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ABSTRACT

This research aims at enhancing the service life of the prestressed concrete bridge girders, using
fiber-reinforced polymer (FRP) composite shell on the lower flange to impede the ingress of
deleterious elements into the concrete. The FRP shell would help to retard the resulting
deterioration reactions and achieve more durable bridges for a considerably increased service life.
The behavior of prestressed concrete bridge girders with FRP shells on the tension flange was

investigated experimentally.

The flexural characteristics of FRP shell and concrete interface along with the effect of the steel
reinforcement ratio were studied experimentally. This FRP shell was bonded around the lower part
of the concrete beams, constructed with four different reinforcement ratios. The beam specimens
with the FRP shell showed a significant enhancement in their strength, stiffness and energy

absorption capacities, as compared with the associated control beams.

The flexural behavior of cast-in-place prestressed concrete beams with FRP shell was studied to
examine the contribution of the bonded FRP shell to the strength, stiffness, ductility and energy
absorption capacity of prestressed concrete beam specimens, for five different levels of
prestressing. The initial cracking, yield and ultimate strengths of the beam specimens with FRP
shell were significantly higher than those of the associated control beam specimens. The FRP shell

and the prestressing force enhanced the strength and stiffness of the beams.

The long-term durability of the FRP shell to act as a barrier against ingress of aggressive elements,
such as moisture and chlorides into the proposed FRP shell-concrete system, was examined

experimentally in a preliminary manner. Detailed tests on concrete specimens reinforced



externally with FRP shells subjected to accelerated moisture and salt solution at control
temperatures were performed. In addition, scanning electron microscopy (SEM) was used to
determine the effects caused by aging, with time, temperature and chloride injection pressure. The
FRP shell, acting as a barrier, showed a significant resistance against chloride ingress by
significantly slowing down the chlorides ingress rate and the total amount of chlorides. For a
prestressed concrete girder with an FRP shell, the accumulated time for chloride penetration and
reaching the level of prestressing steel strands was predicted to be more than 135 years. These
results suggest that the FRP shell is quite effective in improving the durability characteristics of

prestressed concrete girders and can significantly extend their service life.



RESUME

Cette recherche vise a améliorer la durée de vie des poutres de pont en béton précontraint a I'aide
de coquilles de composite de polymeres renforcés de fibres (FRP) appliquées a la semelle
inférieure pour empécher linfiltration d'éléments nocifs dans le béton. La coque en FRP
permettrait de retarder les réactions de détérioration et de réaliser des ponts plus durables ayant
une durée de vie considérablement accrue. Le comportement de ces poutres de a été étudie

expérimentalement.

Les caractéristiques en flexion de la coquille en FRP et de son interface de béton ainsi que de I'effet
du pourcentage d'armature d’acier ont été étudiés expérimentalement. La coquille en FRP a été
collée autour de la partie inférieure de poutres béton construites avec quatre pourcentages
d’armature. Les spécimens de poutres avec la coquille de FRP ont montré une amélioration
significative dans leurs résistances, rigidités et capacités d'absorption d’énergie par rapport aux

poutres sans coquilles.

Le comportement en flexion de poutres de béton précontraint coulées en place avec la coquille de
FRP a été étudié afin d'examiner la contribution de la coquille a la résistance, rigidité, ductilité et
capacité d'absorption d'énergie pour cing pourcentages de précontraintes. La limite de fissuration,
la limite d’¢lasticité et la limite ultime des spécimens avec FRP étaient sensiblement supérieures
a ceux des spécimens sans coquille. La coquille en FRP et la force de précontrainte a amélioré la

résistance et la rigidité des poutres.

La contribution a la durabilité a long terme de la coquille de FRP contre les infiltrations d'éléments

agressifs dans la coquille et le béton, tels que I'humidité et les chlorures, a été étudiee



expérimentalement de facon préliminaire. Des tests accélérés sur des échantillons de béton
renforcés extérieurement avec des coquilles de FRP ont été effectuées en les soumettant a
I'numidité et une solution saline a température contrdlées. La microscopie électronique (SEM) a
aussi été utilisée pour déterminer les effets du vieillissement par rapport au temps d’exposition, a
la pression d'injection, a la température et aux chlorures. La coquille de FRP, agissant comme une
barriere, aaugmenté significativement la résistance contre la pénétration des chlorures en réduisant
significativement le taux de pénétration des chlorures et de la quantité totale d'ions chlorure. Pour
une poutre en béton précontraint avec une coque en FRP, le temps total pour que les ions chlorure
atteignent les cables d'acier de précontrainte est estimé a 135 ans. Ces resultats suggérent que la
coquille de FRP est trés efficace pour améliorer la longévité des poutres en béton précontraints et

peut allonger considérablement leur durée de vie.
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CHAPTER1 INTRODUCTION

1.1 Introduction

Sustainable and durable civil infrastructure facilities, including bridges, require careful
consideration during all project phases, such as planning, design (with diligent choice of materials
and construction techniques), construction, maintenance, operations, repair and rehabilitation, and
finally decommissioning and disposal of the debris at the end of their stipulated service life and
beyond (Mirza 2013). Bridges are vital components of modern civil infrastructure; they are
generally the most expensive part of the system. Prestressed concrete girder-reinforced concrete
deck bridges are the most common type of bridge superstructure used presently; this form of
construction is considered sufficiently durable and serviceable, provided it is adequately protected
against various types of aggressive environments. Some of the present national codes and
standards relate bridge durability directly to the severity of exposure to aggressive environments
(JSCE 1997; ESCC 2005; CHBDC 2010). Reinforced concrete member(s) protected against
aggressive environments can be sustainable and durable (Sarja and Veskari 1996; Mirza 2006).
Durability of prestressed concrete girders can be enhanced by eliminating, or avoiding the various
deterioration reactions, and/or by providing a multiple barrier protection against them, including
protective coatings on steel, concrete cover to the reinforcement, and external protective coatings

or barriers on the concrete surfaces.

New trends in construction of bridges involve innovations in the materials used, especially with
application of fiber-reinforced polymer composites (FRPs). Current research has focussed on new

durable and sustainable construction materials, with high strength and reliability, minimum flaws,
1



and easy applications in design, construction and maintenance (Mufti et al. 1996, GangaRao et al.
2007; Konecny 2007; Mufti 2007, Elmahdy et al. 2008; Wu and Shao 2008; Rosenboom et al.
2009). For the past two decades, application of FRPs for strengthening, rehabilitation and
retrofitting, or construction of new bridges has become a recommended efficient solution for
concrete bridges (Wu et al. 2003; Mukherjee and Arwikar 2007; Rosenboom et al. 2009; Zhuo et
al. 2009). The Canadian Highway Bridge Design Code (CSA-S6-10) introduced a complete
section (Section 16) dealing with the use of FRPs in bridges. Applications of FRPs can be classified
into three main groups: rehabilitation of existing bridges, construction of new bridges and use of

FRP composite profiles (sections) for new structural members of bridges.

The FRPs provide similar or superior mechanical, and chemical properties compared with
conventional materials (steel, wood); however, the thermo-chemical properties of FRPs gradually
deteriorate during their service life (Mufti et al. 2005,Subramaniam et al. 2007; Walker and
Karbhari 2007; Brant 2008; Aldajah et al. 2009; Saadatmanesh et al. 2010; Benzarti et al. 2011).
There are contradictory data regarding durability of FRPs from a variety of sources that may not
be well understood by practicing engineers. These contradictions on durability of FRPs may be
related to the reporting of the data, without adequate details of the materials used, processing
techniques, and changes in the properties of material systems with time. Therefore, long-term
durability of FRPs used in civil infrastructure and the development of an appropriate methodology
capable of dealing with these materials in a variety of environments must be addressed (Karbhari
2007). Degradation and deterioration mechanisms of FRPs can result from the severe aggressive

environment, exposure to moisture, high temperature (including fire), ultraviolet radiation, fatigue,



and creep. Figure 1.1 presents different factors which can influence the durability of the FRP-

concrete system.
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Figure 1.1 Influence of aggressive environment on FRP-reinforced structural concrete (fib 2001)

Barrier membranes are widely used by industries, such as food packaging, mining, paint and
petroleum refining, to preserve contents or prevent degradation. The effectiveness of such barriers
is gauged by their ability to prevent penetration and transmission of deleterious materials, which
is typically characterized by the resistance against diffusion offered by the barrier material,

effective barriers have small diffusion coefficients.

Several investigations confirmed that the rate of deterioration slowed down significantly when the
FRP composite materials were used externally in reinforced concrete structural members (Mufti
et al. 2005, Sheikh et al. 1997; Berver et al. 2001). Diffusion of chloride ions into the concrete and
on to the reinforcing and prestressing steel level, results in the depassivation of the protective
passive layer on the steel rebar, followed by the electrochemical reactions in the presence of

oxygen and moisture, and subsequently corrosion of reinforcing and prestressing steel. The FRPs



can serve as a barrier to slow down the corrosion of reinforcing steel by preventing or slowing

down the ingress of deleterious materials, such as chlorides, moisture and CO (Figure 1.1).

1.2 Problem Statement

In cold climates, prestressed concrete girder-reinforced concrete deck bridges can deteriorate
principally from moisture (wetting and drying cycles), freezing and thawing cycles, corrosion of
the reinforcing and prestressing steel, alkali- aggregate reactivity, sulphate attack and other
physical, mechanical, and chemical causes. Combination of these deterioration mechanisms results
in serious durability problems in concrete bridges, and inhibits achievement of the code-specified
design service life of 75 years (CHBDC 2010). Figure 1.2(a) shows the severely deteriorated
exterior prestressed concrete girder of the Champlain Bridge in Montreal. This deterioration took
place after only 28 years of service life of the bridge. Based on inspection of bridges operating in
aggressive environments, the surface of concrete around the lower flange on the girders is more
susceptible to deterioration due to corrosion of prestressing steel in comparison with other parts of

the girders.
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Figure 1.2 (a) Deteriorated prestressed concrete girder of the Champlain Bridge, Montreal (b)
cross-section of prestressed concrete girder with ingress of harmful elements through
permeable concrete (c) cross-section of prestressed concrete girder with an FRP shell on the

lower flange

This research program was aimed at enhancing the durability of prestressed concrete girders by
inhibiting (fully, or partially and considerably slowing down) the ingress of harmful elements,
such as moisture, CO2, chlorides (from de-icing salts), by providing an additional protective
barrier, consisting of an exterior FRP composite layer (Fig. 1.2(c)) surrounding the bottom flange
of the prestressed girder, which houses most of the prestressing tendons. Besides acting as “stay-
in-place” formwork during the pre-casting operations, this FRP shell could assist with concrete

confinement by wrapping and enhancing the member flexural and shear strengths.
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1.3 Research Objectives

To evaluate the contribution of an FRP composite shell to structural strength and overall behaviour

of a prestressed concrete bridge girder, this study focuses on the following objectives:
e The behaviour of hybrid FRP composite laminates.

e The bond characteristics between the FRP shell and cast-in-place concrete before and after

prestressing.

e The overall behaviour of simple reinforced and prestressed concrete beams with FRP

composite shell.
- To establish construction procedures
- To evaluate strength and stiffness characteristics

e Evaluation of durability of the proposed system for extended service life using a multiple

barrier technique.

1.4 Methodology

Application of FRP composite materials to new prestressed concrete construction is a relatively
new area of research with very limited information available in the literature; however, knowledge
of prestressed concrete itself is well established. Evaluation of effectiveness of FRP composite
shell in prestressed concrete construction includes the determination of material characteristics,
their interaction at different load levels, and their durability against aggressive environment. The

research program involved the following activities:



1. Selection, preparation and testing of materials for mechanical properties and durability of
concrete, prestressing steel, and FRPs, including the various mechanical and durability

tests.

2. Anexperimental program to investigate bond characteristics between FRP shell and freshly
laid concrete substrate (with and without prestressing), which included the double-lap bond
tests on concrete prisms and simple prestressed tension concrete members with externally-

bonded FRP composite laminates

3. An experimental study of flexural characteristics of FRP composite shell-concrete system
along with the actions at the FRP-concrete interface and effect of the steel reinforcement

ratio.

4. The flexural and shear behaviours of FRP composite shell-reinforced prestressed concrete

bridge girders.

5. Evaluation of durability of the proposed FRP shell and the entire FRP-concrete system. A
preliminary research work aimed at enhancing the durability of prestressed concrete girders
by inhibiting the ingress of harmful elements, such as moisture, chlorides (from de-icing

salts), by provision of an additional protective FRP composites shell barrier.

1.5 Scope of Research Work

This thesis consists of eight chapters. Chapter 1 summarily introduces the use of FRP composite

materials, problem statement, research objectives, scope of the study, and the layout of the thesis.

Chapter 2 reviews the various reinforcing fibers, epoxy resins and the processes used to

manufacture FRPs. It also reviews some aspects of durability pertaining to the use of FRPs in



different civil infrastructure applications. Degradation and deterioration mechanisms of FRPs due
to severely aggressive environment, exposure to moisture, ultraviolet radiation, fatigue, creep, are
discussed briefly. The applications of FRPs can be classified into three main groups: application
of FRPs to existing bridges, application of FRPs as reinforcement in construction of new bridges

and FRP composite profiles (sections) for new structural members of bridges.

Chapter 3 presents the details of selection and preparation of materials used in the experimental
program and the results of the double-lap bond tests on concrete prisms with externally-bonded

FRP composite laminates.

In Chapter 4, the bond at the FRP composite shell and prestressed concrete interface was studied
experimentally. Simple tension specimens, consisting of prestressed concrete prisms with
externally-bonded FRP composite laminates, using pre-glued aggregates to the FRP composite
laminates, with five levels of prestressing, were prepared and tested, and the test results were

analysed.

The flexural characteristics of FRP composite shell-concrete system were studied experimentally
along with the actions at the FRP-concrete interface and the effect of the steel reinforcement ratio.

The results are analysed and presented in Chapter 5.

Chapter 6 describes the flexural and shear behaviours of FRP composite shell-reinforced

prestressed concrete bridge girders.

Chapter 7 presents results of some preliminary research work aimed at enhancing the durability of
prestressed concrete girders by inhibiting the ingress of harmful elements, such as moisture,

chlorides (from de-icing salts), by provision of an additional protective FRP composites shell



barrier. The research results were used to predict long-term diffusion of chlorides into the system,

and to estimate the service life of prestressed concrete girder with FRP composite shell.

Finally, Chapter 8 presents the summary and conclusions of this study, along with some

recommendations for future research.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Prestressed concrete bridges are commonly used in modern transportation systems because they
are considered to be more durable and serviceable as compared with other bridge types, provided
that they are properly maintained and protected against various aggressive environments. As
mentioned earlier, the deterioration manifested in different bridge components, such as deck slabs
and girders, can range from superficial surface problems to significant disintegration of the
concrete, resulting principally from wetting and drying, and freezing and thawing cycles, corrosion
of reinforcing and prestressing steel, alkali- aggregate reactivity, sulphate attack and other
physical, chemical, mechanical and biological deterioration mechanisms. Past experience has
shown that deterioration of prestressed concrete bridges normally starts within first 15 to 20 years
of service, resulting mostly from shortcomings or flaws in design, materials, construction and
maintenance. It is not possible to completely eliminate the various deterioration mechanisms;
however, they can be mitigated considerably by careful design for service life performance of the
system, an appropriate choice of materials, high quality construction techniques and regular

preventive and corrective maintenance (Mirza 2006).

Fiber-reinforced polymer composites (FRPs) have played a significant role in structural
engineering applications (Karbhari and Zhao 2000, Mufti et al. 2005). The use of FRP has been
studied extensively over the past two decades, as reinforcement in new concrete bridges, as an
alternative for conventional steel reinforcing bars and prestressing tendons, and also for

strengthening and rehabilitation of existing deteriorated concrete bridges.
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The FRPs are an attractive alternative as a construction material because of several advantages
over other conventional materials, such as structural steel, concrete, wood and others, because of
their high specific stiffness and strength characteristics, low density, corrosion resistance, and
durability against aggressive environments. Designers can improve or alter mechanical or other
properties of FRPs, using different types of fibers and available matrices, according to the nature
and requirements of the project. In addition, a wide variety of manufacturing processes enable
fabrication of FRPs under highly controlled conditions, which results in very precise dimensional
tolerances for pultruded FRP members and reinforcing bars. However, FRPs have a few
drawbacks, such as their high cost, lack of ductility, relatively poor shear resistance, susceptibility
to deformation under long-term loads, UV degradation, photo-degradation from exposure to light,
poor resistance to fire and high temperatures, moisture effects and other durability related-issues,
lack of practice-oriented design codes, guidelines and standards, and a general lack of awareness
among practicing engineers (Meier et al. 1995; Homam 2000; Bank 2006; GangaRao et al. 2007;
Karbhari 2007); these drawbacks have caused hesitation in their wider use in civil engineering

applications.

Rebuilding of new infrastructure facilities and rehabilitation of ageing and severely deteriorated
infrastructure presents a tremendous opportunity and challenge for the use of FRPs in various
applications. The knowledge of available types of fibres, matrices, micro- and macro-structure,
their mechanical properties, and interaction with an aggressive environment is quite important.
There are several text books, technical papers and reports, and data sheets which detail the
properties and uses of FRPs (Keller 2003; ACI-440 2004; Mufti et al. 2005, Bank 2006; GangaRao

et al. 2007; Karbhari 2007).
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2.2 Fiber-Reinforced Polymer Composites (FRPS)

Over the past two decades, there have been significant developments in the use of FRPs in civil
engineering applications, for example, maintaining and upgrading of existing infrastructure
facilities, such as buildings, bridges, transmission lines, and water supply and sewer lines. FRPs

are also used in aerospace and automotive industries (Karbhari 2007).

2.2.1 Constituent Materials

Composite materials are commonly formed by combining two distinct phases, continuous
reinforcing fibers and a polymeric matrix. Reinforcing fibers have high strength and stiffness with
a relatively low density as compared with the matrix. Fibers define the mechanical properties of
the material and act to resist the applied loads, while the function of the matrix is to transfer the
loads to the fibers, protect them from damage and to control the setting properties of the FRP

composite.

2.2.1.1 Reinforcing Fibers

The reinforcement component of FRPs consists of a number of individual long micro-fibers which
constitute about 40 to 65% of the total volume of the material. There are three main types of fibers
in structural engineering applications: glass, carbon and aramid fibers. The principal properties of

the various types of fibers are summarized in Table 2.1.
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Table 2.1 Approximate mechanical properties of common reinforcing fibers (Moy 2001; Bank
2006; GangaRao et al. 2007)

Typical Densit Tensile Tensile Strain at Poisson”
Fiber type | diameter ( /cm%/) modulus | strength failure Orsast(i)o S
(um) : (GPa) | (MPa) | (%)
Glass 10 2.46-2.58 72-87 | 3445-4890 4.8 0.25
Carbon 7 1.74-2.20 220-900 |2100-7100 1.4 0.20
Aramid 12 1.39-1.47 58-160 |3150-3600 2.8 0.35

Glass fibers are used in the majority of large or low-cost composite applications. The main
characteristics of glass fibers are their moderate strength, moderate elastic modulus, density, and
low thermal conductivity. Silica (SiO>) is the principal ingredient in all types of glass formulations,

and it is about 50% to 70% by weight of the glass.

Carbon fibers are used in a variety of structural engineering applications in different forms and
shapes, such as strengthening strips, sheets and fabrics, and in prestressing tendons. Carbon fibers,
also known as graphite fibers, consist of more than 90% by weight of carbon. Carbon fibers have
the highest elastic modulus of all reinforcing fibers, and have an advantage of an exceptionally

high tensile strength-to-weight ratio along with a high tensile-modulus to weight ratio.

Aramid fibers consist of aromatic polyamide molecular chains. These are not as commonly used
as the other two types of fibers, because of their relatively high price, difficulty in processing, high
moisture absorption (up to 10% of the fiber weight), low melting temperatures, poor compression
properties and sensitivity to UV rays, which indicate low durability over time as compared with
other types of fibers. Their advantages include extremely high toughness, and lightness in weight,

with a density of about 1.4 g/cm?3; other properties are summarized in Table 2.1.
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2212 MATRIX

In an FRP composite, fibers are encased in a tough polymer matrix, which serves to hold the fibers
together in a structural unit and distributes the imposed loads to many neighboring fibers within
the composite. The matrix also protects the fibers from environmental degradation due to moisture,
ultraviolet radiation, corrosive chemicals, and to some extent from susceptibility to fire. Most of
matrix materials are polymeric resins, which are used to cure and form the matrix. The properties
of the matrix material depend on the type of resin used. These resins can be classified in several
ways, based on their molecular structure, or their reactions to heating and cooling processes. The

most common types of matrix materials and their properties are summarized in Table 2.2.

Table 2.2 Typical properties of common resin matrices (Bank 2006; GangaRao et al. 2007;
Karbhari 2007).

_ Types
Properties - -
Polyester | Epoxy | Vinylester | Phenolic |Poly-propylene
Tensile strength (MPa) 50-75 60-85 75-95 60-80 30-37
Modulus of elasticity (GPa) 3.0 3.0 3.2 - 1.1-16
Strain at failure (%) 5 3-6 2-6.7 - 2-7
Density (kg/m3) 1200 1200 1120 1240 900- 9100

The main types of resins for FRPs in structural engineering applications are unsaturated polyesters
and epoxies. The selection of a resin system for a matrix for an FRP depends on a number of
characteristics; the most important among them are the adhesive properties, mechanical properties,
and durability characteristics (micro-cracking resistance, fatigue resistance, moisture degradation

and damage due to UV radiation).
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Adhesive properties of a resin system are important in achieving the required mechanical
properties of an FRP composite. Adhesive properties of a resin in FRPs, involving adhesion of the
resin matrix to the fibers in an individual ply and within the subsequent plies of a lamina, are
important. The matrix adhesive compatibility with other bonding agents is also very important to
develop interfacial shear stresses between the FRP and other substrates (GangaRao et al. 2007). A
polyester resin is normally used to manufacture pultruded FRP profiles/sections used in structural
engineering applications. The strength and modulus of polyester resins are lower than those of
epoxy resins. Vinyl-ester resins are unsaturated resins, and are produced by reactions between the
epoxy resin and acrylic or methacrylic acids, which produce an unsaturated phase and render them
very reactive. Vinyl-ester resins offer excellent corrosion resistance and higher fracture toughness

than epoxy resins (GangaRao et al. 2007).

Epoxies normally consist of two separate parts - an epoxy resin and a hardener. These epoxy-based
resins have excellent resistance to aggressive chemicals, and exhibit a low shrinkage of about 2 to
3% (Keller 2003), partial details are summarized in Table 2.2. Epoxies are used in high
performance composites to achieve superior mechanical properties and resistance to corrosive
environments (GangaRao et al. 2007), and are usually used for strengthening and repair
applications, to attach FRP laminates to the existing under-strength concrete members, and for
manufacturing of FRP tendons for prestressed concrete. However, due to the relatively higher cost
of production and manufacturing difficulties, epoxy resins are not commonly used to produce large

FRP structural members.

It is well established that the type of fiber and matrix used largely influence the overall mechanical

properties of a composite; however, the final properties of FRPs produced from these materials
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are also a function of their preparation and processing methods. In most cases, sheets or fabrics
are saturated with the matrix and applied to the prepared surface (manual lay-up), and then allowed
to cure. FRPs are also available in pre-formed, pre-cured sheets made of unidirectional carbon
fibers with a much higher tensile strength, because of the fiber alignment and factory processing.

These thin laminates are attached to the concrete surface using polymeric epoxies.

2.3 Durability of FRP Composites

The demand for FRPs, as an alternative construction material, has grown in a wide range of civil
engineering infrastructure applications, particularly for bridges. These include reinforcing bars and
prestressing tendons, wraps for strengthening and seismic retrofit of piers and abutments,
externally bonded strips as reinforcement for strengthening of beams and deck slabs, composite
bridge decks, and hybrid construction (FRPs in combination with conventional materials). Due to
the limited research and engineering data on FRPs, there are serious concerns about the durability
of FRPs, especially with respect to their long-term performance in harsh and rapidly changing

environmental conditions, and heavy and dynamic loads.

Compared with conventional materials, FRPs provide similar or superior mechanical, thermal, and
chemical properties; however, the thermo-chemical properties of FRPs gradually deteriorate
during their service life (Springer 1977; Wu et al. 2006; GangaRao et al. 2007; Saadatmanesh et
al. 2010). There is some evidence in the literature that some specific types of FRPs degrade rapidly
when exposed to certain environmental conditions (AC1Committee440 2004), which seriously
limits the confidence in the use of FRPs. In addition, there are contradictory data that may not be
well understood by practicing engineers (Wu et al. 2006; GangaRao et al. 2007; Saadatmanesh, et

al. 2010). These apparent contradictions about durability of FRPs are related to the reporting of
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the data, without sufficient details of materials used, processing techniques, and changes occurring
in the materials systems with time. The determination of long-term durability of FRPs used in civil
infrastructure and the development of an appropriate methodology, capable of dealing with these

materials in a variety of environments, must therefore be addressed urgently (Karbhari 2007).

