughly understood.
There are still doubts on the best way to measure the strain at the failure of non-hybrid
composites. This has implications in the definition of the baseline tensile failure strain of non-
hybrid composite against which the strain at failure of the hybrid FRP composites is compared
to determine the hybrid effect. The influence of scale effect, thermal residual stresses and
dynamic stress concentrations on hybrid effect has not yet been thoroughly evaluated. Lastly, a
robust model (analytical or numerical) to predict the hybrid effect remains to be proposed.

Relatively to the hybrid FRP-confined concrete results, it should be noted that these cannot be
taken as representative of large scale concrete columns. Although the obtained results regarding
concrete behaviour are an important part of the overall input required for the structural analysis
of concrete structures, further work needs to be conducted in large scale specimens before
hybrid composites can be implemented in real cases. The relationship between the confinement
ratio and the strength enhancement of concrete is dependent on the diameter of the cross section
of the concrete specimens. On the other hand, the tensile behaviour of hybrid FRP composites
is dependent of absolute LS layer thickness. In this way, two problems can be anticipated for
larger specimens: (i) the obtained concrete strength will not be reached if the studied hybrid
FRP configurations are adopted and (ii) the tensile behaviour of the hybrid FRP composites
will be different if the proportion of the constituents of hybrid FRP composites is maintained
but the thickness is increased, aiming to obtain the same confinement levels. This implies that
it may not be possible to obtain pseudo-ductility in these cases.

While the presented study has demonstrated that hybrid FRP confinement can substantially
enhance both the compressive strength and ductility of confined concrete in circular specimens,
the same solution has to be validated in specimens of different cross sections. This is
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particularly relevant for rectangular cross sections. As it is known, the confinement in this type
of columns has been found to be much less effective than for circular ones. The lower FRP
confinement effectiveness in a rectangular column is mainly attributed to the non-uniform FRP
confinement, due to the fact that concrete near the flat sides is subjected to lower confinement
stresses than in the corner regions. The 3D numerical model developed in the present PhD thesis
can be adopted in this scope, since the latter is capable of simulating the compressive behaviour
of concrete under non-uniform confinement. The numerical study can be refined by considering
the steel (longitudinal and transverse) reinforcement and other actions and types of loading
(monotonic or cyclic).

Hybrid FRP composite can also be explored in other application’s context, namely: (i) flexural
strengthening of concrete beams and (i1) production of pultruded profiles. Pseudo-ductility can
greatly contribute to the increase of structural safety of these elements. It should be noted that
this is a very interesting and completely unexplored topic.

Lastly, the durability of hybrid FRP composites is a critical issue for safe and economical
implementation of these materials. Future research should be as well focused on this topic.

7.3. References

[1] Jalalvand M, Cz¢l G, Wisnom MR. Damage analysis of pseudo-ductile thin-ply UD hybrid
composites — A new analytical method. Composites: Part A. 2015;69:83-93.

[2] Lim JC, Ozbakkaloglu T. Lateral Strain-to-Axial Strain Relationship of Confined Concrete.
Journal of Structural Engineering. 2014;141(5).

[3] Lim JC, Ozbakkaloglu T. Unified Stress-Strain Model for FRP and Actively Confined
Normal-Strength and High-Strength Concrete. Journal of Composites for Construction, ASCE,
ISSN 1090-0268/04014072 (14). 2014.

224