2.3.1.1 Durability of FRPs — A definition

“The ability of FRPs to resist the surrounding environmental factors such as, moisture,
temperature, wetting and drying cycles, freezing and thawing cycles, ultra violet radiation and
other factors, such as chemical attack, alkaline environment of concrete, creep, stress relief,
fatigue and fire along with the age of the structure” (Karbhari 2007). In case of an FRP subjected
to any of the above factors separately, or in combination with one factor(s), the mechanical,
physical or chemical properties will be negatively influenced with the passage of time (ESCC

2005).

FRPs can be affected by a variety of factors, including factors related to the natural and
surrounding environment, and the effect of individual factors, or their combinations. The literature
shows that durability of FRPs is a function of both the resin and the fiber. It should be
reemphasized that durability of a material or structure should be defined as its “ability to resist
cracking, oxidation, chemical degradation, delamination, wear and/or the effects of foreign object
damage for a specified period of time, under the appropriate load conditions, under specified

environmental conditions”(Karbhari et al. 2000).

2.3.2 Durability against Moisture

When FRPs are exposed directly to rain, humidity, moisture, and are partly or fully immersed,

some moisture can diffuse into the composite which leads to changes in its thermo-physical,
17



mechanical and chemical characteristics. This can occur in the case of external column jackets
used around bridge columns, or structures used in harbors, quality and service-life issues for
composite decks that could be subjected to ponding or overflow in times of heavy rain. The
absorption of moisture depends on the type of fiber and their orientation, the type of polymeric
matrix, the matrix-fiber interface, the quality and composition of FRP sheets and the method of
manufacturing. FRPs swell when they absorb moisture; the deterioration of a polymer matrix can
occur when water molecules act as resin plasticizers and disrupt the van der Waals bonds in

polymer chains, causing de-polymerization of the matrix (Bank et al. 1995).

The primary effect of absorption of moisture in the resin results from hydrolysis, plasticization and
other mechanisms that cause both reversible and irreversible changes in the resin polymer
structure. The effects of moisture absorption are plasticization, polymer matrix cracking due to
swelling stresses, resulting in loss of integrity, reduction of glass transition temperature (Ty),
strength and stiffness. Moisture and chemicals can cause degradation in aramid and glass fibers.
In glass fibers, degradation is initiated by moisture extracting ions from the fiber, thereby altering
its structure. The moisture contents and diffusion coefficients of composite materials can be
determined by a variety of tests which have been reported in the literature (Springer 1977; Bank
et al. 1995; Karbhari and Zhang 2003; Karbhari 2004; Wu et al. 2006; Saadatmanesh et al. 2010).
However, it is possible to protect composite materials from rapid attack to a significant degree
through the selection of appropriate resin systems, processing conditions, and the application of
gel coats and protective coatings (Karbhari 2007). Since FRPs used in bridges come in contact

with moisture and some solutions, either due to natural sources (rain and snow) or its location in
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rivers or streams, it is essential that both the short-term and long-term effects of these preventive

measures are well understood.

2.3.3 Durability against Freezing and Thawing Cycles

FRPs used in bridges can be subjected to a wide range of temperatures and moisture changes, along
with the effects resulting from applied loads. Bridges exposed to cold environments must be
assessed for the effects of freezing and thawing cycles, which can be more severe when FRPs are
exposed directly to the environment. Low freezing and thawing cycles with the low variation in
temperature appears to cause greater deterioration than constant immersion at below freezing
temperatures (Karbhari 2004). Exposure to freezing and thawing cycles can cause damage to FRPs
as a result of cyclic expansion and contraction of the entrapped water, which can also significantly
affect the bond between the lamina, and the bond between the FRPs and the concrete substrate.
The thermal characteristics of the constituents used in FRPs are different; both fibers and
polymeric matrix have different thermal expansion characteristics due to notable difference in their
coefficients of thermal expansion. Most of the epoxy resins, used as matrices in FRPs, have
coefficients of thermal expansion ranging from 45x 10°/°C to 65 x 10°%/°C, while the coefficient
of thermal expansion of glass fibers is 5 x 10%/°C and carbon fibers is in the range of - 0.2 x 10-
6/°C to +0.6 x 10%/°C. This large difference in expansion coefficient produces residual stresses.
As a result of the difference in thermal expansion, FRPs can undergo a tensile strain, resulting in
micro-cracking of the polymeric matrix. These micro-cracks in the polymeric matrix propagate

when subjected to freezing and thawing cycles.

An experimental investigation was conducted by Oman and El-Hacha (2012) to study the effects

of freezing and thawing cycles on large-scale reinforced concrete beams strengthened in flexure
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with prestressed and non-prestressed FRP reinforcement. Five reinforced concrete beams, 5.15 m
long, 200 mm wide and 400 mm deep, were tested under four-point transverse monotonically
increasing loads at a rate of 1 mm/min rate of displacement. Before strengthening, these beams
were cracked at a load of about 20 % above the analytical cracking load. Two out of four pre-
cracked beams were strengthened with one 9.5 mm diameter sand coated CFRP rebar, and other
two beams with two 2x16 mm rough textured CFRP strips, which were glued together and installed
in a groove which was made on the tension face of the beams. These CFRP strips were prestressed
to a level of 40% of their ultimate tensile strength. These beams were exposed to 500 freezing and
thawing cycles at the rate of three cycles per day with temperature variation of +34°C to -34°C.
The results indicated that the freeze-thaw exposure caused 13.4% decrease in the energy
absorption characteristics in comparison with that in unexposed beams. The thermal
incompatibility of the two materials caused development of residual stresses which led to the

deterioration of concrete and the concrete-epoxy interface.

Combined effects of freezing and thawing cycles and sustained loading on flexural performance
were studied by Brant (2008). Forty-five small-scale beams, 1220 mm long, with cross-sectional
dimensions of 152 mm x 102 mm, longitudinally reinforced with 4-10M top and bottom bars and
with external strengthening with glass and carbon FRP laminates were prepared in the laboratory.
The beams were designed and strengthened to ensure that FRPs failed before the overall failure of
beams. These beams were subjected to a sustained loading of 72% of design loads, along with
freezing and thawing cycles according to ASTM Standard C 666-97 procedure (from +5°C to -
18°C and back to +5°C within a period of 5 hours to complete a single freeze-thaw cycle). After

300 freezing and thawing cycles and about 3 months of sustained loading, the beams were tested
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under flexural loading. It was found that the beams subjected to combined loads did not suffer a
significant loss in their average ultimate strength; there was a strength reduction of 1.4% for the
beams reinforced with GFRP sheets, 11.3% for the beams strengthened with CFRP sheets, and
7.6% for the beams strengthened with CFRP plates (Brant 2008). However, the greater
inconsistency of the results for these beams relative to the control beams implies that lower
guaranteed strengths should be used for situations with cyclic humidity and freezing/thawing

conditions.

The effect of freeze—thaw cycling on durability of bond between FRP laminate reinforcement and
concrete was studied by Green et al. (2000). An experimental investigation was conducted using
both single lap pull-off and bond beam specimens, with uniaxial carbon FRP strips. For single lap
pull-off tests, a total of 12 concrete prisms, of size, 150 mm x 150 mm x 400 mm and a specified
28-day concrete strength of 35 MPa were used. Once the concrete prisms were cast and moist-
cured for 14 days, the CFRP strips were bonded to the exterior of the prism over a length of 300
mm; this length was chosen based on the results of preliminary studies which showed 300 mm to
be the minimum bond length for which tensile failure of the CFRP strip was observed in pull-off
tests. For bond beam tests, nine small scale (100 mm x 150 mm x 1220 mm) reinforced concrete
beams were cast and cured, and then a single CFRP plate, 1020 mm long, was glued to the tension
face of each beam. These plates were bonded only over a short length (300 mm) at either end of
the beams and remained debonded in the central region. The specimens were exposed to 300
freezing and thawing cycles, consisting of 16 hours of freezing and 8 hours of thawing in a water

bath. After this exposure, the specimens were tested to failure. Experimental results showed that
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the bond between CFRP strips and the concrete was not significantly damaged by up to 300 freeze—

thaw cycles (Green et al. 2000).

An investigation on the effects of freezing and thawing cycles on FRP-concrete interfacial bond
behavior was carried out by Subramaniam et al. (2007). Concrete prismatic blocks, 330 mm in
length and 125 mm square in cross-section, were used for direct shear tests. FRPs laminate was
applied to the surface of the concrete specimens using the wet hand lay-up procedure. The width
and the bonded length of the FRPs laminate attached to concrete were 46 mm and 150 mm,
respectively. The specimens were subjected to two freezing and thawing cycles per day in an
environmental chamber (from +5°C to -18°C for and back to +5°C within a period of 12 hours to
complete a single freeze-thaw cycle). The results showed that the elastic modulus of the FRPs
remained unchanged, whereas, with an increase in the number of freezing and thawing cycles, the
load carrying capacity of the specimens decreased significantly along with a decrease in the
fracture energy, which was noted to decrease as the number of freezing and thawing cycles was
increased. The results revealed that freezing and thawing cycles produce significant decrease in
the ultimate load capacity and interfacial fracture; these results are significantly different from the

findings of Green et al. (2000).

Durability of FRPs for a bridge deck subjected to freezing and thawing cycles and low temperature
conditions, was studied by Wu et al. (2006). The selected composite panels were made of glass
fiber and vinyl-ester resin. Twelve test specimen consisting of 381 mm x 813 mm size plates, with
a thickness of 3.175 mm were extracted from selected panels. Each thin plate was made of two
layers of fabric, with each layer made of four plies of unidirectional E-glass fiber bonded and

stitched to a randomly oriented E-glass fiber, with a fiber volume fraction of about 50%. These
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FRP specimens were then subjected to freezing and thawing cycles between 4.4°C and —17.8°C in
media of dry air, distilled water, and saltwater and constant freeze at —17.8°C. The selected
specimens were subjected to simultaneous environmental exposure conditions and sustained
loading up to 25% of the ultimate strain of the FRPs. Test results on coupons (25.4 mm wide and
254 mm long) revealed that 625 freezing and thawing cycles (temperature range between 4.4°C
and —17.8°C) caused insignificant reduction in the flexural strength of the FRP specimens, which

were conditioned in dry air, distilled water and saltwater (Wu et al. 2006).

The experimental data available in the literature on durability of FRPs against freezing and thawing
cycles and low temperature conditions are very contradictory. Presently, it is difficult to discern
the effect of freezing and thawing cycles and low temperature conditions on durability of the FRPs.
This variation in results can be due to many factors, such as the type of fibers and their orientation,
type of polymeric matrix, the quality and composition of the FRPs, and the method of
manufacturing. It can be concluded that the effect of freezing and thawing cycles and low
temperature conditions on different types of FRPs can vary considerably, and cannot be

generalized from any single type of study.

2.3.4 Durability against UV Radiation

FRPs can undergo photochemical damages near the exposed surface, because of UV radiation
when exposed to the natural sunlight. The effects of ultraviolet exposure, or photo-degradation,
are usually confined to the top few microns of the surface; however, this degradation at the
component surface affects mechanical properties of the FRPs disproportionately. For example,
flaws resulting from surface photo-degradation can serve as stress concentrators and initiate

fracture at stress levels much lower than those for the unexposed specimens. The effect of
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ultraviolet radiation is also compounded by the action of temperature, moisture, wind-borne
abrasives, freezing and thawing cycles and other environmental phenomena. Homan (2000) noted
that photochemical damage led to discoloration and reduction in molecular weight; however, there
was no significant damage to the FRPs. The results showed ( details presented in Section 3.6) that
the UV radiation did not cause any change in the value of the modulus of elasticity and tensile
properties of the laminates after an UV radiation exposure of 6000 to 12000 hours (Saadatmanesh,
Tavakkolizadeh et al. 2010). A durable finish may be required for FRP forms exposed to UV rays

to maintain color and gloss.

2.3.5 Durability against Alkalis

Alkalinity of the concrete protects embedded steel reinforcing bars in conventional reinforced
concrete elements. FRPs can be adversely affected by this alkalinity, when exposed to the concrete.
FRPs can come into contact with alkaline media through interaction with a variety of sources —
including alkaline chemicals, soil and concrete. The main concern stems from the potential effects
of degradation due to concrete pore water solution, which contains high hydrogen ion
concentrations (pH of about 13.5). Over the last two decades, significant research has been
conducted on degradation of bare glass fibers in contact with, or immersed in alkaline solutions,
especially those derived from the concrete. It is well established that bare glass fibers in alkaline
environment can get severely degraded due to a combination of mechanisms, ranging from pitting,
hydroxylation, hydrolysis and leaching. The presence of resin as a matrix around an individual
fiber in FRP can protect fibers from any such attack. The alkaline solutions can accelerate the
degradation of the interface bond and of some resins themselves, especially if they are not fully

cured.
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The experimental investigation of the long-term behavior and environmental effects on mechanical
properties of different types of FRP laminates produced, using a wet lay-up technique, was
conducted by Saadatmanesh et al. (2010). A total 525 coupons, 25 mm wide and 400 mm long
were tested under uniaxial tension. These tension test specimens were obtained from seven
different types of FRPs laminates made of unidirectional loose glass, unidirectional glass,
unidirectional carbon, unidirectional hybrid glass-carbon, bidirectional glass, bidirectional hybrid
glass-carbon, and bidirectional hybrid glass aramid fibers. Nine different environments were
implemented as exposure conditions, including fresh water, saturated Ca(OH)2 solution with pH =
12.5, saturated Ca(OH)2 solution with pH = 10.0, HCI solution with pH = 2.5, seawater, moist
alkaline soil with micro-organisms, dry air at a temperature of 60°C, air temperature of 50°C and
RH of 95% and UV radiation. The study revealed a significant loss (about 40% to 65%) in the
strength and ultimate strain for GFRP in environments with high pH values (pH = 12.5), while
carbon and hybrid glass-carbon laminates showed very little loss (< 10%) in their mechanical
properties. The study also suggested that GFRP laminates are not recommended for application in
environments with high pH values. Therefore, it is very important to select the appropriate
constituents to manufacture FRP composites for both strength and durability requirements

subjected to any specific environmental exposure.

2.3.6 Durability against Fatigue

Bridges are always subjected to a variety of loadings, including dynamic cyclic loading due to
moving traffic. The fatigue phenomenon is important for durability and safety of bridges. Every
cycle of loading, due to passing of trucks or other vehicles over the bridge results in a very small

amount of permanent or residual strain in the constituent materials. Repeated loadings lead to
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gradual accumulation of small amounts of damage with each cycle. FRPs can experience micro-
cracking, delamination, fiber fracture, fiber/matrix decoupling, and micro-buckling under
compressive loads. These damage modes can accumulate fatigue damage, and FRPs loses its

resistance, which eventually results in fracture.

The fatigue performance of FRPs are influenced by properties of the constituents materials, both
fibers and matrix, the fiber/matrix interface or the interphase region, the manufacturing process,
loading parameters (such as frequency, stress range, and stress ratio of permissible stress to the
stress at ultimate load), and in-service environmental conditions, such as hygrothermal, chemical
and thermal-mechanical effects (Karbhari 2007). The fatigue performance of FRP laminate is
affected significantly by the fiber type, its orientation and the lay-up scheme. The mechanical
properties of the fibers play the most important role in fatigue performance. In general, composites
made from fibers with a higher modulus have higher fatigue resistance. The matrix affects the
transverse directional and shear properties, and axially loaded unidirectional fatigue properties.
For unidirectional laminates, the effect of the matrix is reflected in the failure mode. Epoxy-based
laminates tend to show very good fatigue resistance when compared with both polyester and vinyl-

ester-based laminates (Bank 2006; GangaRao et al. 2007; Karbhari 2007).

2.3.7 Resistance against Creep and Long-Term Sustained Loading

For FRPs, creep or stress relaxation properties are governed by the resin matrix-dependent
characteristics, rather than fiber or fiber-matrix interfacial properties. Under-cured resins are
susceptible to significant creep and possible micro-crack initiation during the early stages of any
service environmental exposure. The absorbed moisture and higher service environmental

exposure temperatures both enhance the creep damage susceptibility; however, proper curing of
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FRPs enhances durability against creep and long term sustained loading; details are not discussed

here because of the scope of this thesis (Bank 2006; Karbhari 2007).

2.4 Applications of FRP Composites

The efficient use of an individual material or a combination of more than one material is always a
key concern for efficiency and the level of performance of the composite system. The concept of
advantageously combining materials to create a new system has been exploited in steel-reinforced
and fiber-reinforced concrete, and prestressed concrete; the use of FRPs takes this concept one
step further, enabling the interactive combination of reinforcing fibers, in a polymeric resin matrix.
The ease of application of FRPs makes them extremely attractive for use in civil infrastructure
applications, especially for bridges, because of the restrictions of dead weights and construction
times. Furthermore, FRPs can have strength levels significantly higher than those of steel, and
composites, such as CFRP have elastic moduli equal to or greater than the modulus of elasticity of
steel; however, they have a significantly lower ultimate strain at failure. FRPs behave in a linear
elastic manner until failure in a brittle mode, without any significant inelastic deformation,
providing very limited amount of toughness, much smaller than from that steel or reinforced

concrete.

The performance level of a prestressed concrete bridge is function of its load carrying capacity,
serviceability, and durability over its service life. To ensure adequate performance, a bridge
structure needs to be routinely maintained. Lack of maintenance lowers the performance level of
a bridge and/or its components and appropriate upgrading or rehabilitation is then needed to
upgrade it to an adequate performance level. (Hejll et al. 2005). Prestressed FRP plates bonded on

the tensile face of flexural members improve both serviceability and the ultimate load carrying
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capacity of reinforced concrete beams by providing additional strength (Wight et al. 2001). A
literature survey revealed that some research work has been undertaken on the application of
prestressing FRP tendon to replace the corrosion-prone prestressing steel tendons. Some codes and
specifications are also available for practical application of FRPs in new construction and
strengthening of existing bridges (AC1Committee440 2004, CHBDC 2010). There is very limited
research work undertaken on the application of prestressed FRP laminates in any type of bridge
construction; there is an urgent need for research to establish the effective application of FRP

laminates as prestressing reinforcement for new construction.

FRPs have been used successfully in numerous structural applications in bridges. The review of
applications of FRPs can be classified into three main groups: application of FRPs to existing
bridges, application of FRPs as reinforcement in construction of new bridges and FRP composite
profiles (sections) for new structural members of bridges. A brief review of these applications

follows.

2.4.1 Application of FRP Composite in Existing Bridges

Application of FRPs for strengthening, rehabilitating and retrofitting of severely deteriorated,
structurally deficient concrete bridge girders, or replacing of deteriorated bridge decks have
become an efficient and a recommended solution for upgrading concrete bridges. The strength
properties of FRPs are one of the primary reasons for their choice in such applications; these unique
properties include the high tensile strength, the light weight, resistance to the electrochemical
corrosion and formability ( Mufti et al. 2005, Saadatmanesh et al. 2010). Through pre-tensioning

of FRP sheets, significant enhancement in the flexural strength, stiffness, and crack resistance of
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the strengthened structures can be achieved (Wu et al. 2003). FRP composite can be used in
different ways for strengthening of bridges such as:
e FRP laminates glued to the soffit of girders to enhance and/or restore their flexural
capacity.
e FRP laminates glued to the web of girders to enhance and/or restore their shear capacity.

e FRP composites wrapped around piers and abutments to enhance confinement and their
compressive strength capacity.

The ACI 440.2 (2004) provides guidelines to avoid bond-related failures in glued FRP sheets or
laminates; the details depend on the geometry of the structure, the soundness and quality of the
substrate, and the levels of load to be sustained by the FRP sheets or laminates. For strengthening
applications, CSA Standard S806 represents the first formalized design standard to deal with
externally bonded FRP reinforcement for concrete; it considers all possible failure modes,
including the limited FRP tensile strain, delamination and debonding of the FRP sheets and/or
epoxy or resin. The Japanese Society of Civil Engineers (JSCE 1997) presented “JSCE
Recommendations for the Upgrading of Concrete Structures with Use of Continuous Fiber Sheets”

- a performance-based approach to the design of externally bonded FRP materials..

There are several practical examples of FRPs application in existing bridges for different purposes;

few case studies are summarized here for completeness.

Spalling of the delaminated concrete cover due to corrosion of steel stirrups is very common in
many prestressed I-section bridge girders. Demers et al. (2006) applied a GFRP laminate jacket to
the girder bottom bulb to prevent the delaminated concrete cover from spalling. The falling of

delaminated cover can damage vehicles moving and injure or kill pedestrians underneath the
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bridge or overpass. Prestressed beams were retrieved from a bridge over an expressway in
Montréal. The investigation was carried out in two phases. The first phase of the project was
consisted of 25 laboratory tests conducted on GFRP jacketed segments of the prestressed beams
(Figure 2.1). In the first step, 1.8-metre long full-section segments were used to investigate the
various repair conditions, such as the type of GFRP wrapping, concrete surface preparation, and
the curing conditions. In the second step, durability of repair was evaluated on 0.6-meter long half-
section segments that were subjected to freezing and thawing cycles. The one-day freezing and
thawing cycle consisted of a 16-hour dry period in a freezer at — 20°C followed by thawing in a
water bath for 8 hours. No reduction in the strength of the FRP jacketing was observed after 300
freezing and thawing cycles. The second phase was involved installing this approved solution on
in-service bridges in Montréal, Canada. The cost efficiency and service life expectation for bridge
repair solutions were evaluated for field applications. The second phase involved installing of
GFRP jackets on two edge beams on the Halpern Street Bridge over Autoroute Félix-Leclerc (A-
40) in Montréal. Both laboratory and field test results indicated that jacketing was able to support
many times (values are not given in the cited paper) the expected weight of the delaminated
concrete, and suffered no significant deterioration after 300 freeze/thaw cycles, costing only 30%

of the estimated replacement cost.
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— Deck slab

Interior face Exterior face

— GFRP

Figure 2.1 GFRP Jacketed cross-section of prestressed concrete bridge girder (Demers et al.
2006)

To restore the original structural capacity of an exterior prestressed concrete bridge girder, on the
interchange of Interstate Highways 44 and 270 in St. Louis County, Missouri, USA, CFRP bonded
laminates were used. The damaged I-section girder was initially prestressed using 20 low-
relaxation 7-wire steel strands with a tensile strength of 1862 MPa; this girder had been damaged
by accidental impact from an overloaded truck, which resulted in approximately 10% reduction in
its flexural capacity. Two 45.7cm wide unidirectional plies of CFRP laminates (size 285 cm and
325 c¢m) prepared by hand lay-up, were installed on the bottom bulb of the girder, with fibers
aligned along its longitudinal axis. To avoid the delamination of longitudinal plies, sixteen FRP
strips, 10.2 cm wide and spaced at 20.4 cm on centers, were U-wrapped around the bottom bulb
of the girder. The results showed that the factored capacity of the girder increased by 7% above

that of the original girder capacity (Nanni et al. 2001).

2.4.2 FRP Applications to New Construction

FRPs are well known for strengthening and rehabilitation of existing bridges. Presently, there are

a variety of FRP applications in new construction, such as FRP prestressing tendons for prestressed
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concrete girders, FRP rebars for the deck and the railing reinforcement, and FRP stay-in-place
forms for corrosion free bridge deck construction. FRP reinforced concrete bridge girders and
beams are becoming common in bridge construction industry due to their advantage of light
weight, easy installation, good durability and less maintenance requirements, as compared with
the traditional materials, such as steel and concrete (Hejllet et al. 2005). A summary of the most

common uses of FRPs in new construction follows:

2.4.3 FRP Stay-in-Place Forms for Concrete Structures

The structurally integrated stay-in-place FRP forms have been used in a number of applications,
such as piles and structural supports for pier decks (Karbhari and Zhao 2000). The concept of stay-
in-place forms is emerging as an effective and efficient method for concrete construction, with the
advantages of being both the formwork, and through simplification of the construction procedure
and reducing the construction time for a concrete member (ACI-440 2004). The FRPs are ideal
materials for stay-in-place forms because of their high strength to self-weight ratio; these are also
being used for bridge decks (Cheng and Karbhari 2008). Integrated FRP stay-in-place forms
accommodate the concrete, act as external reinforcement, and in some cases, provide confinement
for the concrete. Concrete-filled FRP tubes are another application that could be used as piles in
corrosive marine environments and as bridge girders, piers, and columns (Fam and Rizkalla
2002)). The most common characteristics of integrated systems are as follow (Fam and Rizkalla

2002; ACI-440 2004; Cheng and Karbhari 2008; Wu and Shao 2008):

e The FRP shell acts as a permanent form for the concrete; as a result, it saves the cost of

formwork involved in conventional cast-in-place or precast concrete.
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e FRP shell acts as an external reinforcement, both for shear and flexure, using the
multidirectional fiber orientation; additional reinforcement using other materials, such as

steel may be provided internally.

e Closed FRP composite forms, such as tubes, provide passive confinement to the concrete,
which significantly improves the strength and ductility of the core concrete (Fam and

Rizkalla 2002).

e Depending on the nature of loading, the performance of a system may depend on the
composite action between the concrete and the FRP shell. For example, under axial loads,
it is desirable to debond the FRP tube from the concrete core, while under bending, it is

essential to provide full composite action

e The hybrid system can be optimized based on material properties of each component; it
enables the designers to choose several flexible parameters that can be controlled to achieve
optimum design in individual applications, including the type of fibers, orientation of the

fibers, number of layers in the composite shell, and the composite shell wall thickness.

e FRP stay-in-place forms act as a jacket, or a barrier against ingress of moisture and

chemical substances that could otherwise deteriorate the concrete.

Along with the many advantages of stay-in-place forms, there are also a few limitations. When
FRP stay-in-place forms are in contact with moisture, fire, exposed to UV rays and chemicals, the
FRP shell can get degraded. Under such conditions, the durability of stay-in-place forms is

uncertain. The bond between the FRP stay-in-place shell and the concrete core is very important,
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especially, in flexural members because of slipping or sliding action between the inside concrete

and the outer shell, than for axially loaded members (Bank 2006).

2.4.4 FRP Composite Structural Members

The light-weight FRPs offer a high tensile strength and excellent corrosion resistance; however,
their low stiffness requires the design to be controlled by deflection. When FRPs are combined
with the conventional material like concrete, their stiffness can be easily enhanced. This concept
brings the idea of composite structural members in which FRP composites contribute the tensile
and shear strength, whereas the concrete adds the compressive strength along with additional
stiffness to the composite structural members. These composite members can be composite shell
systems filled with concrete for columns, composite bridge decks, beams and girders with varying
geometry. Other advantages of this type of composite members are their high quality and good
dimensional stability because of automated manufacturing process, such as pultrusion and filament
winding (Cheng and Karbhari 2006). FRP composite girders can be of different geometric shapes
such as rectangular, I-shaped, or circular tubes, etc.; they act as external reinforcement that can be
used to resist flexure and provide partial confinement to the concrete, and carry part of the applied
shear force. The FRP composite beams can be made of GFRP composites, CFRP composites or

hybrid CFRP-GFRP composites.

The concrete-filled FRP tube for columns simply replaces the steel tube with FRPs in conventional
concrete-filled steel tube columns for better confinement and increased resistance to corrosion.
These concrete-filled FRP tubes for columns are used in piers, beam-columns, and pile
applications. Some research work has been undertaken by Mirmiran and Shahawy (1997);

Mirmiran et al. (1998); Samaan et al. (1998); Fam and Rizkalla (2002) on concrete filled FRP
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tubes for compression memebers. The scope of this review work is more toward the application of
FRP composite for flexural members. Experimental results on concrete filled FRP tubes showed
that concrete-filled FRP tubes have much higher ultimate strength capacity and ductility because
of the high confining pressure provided by concrete-filled steel tubes (Mirmiran and Shahawy
1997; Mirmiran, Samaan et al. 1998; Samaan et al. 1998; Fam and Rizkalla 2002). Under uniaxial
compression tests, the ultimate axial strength of the confined concrete could be 2 to 3 times higher
than that of the unconfined concrete; the ultimate strains could be increased up to 10 to 15 times

higher than those of the unconfined concrete.

Hybrid FRP-concrete members under transverse loadings, such as beams, slabs or bridge decks,
have been investigated by Deskovic et al. 1995; Dieter et al. 2002; Fam and Rizkalla 2002; Banthia
2003; Ferreira et al. 2004; Hejll et al. 2005; Cheng and Karbhari 2008; Elmahdy et al. 2008; partial
summary will be presented later in this chapter. In hybrid FRP-concrete members (or elements),
the main function of the concrete is to resist the compressive loads and to improve the stiffness of
the entire structure, and the FRP section carries the tensile loads and serves as permanent formwork
to hold the wet concrete initially. Some of the sections used were FRP tubes, while the others were

structural FRP shapes.

Full-scale prototype laboratory tests on an FRP stay-in-place forms deck and bidirectional grid
concrete reinforcement system for a bridge were performed by Dieter et al. 2002. The objective of
the research program was to develop design procedures and plans for construction of a two-span
highway overpass. These overpasses were to be constructed on US-151 in the State of Wisconsin,
with the required research being undertaken in the Department of Civil and Environmental

Engineering, University of Wisconsin—Madison. The main purpose of this experimental research

35



program was to identify and understand the failure modes and fatigue performance, and to
determine the ultimate and service load capacity of the FRP system. The FRP reinforced concrete
system was composed of a top and a bottom layer of an FRP system; the bottom tensile
reinforcement was composed of a pultruded FRP stay-in-place deck form spanning between two
girders, but it was not continuous over the girders. The FRP deck form was analogous to the main
positive steel reinforcement placed perpendicular to the girder system. Each deck form was 457
mm wide and overlapped with the adjacent deck forms. The stay-in-place forms were stiffened by
two 76 mm square hollow corrugations, centered 229 mm apart. To ensure composite action
through horizontal shear transfer between the deck form and the concrete, 6 mm aggregates were
bonded to most of the horizontal surface area of the deck with epoxy (Fig. 6 (a) and (b)). Additional
FRP grid and steel reinforcement were placed near the top of the slab and in the longitudinal
direction. Two types of testing programs were undertaken: the first involved structural testing of
the composite FRP reinforced slab and beam specimens, while the second consisted of
investigation of physical and mechanical characteristics of the FRP composite material. Simply
supported slab and beam specimens were tested with a concentrated load at mid-span and the two-
span continuous beams were tested under four-point loading using an actuator to apply cycling
loading to observe fatigue performance in the system. It was observed after failure that the deck
panel exhibited an extraordinary capacity to hold a relatively large load through significant
deflections. The FRP deck form strains indicated that the FRP reinforcement system fell short of
being a fully composite section. The lack of a fully composite section may be attributed to the
incomplete coverage of epoxy-coated gravel on the horizontal surfaces of the FRP deck form. The

widths of the deck panel tests were found to range from 5% to 24% less than those in the
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AASHTO’s equation for live-load distribution. The mode of failure for these deck panels was
punching shear, similar to the MTO research program at Queen’s University, Kingston, Ontario.
A significant increase in the load was observed by using external reinforcement. The load and
deflection data, under accelerated flexural fatigue loading showed little relative stiffness loss,
when specimens were subjected to over the 2 million loading cycles (Dieter et al. 2002). It was
also observed that the accelerated flexural fatigue loading did not significantly decrease the

stiffness of the reinforcement system, and performance of the FRP system was satisfactory.

Prefabricated composite tubes as girders filled with concrete for a bridge superstructure were
studied by Karbhari et al. (2000). In this experimental program, six prefabricated FRP tubes with
a 10 mm wall thickness and a 343 mm inside diameter were used; these are filled with cast-in-
place concrete. The FRP composite deck system was integrated to form the prototype bridge
superstructure system. This complete prototype system was tested for structural characterization
of the girders, anchorages, and girder-deck assemblies for both serviceability and ultimate limit
states. The carbon shell system technology was used for the superstructure components. The
carbon/epoxy laminated shell with about 80% longitudinal and 20% transverse fiber
reinforcement, with 80% fiber to matrix ratio were used. The concrete-filled carbon shell system
for girders was tested for flexural response under four-point loading. The loading pattern consisted
of 4 actuators applying a load of 56 kN each at a frequency of 1 Hz. This load level duplicates the
shear force demand on the prototype bridge at the girder-deck interface under full service loads.
The system failed at a total system load of 2136 kN due to compression buckling of the E-glass
sheet on the deck top face. To observe the contact between the girders and the deck after the deck

failure, the load was removed from the test unit and the system was loaded to a total load of one-
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fifth of previously applied load for three cycles of loading. It was observed that the system
responded linear-elastically with a reduced stiffness. It was also observed that the reloading
stiffness after failure was approximately 75% of the initial stiffness. The bridge system showed
good response under service, factored, and fatigue loads. The cyclic loading curve indicated that
the structure suffered no structural degradation after completion of the 2 million fatigue cycles

without any noticeable change in structural response (Karbhari et al. 2000).

2.5 Summary

In summary, most of the experimental investigations do not share any information about the life-
time performance of the structural system under all kinds of mechanical and environmental
loadings. There are other important issues, such as durability of FRPs and interfacial bond,
sustainable development requirements, field application difficulties, and cost benefit analysis,
which need to be addressed. The summary of the relevant literature review is also presented in
each section of the thesis, for convenience of the readers to find relative information at the same

place.
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CHAPTER3 BOND CHARACTERISTICS BETWEEN FRP
LAMINATES AND CAST-IN-PLACE CONCRETE

3.1 Introduction

The interaction between FRP laminates and concrete surface is crucial to develop composite
action, which is highly dependent on the quality of bond between three materials — the FRP
laminates, the bonding agent and the concrete substrate, throughout the service life of the structural
element. The bond behavior of FRP laminates and hardened concrete has been studied, mainly for
structural repair and upgrading of existing concrete structures (Setunge 2002; Shao et al. 2005;
Belingardi et al. 2006; Li et al. 2010). The pull-off tests (single or double lap), along with other
methods are commonly used to evaluate the interfacial characteristics between the FRP laminates
and the concrete substrate (Bank et al. 1995; Green at al. 2000; Shao et al. 2005; McSweeney and

Lopez 2005).

The ACI design guidelines do not permit any type of bond failure between FRP repair and concrete
substrate in FRP-concrete composite members (ACI-440.2R 2008); these bond failures can be
extremely brittle and are normally accompanied by a large release of energy (McSweeney and
Lopez 2005). There are several factors which can cause failure between FRP and concrete
interface, such as poor distribution or lack of adhesion, existence of wider flexural cracks, or
shearing cracks in the concrete member, coarse concrete surface, and fatigue loading (Wu and
Shao 2008). Other factors that can also affect the bond quality are epoxy properties, environmental
and concrete substrate humidity, temperature and stiffness of the FRP materials (Li 2007).

Occasionally, the bonding agent, or epoxy can be incompatible either with the FRP matrix, or with
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the concrete substrate. For example, polypropylene matrix-based FRPs are highly incompatible
with any type of bonding agent, or epoxies, due to their non-cohesive or “slippery” surface
behavior. Mechanical interlocking can be provided by increasing the surface roughness, or a grid
of pockets on the inside of the FRP laminates to improve interfacial bonding. The mechanical
interlocking can also be achieved by gluing a layer of coarse aggregates on the surface of the FRP

laminate, which is examined in this study.

There are several studies available in the literature on the broad subject of bond characteristics of
the FRP-concrete interface. These experimental and analytical studies mostly deal with the
mechanism of load transfer and effect of the various parameters on interfacial bond quality Bank
et al. 1995; Green at al. 2000; Shao et al. 2005; McSweeney and Lopez 2005; Li 2007). This
chapter presents the details of the experimental and numerical modeling studies to evaluate the

bond characteristics between the FRP laminates and cast-in-place concrete.

The FRP laminates were fabricated using wet lay-up method with vacuum molding, and bonded
to the cast-in-place concrete. Eight double lap pull-off tests were conducted to evaluate the
interfacial bond properties. The prefabricated FRP laminates with pre-glued aggregates were
symmetrically placed in a mold, which was later filled with cast-in-place concrete. These
specimens were then subjected to uniaxial tension, applied through the steel rod; the experimental

load-pull-off displacement curves, shear stress and strain distributions were evaluated.

3.2 Materials
3.2.1 FRP Composites

FRP laminates were designed to act as a barrier against ingress of the various aggressive elements,
such as moisture and chlorides into the concrete cover. It was assumed that the reinforcing fibers
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are non-absorbent and polymeric matrix can absorb moisture only to a maximum value of 3.5%,
with a constant diffusion coefficient value of 3 x 10" m/s?, which found higher than experimental
value. It was also assumed that after 365 days of exposure, the FRPs are completely dry and there
will be no residual moisture at the end of one cycle. Also, it was assumed that moisture can
evaporate from the salt- laden solution, leaving salt ions at a certain depth in the concrete cover,
and progressing further with the next wetting cycle. These assumptions resulted in a total FRP
shell thickness of 3.5 mm which can resist moisture from reaching the substrate after 100 years of
exposure. The hybrid FRP composite laminates were fabricated in the Structures and Composites
Laboratory of the Mechanical Engineering Department at McGill University. As mentioned
earlier, the hybrid FRP composite laminates are a combination of glass fabric and carbon fabric
saturated with epoxy, using the hand lay-up method with vacuum bagging, consisting of 2 plies of
carbon and 2 plies of glass fabrics. After 24 hours of resin curing, the FRP plate was demolded
and cut into 100 x 400 mm size plates. A 1.0 mm thick uniform epoxy resin film was applied on
the surface of the FRP plate; coarse aggregates, size 10 mm, were evenly broadcast over the entire
surface (Figure 3.1).The approximate mechanical properties of the hybrid FRP composite laminate

were estimated using MLAM software, which is based on the classical laminate theory (CLT).
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Figure 3.1 FRP laminates with broadcasted aggregates

Tension tests were also performed on FRP coupons to determine their mechanical properties; the

results are presented in Table 3.1.

Table 3.1 Mechanical properties of hybrid FRP laminate

_ GFRP CFRP Hybrid FRP Laminate
Properties - - . -
Lamina* | Lamina* |Estimated’ |Experimental
Tensile strength (MPa) 374 750 390 376
Tensile modulus (GPa) 22 44.4 345 24.4
Ultimate elongation (%) 2.1 1.0 35
Poisson’s ratio 0.25 0.28 0.27 0.17
Thickness (mm) 1.02 1.27 3.6 3.56

* Properties from manufacturer data sheet (QuakeWrap®)
tEstimated properties using MLAM
{From coupon test using ASTM- D 3039

3.2.2 Epoxy-based Resin

The mechanical properties (tensile and shear strengths) of the epoxy-based resin, used for
manufacturing of the FRP, and used as a glue to bond aggregates with the laminates, were

determined experimentally, with tests on epoxy-based resin specimens.
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The coupon specimens were prepared from the resin in steps, involving casting the resin into a
mold, curing it in a controlled temperature and humidity environment for one week, removing
from the mold, and cutting into rectangular specimens in required coupon dimensions. The
coupons were then loaded in tension; a typical stress-strain curve for the epoxy sample is presented

in Figure 3.2.
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Figure 3.2 Tensile stress-strain curve for epoxy-based resin

The shear strength of the epoxy-based resin was determined according to standard procedure
(ASTM D1002 - Standard test method for shear strength of single lap adhesively bonded
specimens). In this method, two clean metal plates were attached to each other with an overlap of
size 25 mm by 12.7 mm with the resin. After curing of resin, the specimens were tested until

failure; Figure 3.3 presents a typical shear stress versus strain characteristics of the resin.
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Figure 3.3 Shear stress-strain curve for epoxy-based resin
3.2.3 Concrete
The concrete mixture was designed for specific requirements, such as the small specimen size and
a minimum compressive strength. The same mixture was used to construct specimens for other
phases of this research project. The adopted concrete mixture had a slump of 75-100 mm,
compressive strength of 50 MPa and one hour working time. After two weeks, the concrete

cylinders were tested in compression, giving an average compressive strength of 55 MPa.

The tensile strength of concrete was determined in accordance with the standard method (ASTM
C496/ C496 M-11), which provides details of the concrete cylinder splitting test, using Equation

3.1:

_ 2P 3.1

where P = splitting load (N)
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L = length of the concrete cylinder (mm)

D = diameter of the concrete cylinder (mm)

fst = tensile strength (MPa)

The average tensile strength of three concrete cylinders was 4.5 MPa, with a standard deviation of

0.13 and the coefficient of variation of 3%.

3.3 Experimental Work
3.3.1 Specimens Preparation

The double-lap pull-off bond test setup was used to determine the interfacial bond characteristics
between the FRP laminate and the cast-in-place concrete. To develop effective bond, coarse
aggregate particles were glued, using epoxy resin at the contact surface of the FRP laminates. Two
sets of specimens were prepared by modifying the JSCE CI1.101 guidelines for pullout tests (JSCE
1997). The dimensions were modified to keep the prisms size to 150 x 150 mm in cross-section,
and to provide clearance of 25 mm on both sides of the 100 mm wide FRP laminate to eliminate
the edge effect. The FRP laminates were chosen to be 100 mm wide to accommodate at least 5
particles of 10 mm maximum aggregate size in one cross-sectional dimension. Two sets of
specimens (4+4) were cast directly into the molds with symmetrically placed FRP plates. The test
specimens consisted of two 250-mm long concrete prisms, 150 x 150 mm in cross-section,
separated by a 2 mm thick wooden plate serving as a separator, and bonded with 100 mm wide by
400 mm long FRP laminates symmetrically placed on each side of the mold (Figure 3.4). In the
first set of specimens, the concrete prisms were reinforced longitudinally using four 6 mm diameter

steel bars and three 6 mm diameter ties at 55 mm spacing, acting as transverse reinforcement to
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prevent any tension failure immediately upon (appearance of the first crack) in the concrete and to
ensure that the final failure would occur either at the FRP-concrete interface, or over the depth of
the bonded aggregates. The concrete prisms were unreinforced in the second set of the specimens,
to allow the final failure to occur in the weakest link, which was the concrete subjected to tension.
These specimens were tested by applying a uniaxial tensile force applied to the steel rod. The
applied tensile force was transferred from the steel rod into the concrete, and then into the FRP
laminates through the interfacial bond between the concrete and the FRP laminates, subjecting the

FRP laminates to tension.
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Figure 3.4 Double-lap pull-off bond test specimen details

3.3.2 Instrumentation and Testing

Each specimen was instrumented to measure the strain variation in 400 mm long FRP laminate;

10 mm long electrical resistance strain gauges, with gauge resistance of 120+ 0.3 Q (five on each
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plate) were installed at the centerline at a spacing of 50, 125, 200, 275 and 350 mm along the
length of the FRP laminate (Figure 3.5). The strain gauges SG-1 and SG-5 were installed at
distance of 50 mm from each end of the FRP laminate, assuming that strain transfers gradually and
commences from about 10 times the thickness of the FRP laminate. Strain gauge SG-3 was
installed exactly at the middle of the plate, at the separation line. To record the average pull-out
displacement at the separation line between the two concrete prisms, two 10V linear variable
differential transformers (LVDT) sensors were installed on the opposite faces of the specimen.
The instrumentation was connected to the data acquisition system (VISHAY 5100B series), which

was connected to the computer to record the test data.
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Figure 3.5 Double lap pull-off bond test setup
3.4 Experimental Results and Discussion
All of the specimens were tested under monotonically increasing uniaxial tension loading applied
through the steel rod, using 150 kN SINTECH 30/G Universal Testing Machine (capacity = 150

kN), at a constant displacement rate of 0.5 mm/min, until failure of the specimens (Figure 3.5).

The test data were analyzed. The interfacial bond stress in Group-I of specimens was found to be
1.80 MPa, with a coefficient of variation (COV) of 3.26%, and 1.40 MPa with a COV of 3.97% in

Group-11 specimens. The test results are summarized in Table 3.2.
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Table 3.2 Summary of double lap pull-off bond test results

Maximum Maximum | Interfacial
load Interfacial shear . tensile fracture
Slip o
(Pmax) stress strain in energy at
Category FRP failure
Tmax Tavg.
(kN) (MPa) | (MPa) | MM | (ue)max | Gr(N/mm)
G1s1 70.66 1.77 1.090 2504 2.56
G1S2 73.67 1.84 0.587 2713 2.78
Group-I 1.80
G1S3 73.59 1.84 1.159 2657 2.77
G154 68.90 1.72 0.677 2396 2.43
G2S1 57.91 1.45 0.478 2261 1.72
G2S2 53.37 1.33 0.463 2063 1.46
Group-II 1.40
G2S3 54.16 1.35 0.472 2113 1.50
G254 57.10 1.43 0.519 2210 1.67

The interfacial shear stress and slip characteristics were noted to be bi-linear, with a high value of
bond stiffness (680 kN/mm) in the first part of the curve which is about 55% of the maximum load,
and then gradually decreasing as the maximum load was approached (Figure 3.6 and Figure 3.7).
This trend existed in the first part of the curve, where all three parameters (cohesion, friction and
interlocking) contributed to the bond strength, and the bond stiffness reduced considerably after
exhaustion of the interface cohesion in the second part of the curve. The trends observed in both
groups of specimens were similar, despite the load at final failure; a comparison of all eight

specimens is presented in Figure 3.8.
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Figure 3.6 Load-pull off-displacement curves for Group-I specimens
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Figure 3.7 Load-pull off-displacement curves for Group-I1 specimens
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Figure 3.8 Maximum load comparison for all specimens

The trend of the tensile strain in the FRP laminates was found to be bi-linear, similar to the load
— pull-off displacement distribution curves for the specimens; however, the strain distribution

along the length of the FRP laminates was observed to be more variable (Figures 3.9, 3.10 and 11).
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Figure 3.10 Strain variation in FRP laminate at different load stages in Group-II
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The strain distribution along the FRP laminates can provide a clear picture of the load development
along the laminate. Figure 3.11 represents the strain distribution along the FRP laminates at

different load stages for the Specimen G1S1.
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Figure 3.11 Typical strain distribution along the length of the FRP laminate in specimen G1S2

For the first 50 mm length of the FRP laminate, the strain does not change significantly; however,
as the load increases the strain at the center of FRP laminate increases significantly, reaching a
value of 2261x107 at ultimate load. The average ultimate strain for the second batch specimens is

2161 106, These values show that the data are close to each other with a COV of 4.2%.

The interfacial fracture energy, Gg, is the energy required to initiate a crack of unit length. It can

be estimated using the work of Wu et al. (2001) using Equation 3.2, as:

2
I max

_2><bf2><Efxtf

Gr (3.2)

where Gf = interfacial fracture energy (N/mm)
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Pmax = ultimate load (N)

bs= FRP laminate width (mm)

E¢= tensile modulus of FRP laminate (N/mm?)
tr = thickness of FRP laminate (mm)

The results of interfacial fracture energy for each batch are summarized in Table 3.2.The fracture
energy of Group-1 is found to be almost twice that of Group-11 specimens, which indicates higher
bond toughness (Figure 3.12). The fracture of Group-I specimens was observed inside the concrete
prisms in a very brittle manner because of brittleness of the concrete in tension (Fig. 3.13(a)), while
in Group-I1 specimens, fracture initiated from the bonded aggregates because the reinforcement in
concrete prisms delayed concrete cracking and transferred the stresses to the bonded depth of the

FRP-concrete interface, allowing it to absorb more energy before final fracture.

In Group-1 specimens, cracking initiated from the separation surface and propagated along the
length of the plate, outside the bonded depth of the pre-glued aggregates. The failure was almost
identical in all specimens in Group-I, except for specimen G1S2, in which the failure plane
initiated from the bonded aggregates, as shown in Figure 3.12, leaving a thin layer of the aggregate

particles acting as ‘shear keys’.
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Figure 3.12 Failure from the Bonded Aggregates in Specimen G1S2 (a) view from the concrete

prism (b) view from the FRP laminate

Failure of Group-1l specimens were extremely brittle, accompanied by a large release of energy.
The catastrophic failure was observed inside the unreinforced concrete prisms in a very brittle
manner, by pulling out of a piece of a concrete with the FRP plate before bond began to fail at the
epoxy-concrete interface, or epoxy-FRP plate interface (Figure 3.13). The failure was less brittle
in the reinforced specimens as compared with the unreinforced specimens, and the reinforced
concrete prism failed near the FRP-concrete interface which was a few millimetres from the

interface of the bonded depth of the pre-glued aggregates.
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(a) (b)

Figure 3.13 Double-lap pull-off specimen (a) initial split between two concrete prisms at
separation line (b) dislodged piece of concrete with FRP laminate after failure (c) FRP

laminate with big chunk of concrete
3.5 Finite Element Modeling
Finite element analysis (FEA) can be very useful to evaluate the nonlinear behavior of the FRP-
concrete interface and the associated slip phenomenon. A finite element study was conducted to
investigate the properties and bond behavior at the FRP-concrete interface, and to understand the
different influencing parameters and effective geometry of the double lap pull-off specimens

(Minouei 2013).

The numerical analysis of the bond behavior at the FRP-concrete interface was performed using

the commercially available ABAQUS™ Software.
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The objectives of this study were to develop a FE model for bond at the FRP-concrete interface,
and to perform a comparison of numerical results with the experimental data to verify the accuracy

of the FEM. The effect of different parameters on bond behavior was also examined.

3.5.1 Elements and their Properties

The FRP-concrete interface was modeled by defining a layer of adhesive resin between the FRP

and concrete.

Three types of elements, based on their characteristics, were used to model the bond behavior at
the FRP- concrete interface - solid elements, shell elements and cohesive elements.
1. Concrete and steel — solid elements were used to model both concrete and steel, because
they have the closest similarity with the experimental behavior of concrete, and steel.

2. FRP laminates — shell elements were used because of the FRP geometry with negligible
thickness. The shell elements have different characteristics in the thickness direction

compared with that in the in-plane direction.

3. Adhesive epoxy-based resin layer — a cohesive element with ability to define traction-

separation is used for modeling the epoxy layer.
Each part (concrete prisms, FRP laminates, steel rods and epoxy layers) was modeled separately,
after assigning their mechanical properties, and then they were assembled into the final
configuration. The discretization of the domain into smaller subdomains was performed manually
to mesh each component of the model independently. The discretization process consisted of two
steps. In the first step, seeds were assigned to the edge of each component. In the next step, meshes
were assigned to the component of the model. The mesh size was optimized based on the desired
level of accuracy and time. An optimum mesh size, 60x20, was used in modeling, which was

determined after few iterations. In critical regions with a high failure risk, such as at the FRP-
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concrete interface, a more refined mesh was assigned for increased accuracy. Details of the effect

of mesh size on modeling are discussed elsewhere (Minouei 2013).

Following constitutive models available in ABAQUS™ library were assigned for each material of

the FE model:

FRP laminates and load transferring steel rods - because of small deformations, linear

elastic material properties were assigned.

Bonding epoxy layer - elastoplastic model was assigned because of the large deformations
before final failure. The von Mises model was assigned to the epoxy layer, in which the
yield criterion is defined based on pure shear deformations with failure occurring when the

effective shear stress reaches the critical value.

Concrete - a damaged plasticity model was used, because it is more energy-based model
than the other two (smeared cracking and brittle cracking) models available in the
ABAQUS library; this property makes it a perfect choice for modeling the concrete in the
double-lap pull-off test. The important parameters required to define the damaged plasticity
model are the fracture energy (Gs), and the tensile strength of concrete, because it controls
the initiation of crack and damage in concrete. The fracture energy (Gr) was determined
using Equation 3.2 and summarized in Table 3.2. The tensile strength of the concrete was

determined experimentally using Equation 3.1.

3.5.2 Comparison of Experimental and Numerical Results

The load-displacement responses were plotted to compare the maximum load capacity,

deformation and stiffness of experimental tests with the FEA results for selected specimens from
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both groups. Figures 3.14 and 3.15 present the comparison of load-displacement relationships for

both experimental and FEA results.
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Figure 3.14 Comparison of load-displacement characteristics of double lab pull-off bond test for

Group-I specimens

59



'

— Numerical
— (3281
— (3282

kN

(

Lo

0 - T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Displacement (mm)

Figure 3.15 Comparison of load-displacement characteristics of double lab pull-off bond test
Group-I1 specimens

The FEA results of both groups specimens showed that the average ultimate loads of 73.8 kN and
56.8 kN, and the final displacement of 0.78 mm and 0.53 mm, respectively, showing a difference

of less than 5% in both the ultimate load and the displacement from the experimental results.

The stress distributions in different parts of the FE model are shown in Figures 3.16, 3.17, 3.18
and 3.19, which represent the left half of the specimen, with the right side representing the plane
of specimen symmetry C. The colour spectrum shows the stress variation in the left half of the
specimen. The blue color means lowest stress values, and the red color implies highest stress

values.
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Figure 3.18 Stress distribution in the concrete prism Group-I specimen

The following important observation can be made from these spectra:

1. The stress reaches its maximum value at the middle of laminate and the stress concentration

can be observed around the edge of the epoxy layer (Figures 3.16 and 3.17).
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2. The epoxy layer is working as a bonding agent between FRP and concrete, and the load is
transferred through the epoxy layer. In the second batch, the stress distribution in epoxy

layer was much more severe.

3. The load increased gradually through the concrete block and reaches its maximum value

around the middle, and the stress reaches its maximum value (Figure 3.18).

4. The stress distribution in the concrete at the specimen extremity A, where almost the entire
load is carried by the steel bar, the amount of load and the resulting stress in concrete are
negligible. The load is transferred to concrete from the steel bar, and the stress increases,

but in the second batch the concrete, the damage does not take place in concrete.

5. Most of the FRP laminate length remains in the low stress range and only around the middle
of the FRP laminate, where the most of the load is transferred through the laminate, the

stress increases (Figure 3.19).
Figure 3.20 presents the strain distribution in the FRP laminate along the length at the ultimate
load and compares the experimental results with the computed values. It can be observed that the
strain increases and reaches its maximum value at the center, and then it decreases. The load
transfer increases gradually along the along the FRP laminate, and at the center of the laminate,
the entire applied load is transferred through the FRP laminate, which dictated by equilibrium

conditions.
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Figure 3.19 Strain distribution along the length of FRP laminate at ultimate load

Figure 3.21 presents the load transfer through the different elements at the ultimate load. For the
140 mm, extension of the steel rod out of the specimen, the load is constant at 73.2 kN, then the
load is transferred to the concrete through the steel-concrete interface along the remaining length
of the steel rod. This load transfer along the steel rod decreases, but it does not reduce to zero

because the end of the bar is attached to a plate.
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Figure 3.20 Load variation in different component elements along the length of the specimen at

ultimate load

The FRP laminate is located at 50 mm from the edge of the concrete block. As the load in the steel
rod decreases, the load in the FRP laminate increases slowly and the load in concrete reaches its
maximum value around the middle of the concrete prisms. At the middle of the specimen, by
equilibrium conditions, the entire load is transferred through the FRP laminates. The load transfer
was slow for the first 50 mm, and then it increases and finally reaches its maximum value at 200

mm which is the center of FRP laminate.

Figure 3.22 also presents that the load distribution along the FRP laminate. In the first 50 mm
length of the FRP laminate, the load increases slowly and then the slope of the curve increases

significantly, and remains almost constant leading to the maximum value.
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Figure 3.21 Strain variation in FRP laminate
3.6 Summary
The bond between FRP laminates and cast-in-place concrete was investigated using double lap
pull-off bond tests. The hybrid FRP laminates were prepared, combining glass and carbon fibers
in an epoxy resin based matrix, to enhance the durability of prestressed concrete girders, serving
as a barrier against the ingress of the various aggressive elements into the concrete. These
laminates were bonded to the cast-in-place concrete using pre-glued coarse aggregates with epoxy

resin on the contact surface of the laminates.

Eight double lap pull-off specimens were constructed and tested. These specimens were
instrumented to record the strain variation, slip at the FRP-concrete interface, and the interfacial

bond stress between the FRP laminates and the cast-in-place concrete.

The interfacial bond stresses, using pre-glued aggregate technique, were found to be about 1.80

MPa, with a coefficient of variation of 3.3%. The interfacial shear stress and slip characteristics
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were noted to be bi-linear, with higher bond stiffness (680 KN/mm) in the first part of the curve up

to about 55% of the maximum load and then gradually decreasing near failure.

The final failure was less brittle in the reinforced specimens as compared with the unreinforced
specimens. The failure plane in the reinforced concrete prisms occurred near the FRP-concrete
interface which was observed a few millimetres inside the bonded depth of the pre-glued

aggregates.

Numerical analysis results are compared with the experimental results. Both sets of curves
reflected similar responses. The ultimate load, ultimate displacement and the associated strain were

close to each other.

More experimental work is needed with different geometric and material properties to examine
their effect on bond behavior and to ensure the accuracy of numerical results on parametric study.
Also, in modeling the bond at the FRP-concrete interface, the effect of coarse aggregates was

neglected, which can be considered in any future analysis.
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CHAPTER 4 BEHAVIOR OF PRESTRESSED TENSION MEMBERS
WITH FRP COMPOSITE LAMINATES

4.1 Introduction

Precast, pre-stressed concrete girders are normally considered to be durable; however, chloride
ingress from de-icing salts used on bridge decks for traction during winters, can cause corrosion
of the prestressing tendons, which has become a very serious problem in terms of safety,
serviceability, reduced service life, expensive maintenance and very costly rehabilitation. Some of
the present national codes and standards deal prescriptively with bridge durability issues, when
subjected to aggressive environments (Sarja and Vesikari 1996; JSCE 1996; ACI-440 2008;
CHBDC 2010). Structural concrete members, protected against aggressive environments can be
more durable. Durability of prestressed concrete girders can be enhanced by eliminating, or
avoiding the various deterioration reactions, and/or by providing multiple protective barriers,
including protective coatings on steel, good quality concrete cover to the reinforcement, and

external protective coatings or barriers on the concrete surfaces (Wu et al. 2003; Mirza 2007).

Bond characteristics between the FRP composite laminates and cast-in-place concrete (with and
without prestressing) were investigated in this experimental study. To evaluate the effectiveness
of FRP composite laminates in prestressed concrete construction, 12 prestressed FRP - reinforced
tension specimens were prepared and tested. The prefabricated FRP composite laminates, with
pre-glued aggregates, were placed symmetrically in a mold, which was later filled with cast-in-
place concrete. Subsequently, these specimens were subjected to uniaxial tension; the experimental

data were analyzed, and the stress and strain distributions at different load levels were evaluated.
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4.2 Objectives of the Study

To evaluate the contribution of the FRP composite laminates to the structural strength and overall

behavior of prestressed concrete tension members, this chapter focuses on following objectives:

e Evaluation of bond characteristics between FRP composite laminates and cast-in-

place concrete before and after prestressing.

e Application of FRP composites to new prestressed concrete construction, including
the effect of prestressing on FRP composite laminates and their bond with the

concrete substrate.

e Development of construction procedures for composite beams with an FRP

composite shell, and evaluation of their strength and durability characteristics.

4.3 Experimental Program

4.3.1 Materials

The FRP composite laminates were designed to act as a barrier against ingress of the various
aggressive elements, such as moisture and chlorides into the concrete cover. The hybrid FRP
composite laminates were fabricated in the Structures and Composites Laboratory of the
Department of Mechanical Engineering at McGill University. Two 100 x 700 mm size hybrid FRP
composite laminates plates were installed with a 1.0 mm thick uniform epoxy resin film applied
on the surface of the FRP composite plate (with 10 mm maximum size coarse aggregates evenly
broadcast over the entire surface). The fabrication details and mechanical properties results are

summarized in Chapter 3.
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A concrete mixture was designed, considering its workability, specimen size and minimum
compressive strength. The same mixture was used to construct the specimens for other phases of

this research project (Details in Chapter 3).

A 9.5 mm (3/8”) diameter, 1860 MPa grade, low relaxation seven-wire prestressing steel strand
was used for pre-tensioning. Tension tests were performed on the prestressing steel strands to
verify the mechanical properties provided by the manufacturer. Special couplers were designed to
grip the strand during the tension test which was also instrumented with 2 mm long strain gauges

to evaluate the stress-strain characteristics.

4.3.2 Specimen Preparation

Twelve prestressed FRP-reinforced tension specimens (two for each group, Table 4.1) were
constructed to investigate the response of the prestressed concrete with FRP composite bonded
laminates. These specimens were used to study the bond characteristics at the FRP composite
laminate-concrete interface, and its strength and stiffness contribution in tension. A prestressing
bed was prepared for the pre-tensioning operations to accommodate two specimens at a time. Two
channel sections, back-to-back connected with a steel plate, with a central hole to allow the strand
to pass, was fixed at both bed ends. Different level of prestressing force were applied, using a
hydraulic jack at the active end and a load cell was installed to measure the applied load at the
dead end of the bed. Pre-tensioning force was also monitored through bonded strain gauges on the

strand surface before the concrete was poured into the oil coated surface wooden forms.
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Figure 4.1 Details of FRP-reinforced prestressed concrete tension specimen

A 1500 mm long, prestressed concrete prism, 100 x 100 mm in cross-section, reinforced with a
symmetrically placed 9.5 mm (3/8”) diameter seven-wire, prestressing steel strand, and with 700
mm long FRP composite laminates placed on two opposite faces of the specimen (Figure 4.1),
were cast and tested. The specimens were also reinforced longitudinally at both ends, using four 6
mm diameter steel bars, and with three 6 mm diameter ties at 180 mm spacing as transverse
reinforcement, to prevent any splitting failure in the concrete during the prestressing operation and
to ensure that the final failure would occur in the 700 mm long FRP-reinforced length of the
specimen. As part of the construction procedure, the prestressing strand was pre-tensioned with
varying levels of prestressing (0, 25, 50, 75, and 100% of total prestressing force). The FRP
composite laminates were then placed symmetrically on opposite sides of the mold, and concrete
was cast into the mold. The prestressing force was calculated based on the ultimate strength of the
strand. The pre-tensioning force for specimens P100 (100% level of prestressing) was 80 kN,
which corresponded to 74% of ultimate strength of the strand, and for P75, P50, and P25, it was
60, 40 and 20 kN, respectively (Table 4.1). For comparison purposes, four control specimens (PO-

C and P100-C) were also prepared, which were constructed without the FRP composite laminates.
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Table 4.1 Prestressing data

Level of Prestressing force (kN)
Specimen | No. presf)ressing Design Force [Jacking force |Force before plfefgffg;\éfng
(%) (KN) (KN) release (kN) | "r (KN)
PO 2 0 0 5 0 0
P25 2 25 20 25.1 24.6 23.8
P50 2 50 40 45.8 43.9 43.6
P75 2 75 60 65 61.6 60.5
P100 2 100 80 86 79.9 78.3
P100-C 2 100 80 86 79.9 77.9
PO-C 2 0 0 5 0 0

4.3.3 Test Setup and Instrumentation

The prestressed FRP-reinforced tension specimens were instrumented to monitor the strain
variation in the 700 mm long FRP composite laminates and the prestressing steel strand, at
different loading stages, such as jacking, releasing of prestressing force after construction and
during the testing of the specimens. The strain variation in the prestressing steel strand was
monitored using 2 mm long electrical resistance strain gauges (SG), with gauge resistance of 120+
0.3 Q and a gauge factor of 2.11. These SG were installed on the surface of the prestressing steel
strand, at spacings of 400, 600, 750, 900 and 1100 mm from active end, along the length of the
specimen. The strain variation in the FRP composite laminates was monitored using six 10 mm
long electrical resistance strain gauges (SG), three on each plate, installed along the plate centerline
at spacings of 200, 350, and 500 mm from one end of the FRP composite laminate (Figure 4.1).
Four 10V Linear Variable Differential Transformers (LVDT) sensors were installed on the

opposite faces of the specimen (2 LVDTs for 700 mm gauge length and 2 LVVDTs for 1500 mm
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specimen length), to record the average elongation during testing. All sensors were connected to
the data acquisition system (VISHAY 5100B series), which was connected to the computer to

record the test data (Figure 4.2).

The specimens were tested using a displacement-controlled tension force, applied through the
prestressing strand gripped in the machine jaws using special couplers. A slow uniform
deformation rate of 0.001 mm/s was used to detect the first crack and then the deformation rate
was increased to 0.01 mm/s until the end. The outputs from the load cell and the testing machine

were also directly connected to the data acquisition system to collect all of the data in one file.

Strain gauges

FRP laminate

Chuck

Coupler

{al b}

Figure 4.2 Test setup (a) front view (b) side view)
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4.4 Results and Discussion

The test results from tension tests on FRP-reinforced prestressed concrete specimens are

summarized in Table 4.2.

Table 4.2 Summary of prestressed tension member test results

At first crack At ultimate load
Specimen Level O_f Load Strain (pe) Load Strain (pe)
prestressing FRP FRP
(kN) . Strand (kN) . Strand
laminates laminates
PO 0% 335 65 948 915 67 2128
P25 25% 39.76 155 176 102.29 1491 8144
P50 50% 56.54 178 162 106.81 1090 3740
P75 75% 75.5 203 178 109.71 1648 3141
P100 100% 83.93 224 270 112.52 773 9265
P100-C 100% 78.81 2120 08.48 8776
PO-C 0% 18.78 189 100.37 4223

Figure 4.3 presents the relationship between the applied load and the axial deformation in the 1500
mm length of the specimen. The behavior of prestressed tension specimens was linear up to the
first crack, irrespective of the level of prestressing, with an average stiffness of about 1080 kN/mm
for the FRP-reinforced prestressed and 544 kN/mm for the simple prestressed (specimen P100 and
P100-C) without the FRP reinforcement; thus the stiffness of the uncracked FRP-reinforced
specimen was about twice that of the specimen without the FRP reinforcement. The cracking load
was a function of the level of prestressing, which was basically the pre-tensioning load plus the
additional load required to crack the concrete cross-section. After initial cracking of the specimens

with 100% level of prestressing, the applied load decreased slightly and then increased again, until

73



the peak load was attained just prior to failure. After cracking, the slope of the curve (axial stiffness
of the specimen) decreased to 305 KN/mm. The experimental results showed that the axial stiffness
of the specimen, after cracking, increased with the level of prestress. This stiffness of the cracked

specimen increased from 180 kN/mm for specimen PO to 305 kN/mm for specimen P100.

The specimen PO cracked at 33.50 kN, while the control specimen PO-C cracked at 18.78 kN; thus
FRP-reinforcement resulted in an increase of 80% in the cracking strength. An examination of the
load-deflection curves for all of the specimens shows an increase in the cracking load and the axial

stiffness after cracking, depending on the level of prestress and of the FRP reinforcement.
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Figure 4.3 Load—Deformation curve for FRP-reinforced prestressed tension specimens
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The strains in the FRP composite laminates and prestressing strand were recorded during the test,
at specific locations; however, only the strain values in the FRP composite laminates and
prestressing steel strand, measured at the middle (at 750 mm) of the specimens, are summarized
in Figure 4.4 and Figure 4.5. The load — strain curves for the prestressing steel and the FRP
reinforcement show the same trends as those observed for the load — axial deformation
characteristic for all of the specimens. Again, the beneficial effects of the level of prestressing and

the FRP reinforcement are noted.
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Figure 4.4 Strain variation at different load levels in prestressing steel strand
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Figure 4.5 Strain variation at different load levels in FRP laminates
45 Summary
This paper summarizes the experimental work on FRP-reinforced prestressed concrete tension
specimens. These tests were performed to determine the contribution of the bonded FRP composite

laminates to the strength and stiffness of the prestressed concrete tension members.

Concrete prisms, with externally-bonded FRP laminates, using pre-glued aggregates to the FRP
laminates and FRP-reinforced prestressed tension specimens with five different levels of

prestressing (0, 25, 50, 75 and 100%) were prepared and tested.

The tensile strength of the simple FRP-reinforced specimen at initial cracking was almost twice

that of the control specimens (without FRP composite laminates). The FRP composite laminates
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and the prestressing force (at different levels) provided additional strength and stiffness to the

system and enhanced the cracking strength and stiffness.
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CHAPTERS FLEXURAL CHARACTERISTICS OF REINFORCED
CONCRETE BEAMS WITH FRP COMPOSITE SHELL

5.1 Introduction

Structural steel embedded in structural concrete can corrode when exposed to chloride from de-
icing salts used on bridge decks for traction during winters. Corrosion of reinforcing and
prestressing steel has become a very serious and costly problem in terms of safety, serviceability,
reduced service life, expensive maintenance and costly rehabilitation of infrastructure, and in
extreme cases requiring its replacement at an exorbitant cost. However, when properly designed,
constructed and maintained reinforced concrete member(s) are protected against any aggressive
environments, and they can be sustainable and durable. Durability of concrete beams can be
enhanced by eliminating or avoiding the various deterioration reactions, and/or by providing
multiple barrier protection, including protective coatings on steel, high quality concrete cover to

the reinforcement, and external protective coatings or barriers on the exposed concrete surfaces.

For the past two decades, application of FRP materials for construction of new bridges or
strengthening, rehabilitation, and retrofitting of existing deteriorated structures, has proved to be
an efficient solution. FRP composite systems have been successfully used for flexural
strengthening and rehabilitation of existing reinforced concrete structures. For example, CFRP
strips can be bonded mechanically or adhesively to the concrete surface and/or wrapped with
GFRP wet lay-up fabric with epoxy based resins. The FRP composite materials are commonly
used to reinforce bridge girders because of their light weight, easy installation, very low

permeability and lower maintenance requirements, as compared with the traditional materials, such
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as steel and concrete. Application of the FRP composite materials to hardened concrete for
structural repair and upgrading of existing concrete structures over the past two decades has been
studied by several researchers. However, application of FRP composite materials to new concrete

construction is a relatively new area of research.

Integrated FRP stay-in-place forms is an other way to support the newly placed concrete, act as
external reinforcement, and in some cases, provide confinement for the concrete. Concrete-filled
FRP tubes is can be used as piles in corrosive marine environments and as bridge girders, piers, or

columns.

The combination of FRP composite materials with concrete results in composite structural
members for which FRP composites contribute to the tensile and shear strengths of the member,
while the concrete provides the compressive strength along with additional stiffness. These
composite members can be composite shell systems filled with concrete for columns and
composite bridge decks, beams and girders with varying geometry. Other advantages of this type
of composite member are their high quality and good dimensional stability because of the
automated manufacturing process, such as pultrution and filament winding. CFRP, hybrid CFRP-
GFRP composites can be used for FRP composite concrete beams. Hybrid FRP-concrete members,
subjected to transverse loadings, such as beams, slabs or bridge decks, have been investigated by
Deskovic et al. (1995), Dieter et al. (2002), Fam and Rizkalla (2002), Banthia (2003), Ferreira et
al. (2004), Hejll et al. (2005), Cheng and Karbhari (2008), and Elmahdy et al. (2008). The results

showed a significant imporvement in both strength and stiffness of these composite members.

This chapter deals with a detailed experimental program to investigate the flexural behavior of

reinforced concrete (RC) beams with an FRP composite shell in the tension zone. To evaluate the
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effectiveness of an FRP composite shell in reinforced concrete construction, eight simple
reinforced concrete beams were constructed with and without an FRP composite shell. The
prefabricated U-shaped FRP composite shells, with pre-glued aggregates for improved bond
resistance, were filled with concrete. These beams were then tested under four point monotonically
increasing loads until failures to study their complete behavior. The experimental data were
analyzed; the results included the load-deflection relationships, along with the stress and strain
distributions at different load levels, the cracking patterns and the modes of failure along with the
cracking, yielding and ultimate strengths. The response of the FRP composite shell and the FRP-

concrete interface were examined in detail.

5.2 Experimental Procedure
5.2.1 Materials and Properties
5.2.1.1 FRP Shell

The hybrid FRP U-shaped composite shells were fabricated in the Materials Laboratory of the
Department of Civil Engineering and Applied Mechanics at McGill University. Two 2.3-metre
long, aluminum angle sections (100 x 75 x 6 mm) were used to form the required U-shaped mold
to fabricate the FRP composite shell. These angle sections were held together transversally with
inverted 50 mm by 100 mm channel sections. The inner surface of the aluminum U-shape mold
was prepared in three steps for smooth and easy demolding. The inner surface of the mold was
polished using different grades of sand paper; this was followed by thorough cleaning of the mold
using commercially available mold cleaner. Finally, a demolding treatment (sealant and mold
release agent) was applied to the surface and left to dry for two hours. After this treatment, the

mold was ready for fabrication of the FRP U-shaped composite shell.
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The hybrid FRP composite shells were a combination of 2 plies of glass fabric and 2 plies of carbon
fabric, saturated in epoxy-based resin, using the hand lay-up method, and vacuum bagging. Details
of mechanical properties of glass and carbon fibers, epoxy-based resin and the FRP composite
shell are presented in Chapter 3. Each layer was separately saturated with resin and rolled, with
specially prepared rollers, on the wet lay-up bed. After saturating and rolling, all plies were placed
carefully into the U-shape mold; fabrication setup and other details are shown in Figure 5.1(a).
These resin-saturated plies were then rolled again in the mold to ensure correct placing of the wet
plies within the mold walls. After placing and rolling of the saturated FRP plies in the U-shape
mold, a perforated plastic film was applied to help hold the resin in the plies under a high vacuum
pressure. On top of the perforated plastic film, a layer of a breather (or bleeder) cloth was placed
to permit air flow by providing a slight air space between the bag and the laminate. A vacuum bag
was used to create an airtight envelope around the mold. A sealant gum tape was used to provide
a continuous airtight seal between the vacuum bag and the mold, around the perimeter of the mold.
A piston type vacuum pump with hose and suction valve were used to create the vacuum. After 24
hours when the resin cured, the FRP U-shape composite shell was demolded and cut into required

size of 2 meters length and 80 mm height U-shaped segments.

The bond between the FRP stay-in-place shell and the concrete core is very important, especially
in flexural members because of slipping or sliding between the concrete and the surrounding FRP
composite shell (Bank 2006). Aggregates pre-glued on the surface of the FRP composite shell
provided adequate bond through the mechanical interlocking between the cast-in-place concrete

and the FRP composite shell. A 1.0 mm thick uniform epoxy resin film was applied to the surface

81



of the FRP U-shaped composite shell and coarse aggregates with a maximum size of 10 mm, were

evenly broadcast over the entire surface (Figure 5.1(b)).

U-shaped mold FRP

composite shell

Vacuum pump

(a)

Wet lay-up bed

FRP composite shells
with bonded

aggregates

(b)

Figure 5.1 Preparation of FRP composite shell (a) vacuum hand molding wet lay-up setup (b) u-

shape FRP composite shells with bonded aggregate.
5.2.1.2 Reinforcing Steel
Commercially available reinforcing steel was used to reinforce the concrete section. Standard
tension tests (ASTM A615M), were performed on a minimum of three steel specimens from each
size bar to determine the stress-strain relationships and other mechanical properties. The test

results are summarized in Chapter 3.

5.2.1.3 Concrete

The concrete mixture was designed for workability, smaller specimen size and minimum

compressive strength. The same mixture was used to construct specimens for all phases of this
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research project. All composite beam specimens were cast using two batches, because of the
limited capacity of the mixer. A minimum of three 100 x 200 mm concrete cylinders were cast
from each batch, and cured under the same conditions as the beam specimens. These concrete
cylinders were tested under uniaxial compression using the Rockwell Compression Testing
Machine. An extensometer, with a gauge length of 100 mm, was installed on each test cylinder to
determine its axial deformation. The concrete mixture had a slump of 75-100 mm, an average
compressive strength of 61.3 MPa, with a coefficient of variation of 2.7% and one hour working

time.

Table 5.1 Concrete cylinders testing data

fe' standard

Batch (MPa) | error (MPa)

1(B1,B2) |61.17 |£1.37

2(B3,B4) |61.47 |+1.08

5.2.2 Specimen Details

The FRP composite shell was assumed to act as a barrier or protection against the harsh
environment. The contribution of the FRP composite shell to flexural and shear strengths were not
considered in the design process, to ensure the beam would be able to develop its full load carrying

capacity, if it deteriorated over time.

Eight 2-metres long, 132 x 200 mm in cross-section, reinforced concrete beams, reinforced with
FRP shell, were constructed. The specimens were divided into four groups based on their steel
reinforcement ratios (p) — 0.8, 1.6, 2.4, and 4.8%. Each group consisted of two specimens, one

specimen reinforced with the FRP composite shell and the second without the FRP composite
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shell. The length, width, and height of the beams were 2000 mm, 135 mm, and 150 mm,
respectively. The p values for Group | specimens was almost equal to pmin (= 0.5%), whereas for
Group 1V, it was 75% of the balanced steel reinforcement ratio (pp= 6.4%). Each beam in Group |
was reinforced with two 10M bars as tension reinforcement, which made steel ratios p, equal to
0.8 %. In Group II, 111 and IV, each beam was reinforced with two 15M bars, three 15M and three
20M bars, respectively (Table 5.2). In addition, all beams were also reinforced with two 10M bars
as hanger bars in the compression zone. All beams had shear reinforcement in excess of the

minimum amount required to avoid shear failure (Figure 5.2).

Table 5.2 Specimens details

No. Beam Description Reinforcement )
Group | B1F With FRP composite shell 2-10M 0.8%
B1S | Without FRP composite shell 2-10M 0.8%
Group I B2F With FRP composite shell 2-15M 1.6%
B2S | Without FRP composite shell 2-15M 1.6%
Group 11 B3F With FRP composite shell 3-15M 2.4%
B3S | Without FRP composite shell 3-15M 2.4%
B4F With FRP composite shell 3-20M 4.8%
Group IV - -
B4S | Without FRP composite shell 3-20M 4.8%

The first letter in specimen nomenclature represents beam specimen (B); the following number is
the specimen number and the last letter distinguishes the specimen without (S) and with FRP

composite shell (F). For example, B1F is Beam 1, reinforced with the FRP composite shell.
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Figure 5.2 Specimen geometry and reinforcement details

The specimens were cast in two batches. The four wooden molds with steel reinforcement cages
were placed directly on a vibrating table (Figure 5.3). These specimens were demolded on the

following day and cured. The wooden molds were reassembled and reused for the next batch of

specimens.
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Figure 5.3 Specimens construction (top views) (a) ready for concrete casting (b) during pouring

of concrete

5.3 Structural Testing
5.3.1 Instrumentation and Test Setup

The loading setup and instrumentation are shown in Figures 5.4 and 5.5. The specimens reinforced
with the FRP composite shell “BF” from the each group were instrumented with four 20 mm long
electrical resistance strain gauges, with gauge factor = 2.12 and electrical resistance =120+0.3 ohm
(F1, F2, F3, and C1). Three strain gauges were installed on the FRP composite shell - one at the
tension face (bottom), F1, one at the rebar level (35 mm from the bottom), F2, and one near the
top edge of the FRP composite shell (75 mm from the bottom), F3. One strain gauge (C1) was

installed on the concrete surface on the compression face of the beam.

Six 10V linear variable differential transformers (LVDTSs) with a range of £25 mm, were installed
on the opposite vertical faces of the specimen, two at the center (TL2 and TR2) and two at each
load point (TL1 and TL3 on the left side and TR1 and TR3 on the right side) to record the vertical
deflections. These six LVDTs were clamped with adjustable plexiglass holders, into a rectangular
frame, which was connected to rigid supports of the test setup (Figure 5.5) to eliminate any possible

support settlement.
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The mid-span LVDTs (TL2 and TR2) were supported on a pre-glued thin aluminum strip on the
top surface of the beam. The LVDTs (TL1, TL3, TR1 and TR3) at the loading points were placed

directly on the top surface of the bearing plates, underneath the loading rollers.

Two LVDTs (TS1 and TS2), with a range of 15 mm, were also installed to measure the relative
slip between the concrete and the FRP composite shell. These LVDTs (TS1 and TS2) were
attached with clamps and holders, which were drilled into the concrete on both faces of the
specimen. The LVDTs TS1 and TS2 were supported on an angle section, glued on the surface of
the FRP composite shell. The position and location of these sensors are shown in Figures 5.4 and

5.5.
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Figure 5.4 Schematic diagram of test setup
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Figure 5.5 Four points loading setup with instrumentation

All sensors were connected directly to a data acquisition system (VISHAY 5100B Series) with
Strain Smart software, which was connected to a computer to record the test data. The frequency

of the recorded data was 2 scans/sec. The final instrumentation setup is shown in Figure 5.5.

Each specimen was subjected to flexural loading, using a four point loading arrangement, and was
loaded using deflection control. Each specimen was loaded in two steadily applied deflection rate
increments. A slow uniform deformation rate of 0.2 mm/min was applied transversely to the
specimens until yielding of the tension reinforcement and then the deformation rate was doubled
until the end of the test. The outputs from the load cell and the testing machine were also directly
transmitted to the data acquisition system. The duration of the tests ranged between 4 to 6 hours
depending on the deformability and the load carrying capacity of the specimen. The specimens
were continuously monitored for cracking and any other phenomenon during the test and were

photographed after every 10 kN loading interval.
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Table 5.3 Data summary for the beam tests

Loading Parameters Group | Group Il Group 111 Group IV
stages BIF |B1S |B2F |B2S |B3F |B3S |B4F |B4S
Per (KN) 225 | 141 | 259 | 148 | 343 | 21.0 | 371 | 227
A (mm) 12 | 12 | 1.73 | 1.2 1.7 1.2 1.7 1.2
S1(ex10%) | 538 | 649 | 378 | 324 | 448 | 299 | 426 210
At first | S2 (ex10®) | 485 | 466 | 428 | 303 | 379 | 318 | 373 321
crack C1(ex10®% | -250 | - | -258 - -261 - -283 -
F1 (ex10°) | 514 - 486 - 434 - 494 -
F2 (ex10%) | 412 - 434 - 404 - 408 -
F3 (ex10°) | 271 - 241 - 186 - 197 -
Py (kN) 75.7 | 495 [ 101.2 | 91.7 | 153.8 | 135.0 | 181.5 | 197.4
A (mm) 71 | 76 | 93 | 97 | 1075 | 112 | 10.2 | 135
S1(ex10®) | 2596 | 3901 | 2086 | 3358 | D 2861 | 2513 | 3613
At S2 (ex10°) | 2523 | 2887 | 2498 | 2472 | 2500 | 3265 | 2384 | 3403
yielding | C1 (ex10) | -1147 | - |-1145| - | -1723 - -1497 -
F1(ex10®) | 3576 | - | 2403 | - 3873 - 2786 -
F2 (ex10®) | 2055 | - | 1744 | - 2305 - 2306 -
F3 (ex10%) | 1627 | - | 1230 | - 1552 - 1137 -
Pu (kN) 161.0 | 65.0 | 192.0 | 106.7 | 213.8 | 148.9 | 244.3 | 209.1
A (mm) 256 | 426 | 254 | 414 | 19.0 | 29.7 | 165 | 20.7
S1(ex10®) | 8233 | D |[6069 | D D 5138 | 10643 | 4284
At peak | S2 (ex10%) | 6729 | D | 8444 | 5720 | 10176 | 4840 | 13431 | 3735
load C1(ex10®) | -3319 | - |-2837| - | -3156 - -2512 -
F1(ex10®) | 3504 | - | 7503 | - 8503 - 5458 -
F2 (x10®) | 7080 | - | 4698 | - 4992 - 4500 -
F3 (ex10%) | 5162 | - | 3273 | - 3405 - 2103 -
Pail (KN) 142.6 | 60.7 | 186.3 | 98.5 | 174.3 | 130.9 | 233.2 | 1715
A (mm) 36.2 | 66.9 | 27.1 | 505 | 20.3 | 483 | 169 | 288
S1(ex10% | 8251 | D |6134| D | 6394 D 4766 D
. S2 (ex10®) | 6013 | D [8635 | D | 9235 | 7397 | 6189 D
At failure o
C1(ex10®) | -3130 | - |-2843| - | -2884 - -2521 -
F1(ex10%) | 2915 | - D - 7584 - 5573 -
F2 (ex10%) | 6812 | - | 4723 | - 4633 - 4594 -
F3 (ex10®) | 4858 | - | 3281 | - 3145 - 2114 -

D = strain gauge debonded
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5.4 Results and discussion

All 8 specimens were loaded to failure, using displacement control, which allowed observation of
both the pre-peak (just before the ultimate load) and post-peak behavior. The experimental data
obtained and analyzed, included load-deflection relationships, along with stress and strain
distributions at different load levels, the cracking patterns and the mode of failure along with the
cracking, yielding and ultimate strengths. All of the RC beams with the FRP composite shell
exhibited significantly higher flexural load-carrying capacity at first cracking, yielding and at
ultimate loads, and a higher stiffness than that of the associated control beam. However, higher
deformability was observed in the control RC beams as compared to RC beams with the FRP

composite shell. The details of the test results for each specimen are summarized in Table 5.3.

5.4.1 Flexural Characteristics and Cracking of Beam Specimens

During the initial loading stage, the beam with FRP composite shell behaved differently as
compared with the corresponding control specimen. Under increased loading, the beam’s stiffness
started to deteriorate and the load-deflection response was nonlinear due to cracking. On further
loading, cracking propagated and the stiffness continued to decrease until failure. Specimens with
FRP shell showed a stiffer response as compared with the specimens without the FRP shell because
of the contribution of the FRP shell. A brief description of the response of the beams in the various

groups, as they are loaded from zero load until failure follows:

5411 Groupl

The Beam B1S was loaded at a constant rate of 0.2 mm/min. It cracked at midspan at a load of
14.1 kN and at the loading points, on the tension face of the beam. With an increase in the applied

load, the beam cracked further, with cracks at approximately equal distance of 10 cm apart in the
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pure bending zone (Figure 5.6). The beam behaved nonlinearly until the applied load reached
values of 49.5 kN, when the longitudinal tensile steel started yielding. The cracks propagated with
the increase in the applied load, accompanied by an increasing central deflection. The beam
demonstrated some increase in the load resistance after yielding of reinforcing steel along with
substantial increase in the midspan deflection (Figure 5.6 and Appendix A). Near the ultimate
load, the beam cracked extensively, with a very large deflection, and the neutral axis shifted
upwards beyond the compression reinforcement (hanger bars). The concrete in the compression
zone started crushing when the applied load reached the maximum values, which was followed by
a decrease in the applied load. The final failure of the beam occurred with flexural cracks
penetrating deep into the concrete compression zone. The crack patterns were continuously traced

and photographed during the test. Figure 5.6 shows these cracks on one side of the beam.

u.’.i‘——-—-_—_m
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-___-—

Figure 5.6 Cracking and failure sequence of Group Il beam specimens (a) Beam B1S at yielding
stage (b) Beam B1S at ultimate stage (c) Beam B1S at failure (d) Beam B1F at yielding stage
(e) Beam B1F at ultimate stage (f) Beam B1F at failure stage

The Beam B1F exhibited different behavior as compared with the associated control Beam B1S.

After experiencing the first cracking at midspan and load points, at an applied load of 22.5 kN, the
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beam load-deflection response was nonlinear until a load of 75.7 kN, when the longitudinal tensile
steel started yielding. After yielding of the reinforcing steel, the Beam B1F demonstrated a
significant increase in the load resistance until the ultimate load (161 kN). After yielding of
reinforcing steel, the flexural shear cracks appeared outside the pure bending zone. These cracks
propagated, both in length and width, more than the flexural cracks in the pure bending zone. The
concrete started crushing from the compression zone, as the applied load decreased to 142.6 kN.
The final failure of the beam occurred because of flexural-shear cracks penetrating into the
concrete compression zone, at a very large midspan deflection (36 mm), as shown in Figure 5.6.
There was a debonding of the FRP composite shell near the tip of the widely opened diagonal

crack; it extended toward the right side support.

Before initial cracking and prior to the yielding of the reinforcing steel, both beams exhibited
considerably different flexural stiffnesses. The Beam B1F had a pre-cracking and pre-yielding
flexural stiffnesses of 18.3 kN/mm and 8.8 kN/mm, respectively (Figure 5.9). The associated Beam
B1S had a pre-cracking flexural stiffness of 9.3 kN/mm and pre-yielding flexural stiffness of 6.0
kN/mm for midspan deflection for the loading pattern used. The Beam B1F had 97% higher pre-
cracking and 47% higher pre-yielding flexural stiffnesses than the Beam B1S, as indicated by the
slopes of the load-deflection curve in Figure 5.9 and 5.10. As expected, the Beam B1F displayed
stiffer response as compared with the associated control Beam B1S, because of the contribution of

the FRP shell.

54.1.2 Group Il

The Beam B2S initially cracked at midspan and loading points on the tension face at a load of 14.8

kN. This was followed by cracking in the pure flexure zone. The load-deflection relationship was
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almost linear before cracking and became non-linear from the first cracking to the pre-yielding
region, before yielding of tension steel at a load of 91.7 kN. There was a gradual increase (16%)
in resistance from yield load until the ultimate load (106.7 kN), with a significant increase in the
central deflection (Figure 5.9 and Appendix A). After reaching the ultimate load, the beam cracked
extensively throughout its length, with the cracks growing in length and width, with gradual
upward shifting of the neutral axis up to the level of the compression reinforcement. The concrete
in compression started crushing, followed by a crack at the end of the hanger bars. After reaching
the ultimate load, a piece of concrete separated from the compression face with a strength decrease
(load = 98.5 kN). The final failure of the beam occurred with flexural cracks penetrating into the

concrete compression zone and crushing of the concrete.

The Beam B2F exhibited almost similar behavior as beam B1F, the significant differences being
a higher ultimate load value as expected, and lower deformations. The beam cracked just outside
the FRP composite shell in the pure flexural region at a load of 31 kN. With a gradual increase in
applied loading, flexural shear cracks appeared outside of the pure flexural zone. These flexural-
shear cracks propagated more than the pure flexure cracks. The concrete started crushing in
compression when the load reached a maximum value at 192 kN (Figure 5.10). The final failure
of the beam occurred when flexural-shear cracks penetrated into the concrete compression zone
accompanied by a very large midspan deflection (27.1 mm). The final failure of the specimen was

in shear along with debonding of FRP composite shell.

Both beams exhibited notably different flexural stiffnesses before initial cracking and prior to
yielding of the reinforcing steel. The Beam B2F had pre-cracking and pre-yielding flexural

stiffnesses of 19.4 kN/mm and 10.0 kN/mm, respectively. The associated Beam B2S had pre-
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cracking and pre-yielding flexural stiffnesses of 10.9 kKN/mm 8.9 kN/mm, respectively; the Beam
B2F displayed 78% higher stiffness compared with the Beam B2S before cracking, and 12% higher

stiffness prior to the yielding respectively.

5.4.1.3 Group Il

The Beams B3S and B3F cracked initially at mid-span and loading points on the tension face at
loads of about 21 kN and 34.3 kN, respectively. In Beam B2S, these cracks were observed at
midspan and at the loading points, accompanied by cracks in the pure bending zone. In Beam B3F,
the initial cracking was detected from the load-deflection response, before these cracks appeared
physically outside the FRP composite shell. With a gradual increase in the applied loading,
flexural-shear cracks appeared outside the pure flexural zone in both beams. However, in Beam
B3F, these flexural-shear cracks propagated more rapidly than the pure flexural cracks. There was
not a clear indication of the beam yield strength. When the applied loading reached the maximum
value, it failed suddenly without any significant post-ultimate deformation. The final failure of the
beam was due to flexural-shear cracks penetrating into the concrete compression zone and crushing
of the concrete. There was debonding of FRP composite shell from the widely opened crack at an
angle of approximately 45 degrees from the loading point, penetrating into the concrete
compression zone (Figure 5.7). The sequence of the final failure of the specimen was crushing of

concrete, accompanied by debonding of the FRP composite shell, leading to the shear failure.

By contrast, the Beam B3S demonstrated a very gradual increase in the load resistance from the
yield load to the ultimate load, with a significant increase (165%) in deflection. However, this
increase in the applied load from the yield load to the ultimate load was not very significant as was

observed in Beams B1S and B2S. After reaching the ultimate load capacity, the beam cracked
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extensively throughout its length. These cracks propagated in length and in width, with gradual
upward shifting of the neutral axis to the level of the compression reinforcement. The concrete

started crushing at an ultimate load of 213.8 kN (Figure 5.7 and Appendix A).

The beam with FRP composite shell (B3F) exhibited a relatively higher stiffness (13.3 kN/mm) as
compared with Beam B3S (11.4 kN/mm) prior to the yielding of the steel, as can be seen in the
load-deflection curve (Figures 5.10 and 5.11). The difference in flexural stiffness of these two
beams, with the same steel reinforcement ratio, was relatively small (16%) as compared to Group

| and Group Il specimens.

Figure 5.7 Cracking and failure sequence of Group 111 beam specimens (a) Beam B3S at initial
cracking (b) Beam B3S at ultimate stage (c) Beam B3S at failure (d) Beam B3F after initial
cracking and prior to yielding stage () Beam B3F at ultimate stage (f) Beam B3F after

failure

54.14 Group IV
The load-deflection characteristics of Beams B4S and B4F were almost similar to the Group Il
beams. In Group 1V, the initial cracking load was 37.1 kN for the Beam B4F and 22.7 kN for the

associated Beam B4S, which were determined from the data analysis results. The initial cracks in
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Beam B4S appeared in the pure bending zone, whereas this cracking of the Beam B4F was
determined from the load deflection-curve (Figure 5.9 and Appendix A). Cracks appeared outside
the FRP composite shell, within and outside the pure flexural region. In Beam B4F, the flexural
cracks outside the pure flexural zone were accompanied by the flexural-shear cracks, and
propagated more than the pure flexural cracks because of the higher reinforcement ratio, which
made the beam stronger in flexure. There was no clear indication of yielding of steel in the load-
deflection curve until the applied load attained the maximum value. The beam suddenly failed at
the ultimate load (244.3 kN), without any significant gain in the midspan deflection from the
ultimate load to the failure load (Figure 5.10). The final failure of the beam was similar to that of
Beam B3F, due to flexural-shear cracks penetrating into the concrete compression zone. The final
failure of the beam specimen was due to crushing of concrete in compression, accompanied by

debonding of the FRP shell, leading to shear failure (Figure 5.8).

In Beam B4S, there was a very gradual and insignificant increase in the applied loading after
tension steel yielding, accompanied by a significant increase in the midspan deflection. At
ultimate load, the beam experienced extensive cracking in the pure flexural zone, flexural-shear
cracking outside the loading points and diagonal shear cracks near the beam supports. The final

failure of the beam resulted from crushing of concrete at an ultimate load of 209.1 kN (Figure 5.8).

The Beam B4F exhibited higher flexural stiffness (21.7 kN/mm) than the associated control Beam
B4S (16.4 kN/mm), prior to initial cracking (Figures 5.9 and 5.10). The Beam B4F was much
stiffer after yielding of the tension reinforcement than the Beam B4S because of the contribution

of the FRP shell in flexural stiffness, after yielding of the reinforcing steel.
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Figure 5.8 Cracking sequence and failure modes of Group IV beam specimens at different
loading stages a) Beam B4S at initial cracking (b) Beam B4S at ultimate stage (c) Beam B4S

after failure (d) Beam B4F at initial cracking stage () Beam B4F after failure

5.4.2 Comparison of Responses in all Four Groups
5.4.2.1 Load - Deflection Characteristics

Figures 5.9, 5.10 and 5.12 illustrates complete load-deflection responses of all test specimens at
various loading stages. Irrespective of the beam types and failure modes at ultimate load, the load-
deflection response of the beams can be divided into pre-cracking, yielding, pre-ultimate and
ultimate and post-ultimate stages. All beams with the FRP composite shell exhibited almost similar
behavior with a significant difference of higher ultimate load values and lower midspan deflection
than the beam specimens without the FRP composite shell. The tension reinforcement ratios and

the cracking pattern define modes of the final failure of the beam specimens.

All beams with the FRP shell exhibited almost similar behavior, with significantly higher cracking
loads than the beams without the FRP shell. The average initial cracking load of the specimens
with the FRP shell was about 70% higher than that of the associated control beams; however, the
average midspan deflection was about 25% higher than that of the associated control beams.
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The control beams of each group cracked on the tension face, at mid-span and at the loading points,
followed by cracking in the pure flexural zone. The beam specimens with the FRP shell showed
higher post-cracking stiffness, as indicated by the lower value of the steel strain at the same load
level, compared with the associated control beam specimens, with the same reinforcement ratios.
The post-cracking flexural stiffnesses were found to be 8.8, 10.0, 13.3 and 16.6 kN/mm for Beams
B1F, B2F, B3F and B4F and 6, 8.9, 11.5, and 16.5 KN/mm for the associated control Beams B1S,

B2S, B3S and B4S, respectively (Figure 5.10).

The load-deflection responses of the control beams (without the FRP shell) from each group were
nonlinear before yielding of tension steel. The yield load values were very clearly followed by a
yield plateau and a very gradual increase in the applied loading up to the ultimate loads. The
yielding loads for specimens B1S, B2S, B3S and B4S were 49.5, 91.5, 135.0, and 197.4 kN,

respectively (Figure 5.9).
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Figure 5.9 Load-deflection response of specimens without FRP shell.

The beam specimens with the FRP shell also behaved nonlinearly before yielding of the tension
reinforcement. The yield loads were determined from the reinforcing steel strains readings. The
yield loads for beam specimens B1F, B2F, B3F and B4F were found to be 75.7, 101.2, 153.8, and

181.5 kN, respectively (Figure 5.10).
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Figure 5.10 Load-deflection response of specimens with FRP composite shell

In beam specimens with the FRP shell, there was a significant increase in the applied loads, with
a steeper slope of the load-deflection curves, from the yield load up to the ultimate load. The
ultimate load values for Beams B1F, B2F, B3F and B4F were observed to be 161 kN, 192 kN,
213.8 kKN and 244.3 kN, respectively. After reaching the ultimate load, these beams with the FRP

shell failed suddenly, without any significant post-ultimate midspan deflection.
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Figure 5.11 Comparative improvement of beam strengths (a) in yielding (Py) (b) at ultimate load
(Pu)

By contrast, the associated control beam specimens demonstrated a very gradual increase in the

applied load in the yield plateau to reach the ultimate load, with a significant increase in the

midspan deflection. However, this increase from the yield load to the ultimate load was not

significant as was observed in the beam specimens with the FRP shell. The ultimate load values

for Beams B1S, B2S, B3S and B4S were 65 kN, 106.7 kN, 148.8 kN, and 209.1 kN, respectively

(Figure 5.10 and 5.11(b)).

The post-ultimate behavior is distinguished by the residual resistance and deformability of the
specimens. In both types of beams, the response varied depending on the steel reinforcement ratios
and the effect of the FRP shell. In specimens without the FRP shell, the post-ultimate response,
characterized by a gradual reduction in the beam resistance, initiated just after reaching the
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ultimate load, leading to the final failure. However, in beams with the FRP shell, this decrease in
the applied load was gradual for the p values from 0.8% to 1.6% and it was abrupt for p values
from 2.4% to 4.8%. The post-ultimate midspan deflection of Group | and Group Il beam specimens
was larger, which failed pre-dominantly in flexure, as compared with the beam specimens which
failed in combined flexure and shear (Group Il and Group 1V). The beams with the FRP shell,
except for the Beam B1F, had a sudden decrease in resistance, after reaching the ultimate load,
due to the development of the flexural-shear cracks, propagating into the compression zone, over
the loading points and crushing of the concrete, followed by debonding of the FRP shell. Whereas,
in Beam B1F, it was crushing of the concrete, followed by the flexural-shear cracks penetrating
into the concrete compression zone, accompanied by a large deflection. The post-ultimate
deformation response of beam specimens with the FRP shell were lower as compared with the
beams without the FRP shell, which failed without a significant midspan deflection, after reaching
the ultimate load. Figure 5.12 summarizes the load-deflection characteristics of all beam

specimens.
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Figure 5.12 Load-deflection response of all specimens without and with FRP shell
5.4.2.2 Stiffness Characteristics
The flexural stiffness (K) is defined as a load corresponding to a unit midspan deflection for the
loading pattern used. The flexural stiffness is the slope of the load-deflection curve before the
initial cracking load (K1) and pre-yielding (from cracking to yield load) (K2). In general, the beam
specimens with the FRP shell showed higher average stiffness than those of the associated control
beams. This increase in flexural stiffnesses K1 and K2 due to the FRP shell and the different steel

percentages, p, are summarized in Table 5.4.
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Table 5.4 Pre-cracking (K1) and pre-yielding (K2) flexural stiffnesses of beam specimens.

Flexural stiffness (KN/mm)

Groups Specimen Pre-cracking | Difference | Pre-yielding | Difference
(K1) (%) (K2) (%)

B1S 9.3 6

Group | 96% 47%
B1F 18.3 8.8
B2S 10.9 8.9

Group Il 78% 12%
B2F 19.4 10
B3S 16.4 11.5

Group 111 20% 16%
B3F 20.4 13.3
B4S 18.4 16.5

Group IV 18% 2%
B4F 21.7 16.8

The average increase in K2 for the beams with FRP shell was about 15% over that of the associated

control beams, varying among 13% for Group | beams to 18% for Group IV beams (Figure 5.13)
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Figure 5.13 Effect of steel reinforcement ratio on pre-cracking (K1) and pre-yielding (K2)
flexural stiffnesses of beam specimens with (F) and without (S) FRP shell.

5.4.2.3 Ductility and Energy Absorption Characteristics

The displacement ductility ratio (u) is defined as the ratio of the ultimate deflection (Ay) to the
deflection at yield load (Ay), when the beam is subjected to the loading pattern used. The beam
specimens with FRP shell behaved in a brittle manner as compared to the associated control beams
in all groups. From Group I to Group IV, there was a significant decrease in the p values (59%)
specimens without FRP composite shell and 200% in the specimens with FRP composite shell,
when the steel reinforcement ratio increased from 0.8% to 4.8%. The average ratio of the total
deflection at peak loads among all beams with FRP composite shell and the associated control
beams decreased from 3.7% to 0.4%. The average values of ductility ratio (u) corresponds to
ultimate deflection and ultimate load are summarized in the Table 5.5.
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Table 5.5 Comparison of displacement ductility ratio (1) of all beam specimens

Ductility ratio (p)

Groups Specimen Corres_ponds Difference Corregponds Difference
to ultimate (%) to ultimate (%)
deflection load

B1S 8.8 5.6

Group | -42% -35%
B1F 5.1 3.6
B2S 5.2 4.3

Group 11 -44% -37%
B2F 2.9 2.7
B3S 4.3 2.7

Group 11 -58% -33%
B3F 1.9 1.8
B4S 2.1 1.6

Group IV 19% 0%
B4F 1.7 1.6

The energy absorption (E) is defined as the area under the load-deflection curve. The results
showed that an increase in the steel reinforcement ratio from 0.4% to 4.8%, the E value decreased
significantly (37%) in the specimens with the FRP composite shell. The beam specimens with FRP
composite shell absorbed a smaller amount of energy as compared with their associated control
beams in most of the cases; however, in Group | specimens, the energy absorbed by the Beam B1F
was 12% more than the associated Beam B1S. This difference is due to the added FRP composite
shell. However, for the same steel reinforcement ratio, the energy absorption capacity drastically
decreased (37%) for the beam specimens with FRP composite shell because of their lower
deformability, after the post-peak. The average values of energy absorption (E) are summarized in

the Table 5.6.
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Table 5.6 Comparison of energy absorption of all beam specimens

. Energy absorption, | . 0

Group | Specimen E (kN.mm) Difference (%)
B1S 3711

Group | -12%
B1F 4159
B2S 4718

Group Il 29%
B2F 3329
B3S 5611

Group 11 52%
B3F 2666
B4S 4816

Group IV 46%
B4F 2620

5424 Effect of Steel Reinforcement Ratio

Steel reinforcement ratio had a significant effect on the initial cracking strength of the beam
specimens, both with and without the FRP shell. With an increase in the steel reinforcement ratio
from 0.4% to 4.8%, the cracking strength increased by 64.4% for the beam specimens with the
FRP shell and 53.3% for the associated control beam specimens. Again, this was due to the
additional contribution of the FRP shell which delayed this cracking by contributing to increased

flexural strength of the reinforced concrete beam.

With an increase in the steel reinforcement ratio, there was a notable increase in the yield load for
the beams with the FRP shell and their associated control beam specimens. The yield strength gain
in the control specimens from Group | to Group IV was consistent with the steel reinforcement
ratio increase. However, the beam specimens with the FRP shell, the yield strength increased by a
factor of 2.6 when the steel reinforcement ratio increased by a factor of 6 times. The FRP shell
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contributed to the flexural strength of the beam specimens which enhanced the yield strength of

the beams. The summary of results is presented in Figure 5.14.

300
250
200
F3
2
T 150
n
S
w—p—F-Py
100
~—-5-Py
50 -F-Pu
=3=S-Pu
0
0% 1% 2% 3% 4% 5% 6%
Tension steel reinforcement ratio (p)

Figure 5.14 Effect of tension steel reinforcement ratio on yield and ultimate loading of beam

specimens

The ultimate strength gain was higher between the beam specimens and their associated control
beams in groups with lower reinforcement ratios and substantially decreased from 147% to 16.8%
for groups with higher reinforcement ratios, because the beam specimens behaved as over-

reinforced and the FRP shell strength was not fully utilized.

5.4.3 Strain Distributions

The strains in the concrete in compression, reinforcing steel and FRP composite shell were
measured until debonding of the strain gauges, or failure of the beam specimens, whichever

occurred first. Figure 5.15 presents the measured strain variation versus the applied load in the
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concrete in compression, reinforcing steel and FRP shell. The trends of strain variation with the

applied loads were almost similar as in the load-deflection curves of the beam specimen.
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Figure 5.15 Strain variation in the FRP shell, reinforcing steel and concrete with applied load
(a) Beam B1F (b)Beam B2F (c) Beam B3F (d) Beam B4F

5.4.4 Slip between the FRP Shell and the Concrete Interface

The slip between the FRP shell and the concrete interface was recorded using LVDTs (TS1 and

TS2) at both ends. The results showed that there was no slip until the beams with the FRP
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composite shell failed and debonding of FRP composite shell occurred. This implies that a perfect

bond exists between the FRP shell and the cast-in-place concrete.

5.4.5 Modes of Failure

In each group, the control beam specimens were designed as under-reinforced sections to fail in
flexure as the steel reinforcement reached and exceeded the yield strength, followed by crushing
of the concrete, with a large associated deflection. The modes of failure varied depending on the
different steel reinforcement ratios and the effect of the FRP shell in beams with and without the

FRP shell.

Three types of failure mechanisms were observed in all of the beam specimens, as summarized in
Table 5.7. Flexural compression failure was the most common failure mode, which occurred in
all control beam specimens and in Beam B1F. In Groups I, 111 and IV, the beam specimens with
the FRP shell finally failed due to flexural-shear, as these cracks penetrated into the concrete
compression zone and crushing of the concrete. There was a debonding of the FRP shell from the
tip of the wide diagonal cracks, under the loading points, penetrating into the concrete compression

zone, to the beam supports.
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Table 5.7 Summary of beam failure modes

Group Beam | Failure sequence Failure mode(s)
e Flexural cracking Flexural cracks penetrated into the
BLF | Concrete crushing concrete compression zone at the
o FRP shell debonding loading point, followed by
Group | debonding of the FRP shell.
* Tension steel yielding Yielding of tension steel followed by
B1S | * Concrete crushing at crushing of the concrete at a large
midspan. midspan deflection.
e Flexural cracking Flexural-shear cracks penetrated into
B2E | ¢ Concrete crushing the concrete compression zone at the
o FRP shell debonding. Ioadlng_pomt, followed by
Group I debonding of the FRP shell.
o Flexural cracking Yielding of tension steel followed by
B2S | Concrete crushing at crushing of the concrete at a large
midspan. midspan deflection.
e Concrete crushing _
o Steel stirrup fracture Fracture of one steel stirrup along the
B3F |, Debonding of FRP shell diagonal tension cracks (shear
Group I e Shear failure. failure)
o Flexural cracking Yielding of tension steel followed by
B3s | e Concrete crushing at crushing of the concrete at a large
midspan. midspan deflection.
e Concrete crushing ) _
B4E | » Debonding of FRP shell Diagonal tension cracks (shear
e Shear failure. failure)
Group IV e Flexural cracking Flexural cracks penetrated into the
B4S | e Concrete crushing at concrete compression zone at a large

midspan.

midspan deflection and crushing of
concrete.

5.5 Summary

This chapter examines the flexural behavior of simple reinforced concrete beams with the cast-in-

place U-shaped FRP shell. This external FRP shell or membrane around the lower part of the

concrete beams can eliminate, or significantly reduce the ingress of chloride, and consequently
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help to enhance its service life. The flexural characteristics of the FRP shell-concrete interface
along with the effect of the steel reinforcement ratio were studied experimentally to evaluate the

flexural and shear behaviors of the FRP shell-reinforced concrete beams.

Simple reinforced concrete beams, consisted of cast-in-place concrete with an externally-bonded
U-shape FRP shell, were constructed. These beams were designed for four different reinforcement
ratios — 0.8, 1.6, 2.4, 4.8 %, - to examine their flexural characteristics. These U-shaped FRP shells
were pre-glued with 10 mm maximum size aggregates to improve the bond mechanically with the
cast-in-place concrete. The specially designed U-shaped FRP shell demonstrated a significant
enhancement in both the strength and stiffness as well as higher ductility and energy absorption

capacities of the FRP-reinforced beams, as compared with the associated control beams.

These beams were tested under four point loading. The recorded data were analyzed and the load-
deflection responses of all specimens were plotted. Irrespective of the beam types and failure
mode, the load-deflection response of the beams can be divided into initial cracking, pre-yielding,
pre-ultimate, ultimate, and post-ultimate stages. The first part of the load-deflection curve was
almost linear; however, the second part of the load-deflection curve was nonlinear, the beam
stiffness continued to decrease due to cracking, along with high reinforcing steel strains until
failure occurred. The beam specimens with the FRP shell showed a significant enhancement in the
strength, stiffness and energy absorption capacity as compared with the associated control beams.
The mode of failures varied depending on the steel reinforcement ratios, along with the effect of

FRP shell.
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CHAPTER6 FLEXURAL CHARACTERISTICS OF PRESTRESSED
CONCRETE BEAMS WITH FRP COMPOSITE SHELL

6.1 Introduction

This chapter deals with an experimental program to investigate the flexural behavior of prestressed
concrete beams with an FRP composite shell in the tension zone. To evaluate the effectiveness of
the FRP composite shell in prestressed concrete construction, ten prestressed concrete beams were
constructed with and without a FRP composite shell. These beams consisted of pretensioned high
strength strands, along with prefabricated U-shaped FRP composite shells, with pre-glued
aggregates for improved bond resistance, which were later filled with concrete. These beams were
tested under four point monotonically increasing loads until failure to study their complete
behavior. The experimental data were analyzed; the results included load-deflection relationships,
stress and strain distributions at different load levels, flexural stiffnesses, ductility, energy
absorption, cracking patterns and the modes of failure along with the initial cracking, yielding and
ultimate strengths. The response of the FRP composite shell and the FRP- prestressed concrete

interface were examined in detail.

6.2 Research Significance

To evaluate the contribution of the FRP composite shell to the structural strength and the overall

behavior of prestressed concrete beams, this chapter focuses on following objectives:

e Application of FRP composite shells to new prestressed concrete construction, including

the effect of prestressing on FRP composite shell and its bond with the concrete substrate.
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e Development of construction procedures for composite beams with an FRP composite

shell, and evaluation of their strength and stiffness characteristics.

e Evaluation of flexural characteristics of FRP composite shell and cast-in-place concrete

before and after prestressing.

6.3 Experimental Procedure
6.3.1 Materials and Properties
6.3.1.1 FRP Shell

The hybrid FRP U-shape shells were fabricated in the Materials Laboratory of the Department of
Civil Engineering and Applied Mechanics at McGill University. The detailed fabrication
procedure is presented in Chapter 5. The design details and mechanical properties of the FRP U-

shape shell are described in Chapter 3.

6.3.1.2 Reinforcing Steel

A 9.5 mm (3/8”) diameter, 1860 MPa grade, low relaxation seven wires prestressing steel strand
was used for prestressing the beam specimens. Tension tests were performed on prestressing steel
strands to evaluate their mechanical properties, and compared with those provided by the
manufacturer. Special couplers were designed to grip the strand during the tension test; detailed

procedure and mechanical properties are summarized in Chapter 4.

Commercially available 10M reinforcing steel bars were was used as hanger bars and 6 mm
diameter deformed steel bars were used for shear reinforcement. The results of these flexure tests

are summarized in Chapter 3.
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6.3.1.3 Concrete

The beam specimens for all phases of this research project were constructed using the same
concrete mixture. Two prestressed composite beams were cast at a time. The concrete mix had a
compressive strength of 55.45 (+1.04) MPa. The average compressive strength (fc)) of the concrete

from each batch is summarized in Table 6.1.

Table 6.1 Concrete compressive strength data

Prestress fe'

Group | Beam Description level (MPa)

POF With FRP composite shell
PO : - 0% 55.1
POS Without FRP composite shell

P25F With FRP composite shell
P25 : - 25% 55.7
P25S | Without FRP composite shell

P50F With FRP composite shell
P50 : - 50% 56.2
P50S | Without FRP composite shell

P75F With FRP composite shell
P75 : - 75% 55.0
P75S | Without FRP composite shell

P100F With FRP composite shell
P100 : - 100% 55.3
P100S | Without FRP composite shell

6.4 Design of Beams Specimens

As mentioned earlier, ten prestressed concrete beam specimens, reinforced with FRP composite
shell, were constructed to investigate the response of cast-in-place prestressed concrete with the
bonded FRP composite shell. These specimens were tested to study the flexural characteristics of
prestressed concrete beams reinforced with the FRP composite shell and its strength and stiffness

characteristics. The contribution of the FRP composite shell to flexural and shear strengths were

115



not considered in the design process, to ensure the beam would be able to develop its full load

carrying capacity, if it deteriorated over time.

For analysis and design of prestressed concrete beams, commercially available software ‘Concise
Beam’ version 4.58f was used. This software package is based on procedures outlined in the CPCI

Design Manual, PCI, and NPCAA (Black Mint Software).

The beam specimens were divided into five groups, based on level of prestress — 0, 25, 50, 75 and
100% of total prestressing force. Each group consisted of two specimens, one specimen reinforced
with an FRP composite shell and the second without the FRP shell, as an associated control beam
specimen. The ‘P’ value (prestressing force percentage) for the first group specimens was zero,
which simulated a complete loss of prestressing force over the service life of the structural
member; whereas, the group P100 beams had ‘P’ force values equal to the maximum allowed value

of pre-tensioning force (Pmax) that can be applied to the prestressing strand (Table 6.1).

The first letter in the specimen nomenclature represents a prestressed concrete beam specimen (P);
the following number is the level of prestressing expressed as a percentage of total pretensioning
force and the last letter distinguishes presence (F) or absence (S) of the FRP composite shell, with
letter being the associated control beam specimen. For example, P25F is a prestressed concrete

beam, with 25% level of prestressing force, reinforced with the FRP composite shell.

6.5 Specimen Preparation

A 2-metre long, prestressed concrete beam, 132 x 200 mm in cross-section, reinforced with two

9.5 mm (3/8”) diameter seven-wire prestressing steel strands, four 10M (one in each corner) and
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with the top bars acting as hanger bars, with the FRP composite shell installed along with the form

work (Figure 6.1) were cast and tested.

Load

—e — | e

VW’;@W’"‘L@ ﬁﬁé@é@é@%@%@@f;%
‘ft“ L = 200
FRP shell (a) BI(; s 2- 10M
o r— 12-3/8" seven
(C) wire strands

l—7@110 M——3@ 200 M———7@110 6M——

(b)

Figure 6.1 Specimen geometry and reinforcement details of simple reinforced beam with FRP

shell (a) elevation (b) shear reinforcement detail (c) cross-section

The prestressing force was calculated based on the ultimate strength of the strand. The pre-
tensioning force for specimens P100 (100% level of prestressing) was 160 kN, which corresponded
to 74% of the ultimate strength of the strand (fou). For P75, P50, and P25 specimens, the
prestressing forces were 120, 80 and 40 kN, respectively (Table 6.3). For comparison purposes,
five associated control specimens (P0S, P25S, P50S, P75S and P100S) were also constructed

without the FRP composite shell.
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Beam in wooden forms ready for casting

Abutment at live end

Figure 6.2 Prestressing bed with pre-tensioning setup and beam construction arrangement

A prestressing bed was prepared for the pre-tensioning operation to accommodate two specimens
at a time. Two channel sections, placed back-to-back and connected with a steel plate, with a
central hole to allow the strands to pass in-between, were fixed at each end of the bed. The pre-
tensioning force corresponding to the different levels of prestressing was applied using a hydraulic
jack at the active end, and one load cell was installed on each strand at the dead end of the bed to
measure the pre-tensioning force. The required pre-tensioning force was monitored using three
different methods - load cells installed at the dead end of the prestressing bed, effective elongation
in the prestressing strand (measured at the live end of the prestressing bed) and bonded strain
gauges on the prestressing steel strand - before the concrete was poured into the wooden forms,
with the surface coated with oil to facilitate removal of the beams from the form. After every 10
kN increment of the pre-tensioning force, the readings from the three methods were monitored
simultaneously and the prestressing bed was monitored carefully to avoid any accident. The

prestressing bed and the pretensioning setup is shown in Figure 6.2.
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The beam specimens were instrumented to monitor the strain variation in the FRP composite shell
and the prestressing steel strand, at different loading stages, such as jacking of the prestressing
strand, releasing of the prestressing force after concrete hardening and during the testing of the
specimens. The strain variation in the prestressing steel strand was monitored using two 2 mm
long electrical resistance strain gauges (SG), with a gauge resistance of (120+ 0.3) Q and a gauge
factor of 2.11. One 20 mm long electrical resistance strain gauge (gauge factor = 2.12) was
installed on the FRP composite shell, before the concrete casting, to measure the strain during the

preparation procedure, as shown in Figure 6.2.

Table 6.2 summarizes the prestressing data at jacking and release stages. The jacking force was
the maximum load applied to the prestressing steel strands by the hydraulic jack during the pre-
tensioning operation. During the pre-tensioning operation, there was a slight loss in the
prestressing force because of locking and seating of chucks, and elastic shortening of the concrete.
After completion of the pre-tensioning operation, the concrete was cast. The concrete shrinkage,

along with other time dependent factors, also contributed to the losses in the pre-tensioning force.
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Table 6.2 Prestressing data of prestressed concrete beams

Prestressing force (KN)
Group | Specimen Level of - - -
PP prestressing | Designed | Jacking  [Effective
(Pa) (P5) (Pe)
POF
PO 0% 0 5 0
POS
P25F
P25 25% 40 43 39.8
P25S
P50F
P50 50% 80 83 80.2
P50S
P75F
P75 75% 120 124 119.5
P75S
P100F
P100 100% 160 164 158.6
P100S

6.6 Structural Testing of Specimens
6.6.1 Instrumentation and Test Setup

All beams were subjected to four point monotonically increasing transverse loads. The loading
setup was similar to the one used for testing of simple reinforced concrete beams; the loading setup
details are presented in Chapter 5. The load, midspan and load points deflections, strains in the
prestressed steel strands and the concrete compression fibers at midspan, strain variation in the
FRP composite shell at midspan, and the slip between the concrete and FRP composite shell
interface at both ends, were recorded during testing. Cracks were also monitored and marked

during the test. The loading setup and instrumentation are shown in Figure 6.3.
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Figure 6.3 Four point loading test setup with instrumentation

6.7 Results and Discussion

All ten specimens were loaded to failure using displacement control, which allowed observation
of the specimen behavior during all loading stages, from zero load until failure. All of the
prestressed concrete beams with FRP composite shell exhibited significantly higher flexural load-
carrying capacity before cracking, pre-yielding and at ultimate load, and a higher stiffness
compared with the associated control beams. Higher deformation in the form of midspan deflection
was observed in the control beams as compared with the beams with the FRP composite shell. The

details of the test results for each specimen are summarized in Table 6.3.
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Table 6.3 Data summary for the prestressed concrete beam tests

Loading

Prestressing %

Parameters
stages 25 50 75 100
POF POS | P25F | P25S | P5OF | P50S | P75F | P75S | P100F | P100S
Per (KN) 276 | 133 | 357 | 139 | 50.6 364 | 502 | 429 | 678 | 623
A (mm) 2.1 1.0 20 | 08 | 29 2.8 23 | 28 25 5.1
Si(ex 10 | 654 395 D D 727 647 | 456 | 476 D D
First | S2(ex10%) | 622 219 | 468 | D 702 776 | 531 | 592 | 401 870
crack | Cy (e x 10%) | -346 - 391 | - -529 - 377 | - -260 -
Fi(ex10%) | 740 - 486 - 964 - 577 - 471 -
Fo (e x 10°) | 518 - 281 - 760 - 410 - 389 -
Fs(ex10°) | 341 - 137 - 364 - 169 - 141 -
P, (kN) 935 | 769 | 1081 | 89.3 | 1147 | 99.9 | 1151 | 99.1 | 121.3 | 1027
A (mm) 7.7 9.3 99 | 122 | 99 125 | 91 | 103 | 98 145
Si(ex10% [2500 | 3348 | D 2506 3751 | 2007 | 1623 D D
vield | S2(ex10% | 2439 | 3403 | 2500 D 2501 | 2611 | 2500 | 2078
load Ci(e x 10°) |-1518 - -1608 - -1432 - -1287 - -1104 -
Fi(ex 10°) | 2968 - 3282 | - 2964 - 2418 | - 2456 -
Fo (e x 10) | 2016 - 2190 | - 2295 - 1842 | - 1788 -
Fs(cx 10°) | 1345 - 1233 | - 1233 - 1072 | - 917 -
Pu (kN) 1650 | 104.4 | 1850 | 118.1 | 183.1 | 120.8 | 1848 | 1257 | 192.3 | 134.1
A (mm) 199 | 356 | 319 | 201 | 240 | 216 | 258 | 371 | 205 | 375
Si(ex10% [5900 | 9886 | D D D 6847 | 2605 | 2454 D D
Ultimate | Sz (¢ x 10%) | 5783 | 8358 | 5714 | D D D 7813 | 5779 | 8601 D
load Ci(ex 10%) |-3743 - -3758 | - -2572 - 2851 | - -2814 -
Fi(ex10) | D - D - 6366 - 5550 | - 6511 -
Fo (e x 10°) | 5473 - 5348 | - 4831 - 4547 | - 4957 -
Fs (e x 10°) | 3430 - 3304 | - 2752 - 2556 | - 2948 -
Prait (KN) 109.9 | 1225 | 1352 | 962 | 1734 | 1198 | 1812 | 1296 | 163.1 | 96.9
A (mm) 210 | 365 | 351 | 367 | 203 | 415 | 253 | 374 | 320 | 375
Si(ex10% |4825 | 10801 | D D D D 2534 | 2188 D D
Failure | Sz (e x 10%) | 4390 D | 4431 | D D D 7699 | 5506 | 7614 D
load | ¢, (ex10%) |-2524 - | 2057 - -2511 - 2802 | - -2328 -
Fi(ex10% | D - D - 6292 - 5439 | - 6475 -
F(ex10% | D - 4282 | - 4751 - 4455 | - 4739 -
Fs (e x 10°) | 4256 - 2600 | - 2715 - 2500 | - 2627 -

D= Strain gauge debonded
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6.8 Load — Deflection Characteristics

Figures 6.8, 6.9 and 6.10 present the load-deflection responses of all the beam specimens by
distinguishing the various stages of flexural loading. The load-deflection responses for all beams
were non-linear, with a smooth transition before yielding to the ultimate load stages. The nearly
linear initial part of the load-deflection curves had a steep slope, which corresponds to the
uncracked stiffness. In the second part, the beam stiffness decreased as a result of flexural cracking
and higher strain values in the prestressing steel strands. Irrespective of the beam types and failure
modes, the load-deflection response of the beams can be divided into four stages: initial cracking,

pre-yielding and ultimate, and post-ultimate/failure stages.

6.8.1 Initial Cracking

All beams with an FRP shell exhibited almost similar behavior at initial cracking, with a significant
difference in the higher ultimate load values and lower deformability than the associated control
beams (without FRP shell). For the beams with FRP shell, the initial cracking was deduced from
their load-deflection curves and when cracks appeared outside the FRP shell in the pure bending
region. The cracking in all of the control beams appeared on the tension face at midspan and
loading points, followed by further cracking in the pure bending region. At higher load levels, the
previously formed cracks propagated, along with the appearance (formation) of new cracks
between the major cracks at approximately equal spacings regardless the location of the shear

reinforcement.

The initial cracking loads of all beams along with their comparisons with the associated control
beam from each group are summarized in Table 6.4. In general, the average initial cracking loads

increased by 108% to 410% with the level of prestressing from 0% to 100%, in the beam specimens
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with FRP shell as compared with their associated control beams (Table 6.4). However, this
enhancement in the initial cracking load was reduced from 108% to 9% within the same group

beams, when the level of prestress increased from 0% to 100%.

Table 6.4 Comparison of initial cracking loads for all specimens

Initial cracking loads (Pinitiar)
Groups Specimen
Pinitial (KN) Difference (%)
POS 13.3
Group PO 108%
POF 27.6
P25S 13.9
Group P25 156%
P25F 35.7
P50S 36.4
Group P50 39%
P50F 50.6
P75S 42.9
Group P75 17%
P75F 50.4
P100S 62.3
Group P100 8%
P100F 67.8

6.8.2 Pre-Yielding and Pre-Ultimate Load Characteristics

The initial linear part of the load-deflection curves in Figures 6.4, 6.5 and 6.6, with a steep slope,
corresponds to uncracked flexural stiffness for the midspan deflection for the loading condition
used for this beam. The flexural stiffness decreased as a result of increased flexural cracking with
an increase in the applied load. At ultimate load, the flexural cracks propagated both in length and

width gradually from the tension face towards the compression face of the beam; finally, the
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concrete crushed at the beam top, accompanied by large deflections in the beam (Appendix B).
The specimens with FRP shell showed higher post-cracking flexural stiffness, as indicated by the
low value of the steel strain, at the same load level, and as compared with the specimens without
the FRP shell, for the same level of prestress. A detailed comparison of the flexural stiffnesses is

presented in Section 6.8.5.

The yield loads were deduced from the strain value of 2500x10° in the prestressing steel strands,
which were found from the simple tension test on the prestressing steel strand. These yield load

values for all specimens and their percentage increase or decrease are summarized in Table 6.5.

Table 6.5 Comparison of yield loads for all beam specimens

Yield loads (Py)
Groups Specimen
Py(kN) Difference (%)
POS 76.6
Group PO 22%
POF 93.9
P25S 89.3
Group P25 21%
P25F 108.1
P50S 99.9
Group P50 15%
P50F 114.7
P75S 99.1
Group P75 16%
P75F 115.1
P100S 102.7
Group P100 18%
P100F 121.3
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In Group PO (0% prestress level), the Beam (POF) had an increase of 23% in the yield load, along

with a significant increase in the flexural stiffness (Figure 6.4(a)).
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Figure 6.4 Load-deflection characteristic of prestressed concrete beams (a) 0% level of prestress

(b) 25% level of prestress

The associated control Beam P25S from Group P25 (prestressed to 25%), initially cracked at the

tension face at midspan and at the loading points at a load of 13.6 kN. The prestressing steel strands

started yielding at load Py = 89.3 kN. After yield load, there was a small gradual increase in the

load, along with a significant increase in the deflection up to the ultimate load (Py = 118.1 kN).

The beam cracked extensively throughout its length, with a gradually upward shifting of the neutral

axis, to the level of the compression reinforcement, and the concrete started crushing. The Beam

P25F exhibited different behavior compared with the associated control Beam P25S, with a

significantly higher (21%) yield load and smaller (18%) midspan deflection (Figure 6.4(b)).
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In Group P50 (Figure 6.5(a)), the Beam P50F (50% prestress level) had 15% higher yield strength
than the associated control Beam P50S. In both beams P50S and P50F, flexural-shear cracks
appeared outside of the pure flexural region, in addition to the flexural cracks. However, in the
Beam P50F, these flexural-shear cracks propagated more than the primary flexural cracks, which

caused failure of the beam (Appendix B).
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Figure 6.5 Load-deflection characteristic of prestressed concrete beams (a) 50% level of

prestress (b) 75% level of prestress

The load-deflection characteristics of Group P75 (75% prestress level) specimens were similar to
those of the Group P50 specimens (Figure 6.5(b)). The yield strength was 16% higher than for the
Beam P75F, as compared with the associated control beam P75S. Beam P75S demonstrated a

gradual increase in strength at ultimate load (from an applied load of 99.1 kN to 125.7 kN), after
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yielding of the prestressing steel strands. This was accompanied by a significant increase (by a

factor of 2.6) in the midspan deflection.

The load-deflection characteristics of the beams for Group P100 (100% prestress level) are shown
in Figure 6.6. An 18% yield load enhancement was observed in the Beam B100F as compared

with the associated control Beam B100S.
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Figure 6.6 Load-deflection characteristic of prestressed concrete beams with 100% level of

prestress

Figure 6.7 (a) and (b) shows comparative enhancement in the yield (Py) and ultimate load (Py) the

beam specimens in all five groups, along with their associated control beam specimens.
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Figure 6.7 Comparative enhancement in the beam specimens with different level of prestress

along with their associated control beam (a) yield load (Py) (b) ultimate load (Pu)

6.8.3 Ultimate Load Behavior

There was a significant increase in the ultimate loads for beam specimens with FRP shell in all
groups, with a steeper slope of the load-deflection curve, from yield load to the ultimate load
(Figures 6.8 and 6.9). The ultimate loads for Beams POF, P25F, P50F, P75F and P100F were 58%,
57%, 52%, 47%, and 43%, respectively, higher than those of the associated control beams POS,
P25S, P50S, P75S and P100S (Table 6.6). This noticeable improvement in the ultimate load value
decreased from 58% to 43% when prestress of level increased from 0% to 100% (Table 6.6). This
percentage decease in the ultimate load can be observed from the load-deflection curves (Figure
6.8). In beams with 50% or higher prestress level, bond between the FRP shell and the concrete
interface depleted before the ultimate load was attained. These beams (P50F, P75F and P100F)

failed suddenly without any significant increase in the midspan deflection. The associated control
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beams demonstrated a gradual increase in strength after the yield load until the ultimate load,
accompanied by a significant increase in the midspan deflection (Figure 6.8). However, this
increase in the load from the yield load to the ultimate load was not significant in the associated

beams, as was observed in the beams with FRP shell (Figure 6.9).
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Figure 6.8 Load-deflection response of prestressed concrete specimens without FRP shell
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Figure 6.9 Load-deflection response of prestressed concrete specimens with FRP shell
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Table 6.6 Comparison of ultimate loads for all beam specimens

Ultimate loads (Pu)
Groups Specimen
Pu (kN) Difference (%)
POS 104.4
Group PO 58%
POF 165
P25S 118.1
Group P25 57%
P25F 185
P50S 120.8
Group P50 67%
P50F 183.8
P75S 125.7
Group P75 47%
P75F 184.8
P100S 134.1
Group P100 43%
P100F 192.3

6.8.4 Post-Ultimate Behavior

The post-ultimate load-deflection behavior of the beams can be distinguished by the differences in
residual resistance and deformability after reaching the ultimate load. The post-ultimate load-
deflection for each group varied, depending on the level of prestress and the effect of the FRP shell
(Figures 6.8, 6.9 and 6.10). All control specimens failed just after reaching the ultimate load.
Reduction in the load resistance from the ultimate load to the failure load in the beam specimens
with FRP shell was gradual to abrupt, depending on level of prestressing force; however, the load
decreased very gradually in all associated control beam specimens. The post-ultimate midspan

deflection was large in the beams (POF and P25F), which failed predominantly in flexure as

132



compared to the beams (P50F, P75F and P100F), which failed in combined flexure and shear. The
beams with FRP shell, except for the Beam P75F, had a sudden decrease in the load resistance
after the ultimate load. This sudden decrease in the load resistance was because of the flexure-
shear cracks which developed and penetrated into the concrete compression zone, at the load pints
and crushed the concrete, followed by debonding of the FRP shell (Appendix B). In Beam P75F,
the concrete in the compression zone initially started crushing and then the flexural-shear cracks
penetrated into the concrete compression zone, accompanied by a large deflection, which

prolonged the post-ultimate part of the load-deflection curve (Figure 6.10).
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Figure 6.10 Load-deflection response of all prestressed concrete specimens
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6.8.5 Stiffness Characteristics

Flexural stiffness (K) is the slope of midspan deflection for the loading pattern used, before the
first cracking load (K1), and from cracking to the yield load (K2). The increase in K1 were 9% in
Group PO, 17% in Group P25, 20% in the Group P50, 17 % in Group P75 and 20% in Group P100
specimens (Table 6.7). Among all five groups, the flexural stiffness enhancement due to the FRP
shell varied from 17% to 20% when the level of prestress increased from 25% to 100%. In beam
specimens with FRP shell, stiffness increased by 28%, with an increase in the level of prestressing

force from 0 to 100%.
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Figure 6.11 Effect of prestressing level on flexural stiffness of prestressing concrete beams with
FRP shell

The specimens with FRP shell showed higher post-cracking stiffness (K2), as compared with the

associated control beam specimens, when subjected to the same level of prestress. Table 6.7
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compares the pre-yielding flexural stiffnesses (K2) for the all beams within the same group as well

as with all other groups.

Table 6.7 Comparison of uncracked flexural stiffnesses (K) of the all beam specimens

Flexural stiffnesses (KN/mm)
Groups Specimen Uncracked | Difference Cracked Difference

(K1) (%) (K2) (%)
POS 14.1 7.5

Group PO 9% 5%
POF 15.3 7.9
P25S 16.3 6.1

Group P25 17% 50%
P25F 19.1 9.2
P50S 16.2 6.5

Group P50 20% 31%
P50F 19.5 8.5
P75S 16.8 7.3

Group P75 17% 3%
P75F 19.6 7.5
P100S 16.3 7.4

Group P100 20% 10%
P100F 19.6 8.1

6.8.6 Ductility and Energy Absorption Characteristics

The displacement ductility ratio (p) is defined as the ratio of the ultimate deflection (Ay) to the
deflection at yield load (Ay), when the beam is subjected the loading pattern used. The beam
specimens with FRP shell behaved in a brittle manner as compared to the associated control beams
in all groups. The difference in the p values was -17% in Group PO, -19% in Group P25, -21% in
Group P50, -12% in Group 75, and -37% in Group P100 beams, which reflects the ductile behavior

of the associated control beams. These results showed that the beam specimens with FRP shell
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were less ductile than the associated control beams when the prestressing level varied from 0% to

100%. The averages values and percentage comparison of the displacement ductility ratios (p) of

beams are summarized in the Table 6.8.

Table 6.8 Comparison of displacement ductility ratio («) of the all beams

Ductility ratio, p

Groups Specimen Corres_ponds Difference Corresp_onds Difference
to ultimate (%) to ultimate %)
deflection load

P0OS 9.3 3.8
Group PO -17% -32%
POF 7.7 2.6
P25S 12.2 3.4
S;g“p -19% 6%
P25F 9.9 3.2
P50S 12.5 2.9
Sgg“p 21% 17%
P50F 9.9 2.4
P75S 10.3 2.6
S;g“p -12% 8%
P75F 9.1 2.8
P100S 15.5 2.3
S{ggp -37% 30%
P100F 9.8 3

It is also important to analyze displacement ductility at the ultimate load to the yield load in the

strength based design method because it not only results in warning before ultimate failure but also

indicates energy dissipation, and the level of damage at the ultimate load. Table 6.8 summarizes

the values and percentage comparison of displacement ductility corresponding to the ultimate load.



The energy absorption capacity (E) is defined as the area under the load-deflection curve. No clear
trend existed, as the level of prestress increased from 0% to 100%. In Group PO, the Beam POF
absorbed 34% lower energy as compared with the associated control beam (P0OS). However, there
was a notable difference (46% higher) in the energy absorption for the Beam P25F than the
associated control beam (P25S). The Group P50 beams absorbed almost the same amount of
energy. The energy absorption capacity was 18% lower for Beam P75F as compared with the
corresponding control Beam P75S. The Beam P100F absorbed 42% higher energy as compared
with the associated control beam P100S. The average values and percentage comparison of energy
absorption (E) of all beams are summarized in the Table 6.9.

Table 6.9 Comparison of energy absorption capacity (E) of the all beams

Energy absorption capacity (E)
Groups Specimen
E (KN.mm) Difference (%)
POS 3312
Group PO -34%
POF 2194
P25S 3125
Group P25 -46%
P25F 4569
P50S 4200
Group P50 -T%
P50F 3913
P75S 3945
Group P75 -18%
P75F 3239
P100S 3175
Group P100 42%
P100F 4514
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6.8.7 Effect of Prestressing

The level of prestress had a significant effect on the initial cracking strength of all of the beams
(Figure 6.12). As the prestressing level increased from 0% to 100%, the initial cracking strength
improved by 59% for the beam specimens (with FRP shell) and 79% for the control beam
specimens because of the contribution of the FRP shell to the strength and confinement of the

system which delayed initial cracking.
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Figure 6.12 Effect of prestressing level on yield and ultimate strengths

As the prestressing level increased from 0% to 100%, there was a significant increase (23%) in the
yield strength for the specimens in all groups. This increase in yield strength was quite consistent
from one group to another. Again, the FRP shell enhanced the yield strength of the beams.
Similarly, there was an increase in the ultimate strength from 58% to 43% when the level of

prestress varied from 0% to 100%.
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The results showed that when the level of prestress increased from 0% to 100%, the difference in
the midspan deflection among the beams as compared with associated control beams decreased
from 44% to 21% at ultimate load. In the beams with FRP shell, the midspan deflection decreased
by 25% at ultimate load, when the prestressing level was increased from 25% to 50%; however,
the midspan deflection increased by 14% when the level of prestress was increased from 75% to

100% and the ultimate load value increased by 4%.

6.8.8 Strain Characteristics

Strains in the prestressing steel strand, concrete and FRP shell were recorded during the tests at
different beam locations; the measured strain values of the beam specimens are presented in Figure

6.13.
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Figure 6.13 Strain variation in the FRP shell, concrete and prestressing steel strands (a) Beam
POF (b) Beam P25F (c) Beam P50F (d) BeamP75F (e) Beam P100F

6.8.9 Slip between FRP Shell and Concrete Interface

The slip between the FRP shell and the concrete interface was recorded using of LVDTs (TS1 and
TS2) at both ends. The results showed that there was no slip until the prestressed concrete beams
(with FRP shell) failed and the FRP shell debonded. This implies that a perfect bond existed

between the FRP shell and the cast-in-place prestressed concrete.

6.8.10 Modes of Failure

The control beams in each group were designed to fail in flexure as the prestressing steel strands
reach and/or exceed their yield strength, followed by the crushing of concrete, associated with
large deflections. However, with the addition of the FRP shell, the beam specimens failed in a

different manner as compared with their associated control specimens. The modes of failure varied
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depending on the level of prestress (from 0% to 100%) and the effect of the FRP shell (Appendix

B).

Flexural-shear cracks appeared outside the pure bending region in the beams specimens with FRP
shell, after yielding of the prestressing strands. These cracks propagated both in length and width
more than the flexural cracks. The concrete crushed in the compression zone at the ultimate load.
The beam specimens failed finally due to the flexural-shear cracks penetrating into the concrete
compression zone and crushing of the concrete. There was debonding of the FRP shell from the
widely opened cracks at an approximately 45 degree angle, starting from the load point and
penetrating towards the support. The general modes and sequence of failure are presented in Figure

6.14.
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Figure 6.14 Typical cracking and failure modes of beams (a)low to medium prestress level
(Groups PO, P25 and P50)(b) high presress level (Groups P75 and P100)

6.9 Summary

The flexural behavior of prestressed concrete beams with cast-in-place FRP shell is studied in this

chapter. Flexural tests were performed to examine the contribution of the bonded FRP shell in the
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strength, stiffness, ductility and energy absorption capacity of the prestressed concrete beam

specimens along with the effect of five levels of prestressing (— 0, 25, 50, 75, 100%).

The initial cracking, yield and ultimate strengths in the beam specimens with FRP shell were
significantly higher than those associated with the control beam specimens (without the FRP shell).
The prestressed beams with FRP shell demonstrated a significant enhancement in both the strength
and stiffness as well as higher ductility and energy absorption capacities, as compared with the

associated control beams.

The beam specimens with FRP shell failed in a different manner as compared with their associated
control beams, the modes of failure varied depending on the level of prestressing and the effect of

the FRP shell.
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CHAPTER 7 DURABILITY OF PRESTRESSED CONCRETE GIRDERS
REINFORCED WITH FRP SHELL

7.1 Introduction

Durability of FRP composites and concrete is well documented individually; however, data on
durability of composite FRP-structural concrete are lacking, and the system needs to be evaluated
for its long-term behavior. The FRP-concrete interface is the critical component to ensure the
effectiveness of FRP composites in structural applications as this interface can be exposed to
aggressive environments. The durability of FRP-reinforced concrete composites is influenced by
several factors, such as the quality and durability of concrete, the quality and durability of the FRP
and the resin; all other factors are summarized in Chapter 1. To act as a barrier against penetration
of injurious elements, such as ingress of moisture or chlorides, the durability of the FRP shell and

that of the entire system needs to be examined in detail (fib 2001).

This chapter presents a preliminary attempt made to determine the durability of the proposed FRP
shell and that of the FRP-concrete system. The main objective of this study was to investigate the
effectiveness of the FRP shell against ingress of moisture and chlorides into concrete with
externally bonded FRP shell-concrete specimens. The experimental results of water absorption
tests, chloride penetration tests and scanning electronic microscope (SEM) tests are presented.
Based on the available information in the literature, an attempt is made to predict the profile of
chlorides for a bridge girder subjected to an aggressive environment, considering the effectiveness
of the FRP shell and its performance over the design service life; this would also help with

projection of the service life of the girder.
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7.2 Durability of FRP Shell against Water
7.2.1 Moisture Diffusion

Moisture absorption in polymeric materials can be described as the process of diffusion, involving
small molecules of water migrating though the concentration gradient. Fick’s Second Law of
diffusion can be used, assuming unidirectional diffusion normal to the plane of the FRP shell and
assuming the diffusing species to be independent of the concentration gradient (Crank 1975).
Assuming the diffusion coefficient and the boundary conditions to remain constant, Fick’s Second
Law of diffusion requires:

ac da%c
3t~ Doz 70

where C is water concentration, and D is diffusivity at time ‘t’ at distance ‘x’ from the face.

When the polymers are exposed to moisture, the mass gain can be obtained by solving Equation

7.1, using the relevant constant boundary conditions (Crank, 1975), as:

M, o 8 —Dj,,(2n + 1)212t

e |, 72

M., @17 [ 412 (7.2)
n=

where Mt = mass gain (%) at time “t’ (s),
M. = mass gain at steady state (%),
2= FRP shell thickness (mm), and

Drrp = diffusion coefficient (m?/s).

If % < 0.05, Equation 7.2 can be simplified as:
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(7.3)

For short time exposure, the coefficient of diffusion can be calculated using Equation (7.4) by

plotting the mass gain as a function of time according to Fick’s theory of diffusion (Karbhari 2007).

b ( M, )2 A -
=(—) x|— :
= \M,,,. 4t 74

7.2.2 Water Absorption Tests

Accelerated water absorption tests were conducted to determine the moisture absorption rate
through the FRP shell, and indirectly the penetration rate of chloride Cl-and hydroxide OH" ions
into the FRP shell. Tap water was used in immersion test, because Kouadio (2001) found that the

moisture absorption was higher with tap water than with salt water.
The samples were immersed in water at the following three temperatures:

e 6°C (annual average temperature in Montreal ~ 5.9°C)

e 25°C (room temperature 23+2°C)

e 70°C (a selected higher temperature)
7.2.3 Preparation of Test Samples
Five specimens, 75 mm long and 25 mm wide, were cut from the FRP laminate, and their edges
were smoothened using sand paper. The same epoxy resin, as used in the preparation of the FRP
shell, was applied to the edges of the FRP samples to eliminate the edge effect on absorption of
water. Another set of polymeric matrix samples, of the same size (75 x 25 mm), was prepared from

the cured resin (Figure 7.1).

146



The initial conditioning was performed according to the ASTM Standard D 570 (ASTM, 2010).
The samples were placed in an oven at 50°C for 24 hours. The samples were then enclosed in a
climatic chamber at a temperature of 35°C and 90% humidity for a period of 96 hours £ 2 hours.
Immediately after conditioning; the test samples were then placed in a sealed polythene bag to
stabilize them before immersion. The initial dry mass of each sample was recorded using an
electronic scale with an accuracy of 0.001g. The samples were then placed in sealed plastic

containers maintained at one of the three temperatures mentioned earlier (6°C, 25°C and 70°C).

(a) (b)

Figure 7.1 Samples for water absorption test (a) epoxy-based resin (matrix) (b) FRP shell

The first step involved obtaining the moisture uptake readings. The samples were removed from
their respective containers, and the surface was dried using a dry towel and then using a hot air
blower. After the drying process, the specimens were weighed using the electronic scale. The
drying and weighing procedure was conducted within a short period of time to prevent the
specimens from being affected by the surrounding environment. After weighing, the samples were
placed back in their respective exposure environments, and the procedure was repeated for every
reading at time intervals of 24 hours for a period of 100 days.The moisture absorption of the FRP

shell and resin samples was determined until a steady state was attained (ASTM 2010). The
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percentage mass increase of the sample at any time of immersion (Ww) was calculated using

Equation 7.5 as:

Wy — W
W,% = ———2 % 100 (7.5)
Wa

where Wt and Wy are the masses of the sample after immersion time ‘t’ and in the conditioned

state, respectively.

The percentage moisture uptake was calculated and the mass gain was corrected to take into
account of the possible mass loss of the specimens because of various dissolution or leaching
phenomena after depolymerisation, during the immersion procedure as compared with their initial

masses, using equation 7.6.

w, - W
Wioss) % = % x 100 (7.6)
d

where Woss = mass loss (%)
W1 = mass of initial conditioned specimen

Wg2 = mass of the reconditioned sample after immersion.

7.2.4 Water Immersion Test Results and Discussion

Water immersion resulted in mass gain over time at all three temperatures; Table 7.1 summarizes
the results of mass gain and diffusion coefficients for both FRP shell and resin samples. The
moisture mass gain of the FRP shell samples, at steady state saturation, were lower than the resin
samples because the fibers did not absorb any moisture. The moisture mass gains were 0.27%,

0.36% and 0.52% after immersion in water at 6°C, 25°C and 70°C temperatures for 100 days,
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respectively. The results are the average values obtained from five samples each of FRP and resin

immersed in water.

Using equation 7.4 and the absorption test data, the coefficient of diffusion for both FRP shell and

resin were determined; the results are summarized in Table 7.1.

Table 7.1 Mass gain and diffusion coefficients of FRP shell and resin at different temperatures

Mass gain (%)

Diffusion coefficient, D (mm?/s)

Temperature
Resin FRP shell Resin FRP shell
6°C 0.19 0.23 1.35x 10°® 1.19 x 10°®
25°C 0.36 0.33 2.26 x 10°® 1.51x 10
70°C 2.30 0.53 5.99 x 10 3.38 x 10°F

Figure 7.2 presents the moisture uptake characteristics of the FRP shell samples at different

temperatures; these are the average values obtained from five specimens of both FRP shell and

matrix immersed in water as a function of time up to a steady state.
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Figure 7.2 Moisture uptake curves for FRP shell samples at different temperatures

After 100 days of exposure at 6°C and 25°C, the absorption curves showed continued mass gain
up to the saturation states, although at a gradually slowing rate. Both curves showed similar trends;
however, the moisture absorption rate was higher at 25°C than at 6°C, as can be observed from the

initial part of the curve.

The moisture absorption behavior of the FRP shell at 70°C was quite different from that at the
other two temperatures (Figure 7.2). The moisture absorption rate was highest at 70 C, involving
a steady increase until it reached the maximum value; after that the absorption rate decreased
rapidly, indicating that the FRP shell samples had aged in water at 70°C after about 100 days of
exposure, because of depolymerisation and leaching out of the polymeric matrix. This ageing

phenomenon in this exposure condition was quite visible from the micrographs of the samples
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from the Scanning Electron Microscope (SEM) (see Figure 7.10). Although there was no

significant mass loss observed in the samples exposed to moisture at 6°C and 25°C temperatures.

The moisture uptake at the steady state equilibrium for the resin samples at 70°C increased the
most but the mass loss was also the largest because of degradation and de-polymerization of the

epoxy resin (Figure 7.3).
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Figure 7.3 Moisture uptake curves of epoxy-based resin (matrix) samples at 6°C, 25° and 70°C

temperatures

7.3 Permeability of Concrete Reinforced with FRP Shell for Chlorides Ingress

7.3.1 Transportation of Aggressive Elements and Mechanisms

Transport of chlorides in concrete is dependent on the continuity of the pore network, porosity of
the aggregates and the hydrated cement paste (hcp), the interfacial transition zone (ITZ) between

them and any existing micro-cracks at the hcp-aggregate interface. Depending on the driving force,
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normally governed by the environmental conditions, such as humidity and temperature levels, and
the internal concrete moisture content, capillary absorption of a salt-containing liquid or diffusion
of free chlorides may prevail or act simultaneously in some combination. Mixed modes of chloride
transport into the concrete are common in practice, such as capillary absorption, hydrostatic

pressure, and diffusion. (Rosenberg 1989).

Permeation is “flow” of liquids or gases caused by a pressure head; the ingress and transport of
chlorides occurs by convective flow of chloride ions and is dependent on the concrete pore
structure and viscosity of the salt solution. Therefore, long-term durability of concrete structures
exposed to chloride carrying liquids is strongly dependent on the permeation characteristics of the
concrete cover zone. However, this mechanism is relevant only in rare cases, such as marine
structures under a high hydrostatic pressure, or for seepage of solution through retaining structures

(RILEM 1995).

Capillary absorption can be defined as the transport of chloride-containing liquids in concrete
due to the surface tension acting in the capillaries, and is predominant in porous media. It is
basically a convective phenomenon and is influenced by the viscosity and density of the fluid, the
pore structure of the medium (radius, tortuosity and continuity of capillaries), and the surface

tension and the surface energy within the capillaries.

Transportation by diffusion is governed by the concentration gradient across the member. While
diffusion does not depend on the flow of a fluid, it requires an adequate level of moisture to create
a continuous path for the chlorides to migrate into the concrete. In dry concrete, these “liquid
paths” become discontinuous, resulting in considerable lowering or arresting of diffusion. The

highest rates of diffusion occur in saturated concretes, and the lower moisture limit allowing
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diffusion to occur is at a relative humidity (RH) of 60-80%. This range also coincides with the
upper RH limit allowing free diffusion of gases, such as oxygen and carbon dioxide. In addition,
the hygroscopic nature of salts reduces the rate of evaporation of water in the concrete, resulting
in increased moisture content in salt-contaminated concretes. Since only the chlorides freely
dissolving in the pore solution can be involved in the corrosion process, temperature can play a

large role in corrosion, especially in warm and humid climates.

These three mechanisms can transport chlorides into the concrete to the rebar level; however,

diffusion is the most common mechanism.

Diffusion of chlorides into the concrete has been used by several investigators to assess the service
life of a concrete structure at risk of deterioration due to corrosion of the embedded reinforcing
steel. Transport of chemicals into porous media is considered to be predominantly a diffusion
process and Fick’s laws, which consider the driving force for diffusion through a thin film is a
concentration gradient. An appropriate modification can be used to idealize migration of chlorides

through FRP-reinforced concrete composites.

There are several standard tests available in the literature to measure chloride penetration into the
concrete, such as electrical indication of concrete’s ability to resist chloride ion penetration (ASTM
C 1202), rapid chloride permeability test (AASHTO T277), and resistance of concrete to chloride

penetration, also referred as salt ponding test (AASHTO T259).

Comprehensive literature is available on the subject of moisture diffusion into both the FRP
materials and the concrete separately; however, the knowledge of diffusion of chloride ion laden
moisture into the concrete with an externally bonded FRP shell is very limited (Lin et al. 2006).

Moisture can be transported into the FRP composite due to either capillary action along the
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longitudinal axis of the fibres, or at the resin-fibre interface, or transfer through cracks and voids
in the structure, or diffusion through the polymeric matrix, or a combination of all of the above
modes (Karbhari 2007). The transport mechanism through the concrete with the FRP shell is
dominated by the diffusion process because in the long-term, it is generally controlled by transport
through the gel pores, and moisture diffusion, which is driven by a concentration gradient

(Karbhari 2007).

The objective of the diffusion tests in this research program was to investigate the effectiveness of
the FRP shell against chloride solution ingress into the concrete specimens. An experimental
method, for the rapid chloride solution penetration into the FRP bonded concrete specimen, was

developed. The results from these tests are evaluated in the following section.

7.3.2 Measuring Chloride Penetration

To accelerate the penetration of chloride ions into the concrete with an FRP shell, an exterior face
of the sample, with the FRP shell, was exposed to 3.5% sodium chloride solution under pressure,
using a specially designed diffusion cell. The chlorides were transported into the sample due to
convection and diffusion processes, and the tests were aimed at determining the chloride

penetration rate, chloride concentration profile and the diffusion coefficient of the samples.

7.3.2.1 Diffusion Cell

A pressure based diffusion cell was developed in this study as shown in Figure 7.4. This test setup
is a modified form of the existing systems described in the literature (ASTM-2002 2005; Trefry
2001; Khoe et al. (2009). The diffusion cell consisted of two, 25 mm thick, rectangular (250 mm
x 100 mm) aluminum plates, and a 150 mm square and 15 mm thick plexiglass plate. The central

part of the plexiglass plate was machined to create a diffusion chamber and a 5 mm deep groove
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for a rubber O-ring to provide an airtight seal, along with a threaded inlet hole at the centre of the

plate. The diffusion chamber was 100 mm in diameter and 15 mm in depth, as shown in Figure

74.
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Figure 7.4 Schematic diagram of the diffusion cell

The test sample was positioned between the two aluminum plates and the top plexiglass plate in

such a way that the black rubber O-ring would be at the center of the sample, as shown in Figure

7.5. The two parts of the diffusion cell were assembled using four durable stainless steel bolts with

nuts and washers. All connections were made leak-proof using Teflon tape.
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Figure 7.5 Diffusion cell setup

7.3.2.2 Specimen Preparation

The specimens were cast in 150 mm long FRP shell and were moist cured for two weeks, followed
by four weeks of drying at room temperature. The samples were then sealed with an epoxy resin,
around the two exposed concrete faces, to avoid evaporation or any other atmospheric effects.
After sealing the faces, the specimens were conditioned, followed by the procedure described in
the Standards for chlorides resistivity of the concrete (ASTM C 1202 and AASHTO T277). The
specimens were placed in the environmental control oven at a temperature of 50°C and relative
humidity of 80% for 72 hours and then placed in an oven at a temperature of 50°C. After
conditioning, the samples were placed in plastic zip bags for spatial equilibration of the moisture

distribution within the samples until they were installed in the diffusion cells.
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7.3.2.3 Measuring Chloride Diffusion

The test samples were exposed to 3.5% NaCl solution at room temperature (23°C) for more than
100 days. Based on the exposure conditions, the samples were divided into two groups — P-
specimens and H-specimens. In P-specimens, chloride solution was injected under a constant
pressure of 550 kPa (Figure 7.6), to accelerate the chloride transportation process. The H-
specimens were exposed to a one metre height of chloride solution column. This pressure was
maintained constant until the test samples were removed from the diffusion cell and analysed for

chloride ion diffusion rate and concentration.
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Figure 7.6 Rapid chloride penetration test setup

The chloride penetration depths and concentration levels were measured and analyzed using the

following three techniques:

(@) Inflow Measurement

The amount of chloride solution penetrating into the samples was recorded from the difference in
the levels of the solution in the inflow pipes, assuming that no leakage or evaporation occurs. A
few drops of oil were added, on top of the chloride solution in the inflow pipes, to avoid
evaporation of the solution. Periodic readings of the solution level drop were taken from the paper

scales attached to the inflow pipes.

158



The reading remained constant for the exposure period, which indicated that the FRP shell did not
allow any chloride to travel into the concrete. Although there was a very small lowering of the oil
meniscus during the initial 24 hours of the test. This initial drop in the level could be due to the
trapped air in the chamber and its fittings. However, the readings remained constant for the rest of

the exposure period.

(b) Colorimetric Technique

After each specified exposure duration, the specimens were removed from the diffusion cells and
immediately cut into half with a diamond saw. The cut surfaces were machined to remove any
chloride movement or contamination because of the cutting process (Figure 7.7). The chloride
penetration depth was determined using a colorimetric technique in which a 0.1 N silver nitrate
solution was used as a colorimetric indicator (Tang and Nilsson 1991). When the silver nitrate
solution was sprayed on the concrete cut surface, the chlorides in the concrete reacted with the
silver and produced silver chloride, a whitish substance. At the concrete surface with no chlorides,
the silver in the silver nitrate solution reacted with the hydroxides present in the concrete and a

dark brownish color appeared.
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Figure 7.7 Sample prepared and tested for colorimetric test

When a silver nitrate solution was sprayed on the concrete exposed surface of the samples with
FRP composite shell, the colour changed to dark brown (Figure 7.7), which indicated absence of
any chlorides. Whereas, the samples without FRP composite shell, a portion of concrete penetrated
by chlorides turned into whitish color, which indicated the thickness of the concrete affected by
chlorides. In both exposure conditions, the FRP shell acted as an impervious barrier against the

penetration of chlorides.

(c) Profile Drilling Technique

The samples were removed from the diffusion cells after the required exposure period of 100 days.
A 12.5 mm diameter diamond tip drill bit was used to collect the drill dust or powder from layers
at every 3 mm depth from the surface. The dust from every layer depth was collected and preserved
separately for further chemical analysis. To verify the drilled depth recorded from the drilling
machine after completion of the drilling process, the drilled hole depth was measured with a digital

caliper.

The ASTM Standard method of titration (ASTM C 114) was used for chemical analysis of the

collected dust samples to determine the chloride concentration. All chemical analyses results
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showed absence of chlorides in the collected dust samples, which proved that the FRP shell did

not allow any penetration of chlorides into the concrete.

7.4 Scanning Electron Microscopy
7.4.1 Environmental Scanning Electron Microscope (ESEM)

The ESEM Quanta 200 FEG has a Schottky field-emission source gun and three modes of imaging
and analysis - high vacuum for characterization of conductive, low vacuum (<200 Pa) for non-
conductive, and environmental (ESEM) mode (<4000 Pa) for wet organic or inorganic materials.

High vacuum operation mode was used in this study.

The ESEM has several advantages over the SEM, such as the specimens do not need to be coated
with a conductive film because the gas ionization in the sample chamber eliminates the charging
effects, which can be seen typically with nonconductive samples. It can capture image of wet, dirty
and oily samples. It can acquire electron images from samples as hot as 1000°C, because the

Gaseous Secondary Electron Detector (GSED) is insensitive to heat.

Figure 7.8 shows the laboratory configuration of the ESEM equipment available in the
Biomaterials and Cartilage Laboratory (BCL) in the Department of Chemical Engineering at Ecole

Polytechnique, Montreal.
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Figure 7.8 Environmental scanning electron microscope — model Quanta 200 FEG

7.4.2 Objectives of ESEM Tests

The objectives of the ESEM were as follow:
e To examine the arrangement of fibers and plies in a cross-section of the FRP composite
shell.
e To examine the manufacturing defects, such as micro-cracks and pores.

e To observe the micro-structure of the FRP composite shell before and after exposure to

chloride solution at a high pressure.

e To examine the degradation of the FRP composite shell and resin as a result of moisture
absorption at different temperatures.
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7.4.3 Sample Preparation

The first set of the samples was taken from the unexposed specimens and the specimens exposed
to moisture absorption at three temperatures (6°C, 25°C and 70°C); details of the exposure
conditions are presented in Sections 7.2 and 7.3. These samples were cut into pieces of 50 mm by
25 mm to fit into the ESEM chamber, and the samples were coated with a thin layer of gold-
palladium by a vapor-deposit process to eliminate the charging effects of the non-conductive

materials used in the ESEM environment.

The second set of samples was taken from the unconditioned (control) specimens and from the
specimens which were previously exposed to the chloride solution at a pressure of 550 kPa (80
psi) and one metre high column of chloride solution for more than 100 days. The details of the
exposure conditions are presented in Sections 7.2 and 7.3. Three samples of 25 mm square in size
and 15 mm in thickness were cut, perpendicular to the fiber axis, using a diamond blade saw, from
the exposed part of the each specimen. These cut samples were then smoothened using different
grit size sandpapers, and were also coated later with a thin film of gold-palladium by a vapor-

deposit process to eliminate the charging effects.

7.4.4 Microscopic Imaging

After surface coating, the microstructural observations were performed using the ESEM - Quanta
200 FEG. These observations were conducted to examine the fiber arrangements, and any potential

degradation of the fibers, matrix, or interfaces due to moisture and chloride exposure.

The ESEM was set to 10 kV voltages and 380 pA emission current. The brightness and contrast
for each image was adjusted manually, before acquiring images. Figure 7.9 shows the scanned
results for the physical arrangement of the fibres in the FRP shell sample. The composite lay-up
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of the plies, and voids, or any other manufacturing flaws were identified using a relatively low
magnification in the ESEM, so that they could be clearly noted. The ESEM micrographs of the

fibers appeared brighter than the matrix in the sample.

Region B

Fibers along the length

Figure 7.9 ESEM micrograph of physical arrangement of fibers in the FRP shell sample

The weakest links in the FRP shell are the interfacial bond between the fibers and the matrix, and
between the laminates, which can deteriorate before the fibers and/or the matrix. The ESEM
micrographs of the samples from the side surfaces can reveal flaws, or defects between the fibers
and matrix, as well as voids or discontinuities among the consecutive plies of the lamina (Figure

7.10). A large void was detected between two plies, as shown in Figure 7.10.
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Figure 7.10 ESEM micrograph of microstructure of FRP shell bonded with concrete surface

7.4.5 ESEM Results and Discussion
7.4.5.1 Effect of Moisture

The microstructural observations showed no damage after 100 days of immersion in water at 6°C
and 25°C temperatures; however, some micro-cracking and leaching of polymeric matrix due to
moisture absorption was observed at 70°C. Figure 7.11 presents micrographs of the reference
specimen and specimens immersed in water for more than 100 days at 6°C, 25°C and 70°C

temperatures.
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(k)
Fibers after ageing of polymeric matrix

Surface finishing layer of the resin is still
intact

{c) (ch

Figure 7.11 ESEM micrograph of ageing of FRP shell due to moisture absorption at different
temperatures (a) reference sample (b) at 6 °C (c) at 25 °C (d) at 70 °C

Similarly, the matrix (epoxy-based resin) microstructure observations demonstrated that the water

absorption did not influence their microstructural properties at 6°C and 25°C temperatures;

166



however, the matrix samples immersed in water at 70°C, suffered from serious degradation due to

depolymerization, as clearly spotted at high magnification micrograph in Figure 7.12.

Figure 7.12 ESEM micrograph of ageing of polymeric matrix due to moisture absorption at 70°C
7.4.5.2 Effect of Chloride Penetration

The ESEM micrograph showed that proper surface finishing is very important to prevent chloride
penetration. The chloride deposits were spotted at the surface and in the cavities because of poor
surface finish and microscopic pockets. The depth of chlorides in these cavities in the P-specimens
were approximately 20 pm (Figure 7.13). However, no physical damage was detected after more
than 100 days of exposure period. Figure 7.13 shows micrographs of H-specimens; there were no
chlorides or physical damage observed. From these test results, it can be concluded that the FRP

shell performed well as an impervious barrier against the penetration of chlorides and moisture.
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Figure 7.13 ESEM micrograph of rapid chloride penetration in P-specimen (a) top view (b)

cross-sectional view
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Figure 7.14 ESEM micrograph of rapid chloride penetration in H-specimen (a) top view (b)

cross-sectional view

168



7.5 Projected Long-Term Behavior of Prestressed Concrete Girders with FRP shell
on the Bottom Flange

7.5.1 Basics of Deterioration in Prestressed Concrete

The system of three materials - FRP composites, concrete and prestressing steel, when combined
in a structural member, performs together differently as compared with the performance of the
individual materials, under different types of loading and environmental conditions over a certain
time period. These materials have their individual durability problems and the associated
deterioration mechanisms, which can range from superficial surface problems to disintegration of
the FRPs, concrete and prestressing steel within the member, the latter resulting principally from
moisture (wetting and drying), freezing and thawing cycle, corrosion of reinforcing steel, alkali-
aggregate reactivity, sulphate attack and other physical, chemical, mechanical and biological
causes (Mirza 2005). To identify the main mechanisms of deterioration, it is important to evaluate
its driving mode, such as the relationship of chloride ingress to chloride induced corrosion. The
principal mechanisms which must be considered during the design for durability of prestressed
concrete bridge girders are corrosion of reinforcing and prestressing steel and freezing and thawing

cycles.

This section provides a brief summary of design of bridge girders for durability, when subjected
to an aggressive environment, considering the effectiveness of the FRP shell and its performance

over the design service life.

7.5.1.1 Corrosion of Reinforcing and Prestressing Steel

Corrosion deterioration and the associated cracking cause an increase in the stresses in bridge
members and a decrease in the bridge strength and stiffness, resulting in larger deflections and

significant changes in the bridge dynamic response. Durability against corrosion can be controlled
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by ambient temperature, relative humidity, chloride content, degree of exposure to CO2, concrete
mix design, type of cement, and degree of exposure to severe and aggressive micro-climates,
among other factors (Sarja and Visakari 1996; Richardson 2002; Ji 2003; Amleh and Mirza 2004;

Mirza et. al 2005).

Cyclic loadings applied on a bridge structure located in a corrosive environment can result in
corrosion fatigue problems. Fatigue causes cracking and the rate of fatigue cracking increases in
the presence of a corrosive environment. Different types of corrosion (surface pitting and crevice
corrosion) can reduce the fatigue resistance of some structural members. Other detrimental effects
include the loss of local member stability and damage to bridge bearings, leading to their locking

(Mirza 2006).

Chlorides present in de-icing salts can penetrate into the reinforced concrete elements. The time
required for the critical chloride level to reach and depassivate the protective layer around the
reinforcing and prestressing steel elements is normally defined as the corrosion incubation and
initiation period (to). After the initiation period, the rate of corrosion accelerates. A modified
version of Tuutti’s two-stage model of service life from a structural concrete element exposed to
chlorides, can be used to model the initiation and propagation periods for the time of construction
and initiation of operations to the onset of corrosion to failure of a reinforced concrete element

(Figure 7.15).

170



Progression of
Cossrosion
AN

Maximum allowable
level of corrosion

Rate of
corrosion

Threshold is

attained \

to ‘ t1 Time

Initiation phase I Propagation phase
Figure 7.15 corrosion of reinforcement stages (Sarja and Vesikari 1996)

Carbon dioxide (CO>) from the air penetrates into the concrete and decreases the alkalinity of the
pore solution of the concrete microstructure which results in formation of a carbonation front that
progressively penetrates into the reinforced concrete element. After reaching the steel
reinforcement level, this carbonation front reacts and dissolves the passive protective layer of
oxides of iron around the surface of the steel reinforcement, which leads to initiation of corrosion

in the presence of moisture and oxygen.

The phenomenon of corrosion of prestressing steel strands in prestressed concrete is significantly
different from that of the reinforcing steel. The prestressing strands are normally made of smaller
size individual wires. Any reductions in the wire cross-section due to corrosion can lead to brittle
wire fracture, which can cause a brittle failure without any warning, and can have serious
consequences. Presence of corrosive agents (chlorides, water and oxygen, etc.) near the strands

surface, depassivates the protective layer due to a decrease in the alkalinity of the surrounding
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concrete. Corrosion in prestressed concrete can be uniform, pitting and stress-corrosion cracking,

or a combination of these.

Pitting corrosion is associated with the depassivation of the protective layer, and it is characterized
by a highly localized loss of steel, resulting in a deep and tiny holes termed the pits. The pit acts
as a notch, and high tensile stresses (three-dimensional) concentrate at the edge of the pit in the
remaining cross-section, which can lead to a brittle failure of the member, without any warning.

Pitting corrosion is a more serious form of corrosion as compared with uniform corrosion.

The stress-corrosion cracking phenomenon exists only in prestressing steel strands subjected to
aggressive elements. The tensile stresses in prestressing strands are normally quite high, therefore,
any reduction in the cross-sectional area is quite dangerous. Surface corrosion involves the risk of
stress corrosion cracking, leading to brittle failure. Stress-corrosion is incubated in very small
surface cracks and needs local depassivation of steel surface to produce surface cracks. It is very
important to protect the prestressing steel from aggressive elements over their service life. For
obvious reasons, corrosion in prestressing steel is normally always limited to the initiation period;
it can be calculated using similar chloride diffusion equations as for reinforcing steel (Sarja and

Vesikari 1996).

7.5.1.2 Freezing and Thawing Cycles

Bridge structures exposed to extreme temperatures on a cyclic basis are at greater risk of durability
distress problems and failure in extreme cases. The problem stems from freezing of water inside
the capillary pore system, which is accompanied by expansion (about 9% of its volume), inducing
internal pressure inside the pore system (similar to a pipe under pressure), which is eventually

dissipated through cracking of concrete. Concrete subjected to a significant number of freezing
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and thawing cycles permits penetration of increasing amounts of moisture during thawing and as
a result an increasing volume demand during freezing. After a prolonged period of exposure,
freezing and thawing cycle decreases the concrete strength, generate an eventual disruption and a

complete loss of material near the surface of the structural member.

The degradation process due to freeze/thaw cycling is very complex. The rate of deterioration
depends mainly on the quality of the concrete and the number of freezing and thawing cycles
imposed on the element. The other factors which can influence freeze/thaw behavior and damage
are the degree of saturation, available water volume, pore structure, concrete age, climatic

conditions, aggregate characteristics, and the effect of de-icing salts (Richardson 2002).

7.5.1.3 Prediction against Deterioration

Statistical analysis of empirical data from the various laboratory and field tests for durability of
materials have been used to develop mathematical models of the different degradation modes that
influence the durability of structural concrete systems. These models are used to estimate any
projected deterioration in the structures that could be used to approximate its service life. To design
a bridge girder for durability, an evaluation of the possible environmental effects, and material and
structural performance over the design service life needs to be considered. This requires an
extrapolation of the current knowledge about macro- and micro-climate, material properties, as

well as the available models that describe the different mechanisms of deterioration.

Ji (2003) developed a method to assess corrosion of steel in reinforced concrete elements by direct
integration of the durability parameters into the structural design equations (Ji 2003; Mirza et. al
2005). Figure 7.16 presents the definition of such a model. The reinforced concrete section can be

analyzed by considering a unit width, when the concrete covers on both sides are subjected to
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different mechanisms of deterioration, such as interior and exterior faces of exterior girders (Figure
7.16 (a)). The active corrosion process starts once the initiation period for corrosion is over after
the concrete cover becomes ineffective (Figure 7.16. (b)). Figure 7.16 (c) represents the stage
when corrosion starts at the most exposed location of the reinforcing bar and then continues around
the perimeter of the bar. Once corrosion occurs over the entire perimeter, it continues toward the

inside of the rebar, reducing the cross section of the bar in proportion to the rate of corrosion

(Figure 7.16 (d)).
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Figure 7.16 Reinforced concrete section parameters for the structural and durability design (Ji
2003)

In Figure 7.16, the suffices 1 and 2 referred to internal and external faces of the reinforced concrete

element being analyzed, respectively, such as the internal or external layers of reinforcing steel.
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The parameters involved in the resistance of this reinforced concrete section are:

b = reinforced concrete section width

ho = reinforced concrete section initial thickness

do = initial effective depth of the section

ht = height of the section being affected by the deterioration rate, rcy and rcz
dw = effective height of the section being affected by the deterioration rate, rc:.
di> = effective height of the section being affected by the deterioration rate rc..
ct1 = concrete cover of the section affected by the deterioration rate rc.

Cro = concrete cover of the section affected by the deterioration rate rc..

Co1 = initial concrete cover at the internal face.

Co2 = initial concrete cover at the external face.

rc1 = depth of deterioration of concrete at the internal face.

re2 = depth of deterioration of concrete at the external face.

dp1 = initial diameter of the rebar near the internal face.

db2 = initial diameter of the rebar near the external face.

dwt1 = diameter of the rebar affected by corrosion rss.

dotz = diameter of the rebar affected by corrosion rs.

rs1 = depth of corrosion at the internal layer of rebars.

rs2 = depth of corrosion at the external layer of rebars.

Using the latest available models of the relevant deterioration modes, a bridge structure was
designed for a service life of 150 years in a cold climate region near Montreal (Macia 2011; Macia
and Mirza 2012). They determined the macro-climate at the bridge site, and based on the site
location and the bridge location, they defined the micro-climates around each defined member of
the bridge, or its parts where necessary. They incorporated the effects of the various deterioration
modes on the behavior of bridge structure over its entire service life. The designed bridge was
subjected to the various mechanical, natural and man-made loads and an aggressive environment,

considering the performance of the various materials and structural components over the design

175



service life. The proposed design for durability procedure was illustrated with a detailed worked

out example.

The environmental conditions around the bridge girders induce certain physical, chemical and
biological processes responsible for the different mechanisms of deterioration that can occur and
affect the different composing elements, depending on their degree of exposure. Figures 7.17 and
7.18 show the rates of deterioration for frost attack, surface deterioration due to the different
weathering mechanisms, carbonation and chloride induced corrosion of the edge and internal
girders of a prestressed concrete bridge, respectively. Based on the field experience, suitable
assumptions were made about the materials, and the concrete cover thickness was determined
based on the severity of the deterioration modes, which was 75 mm. The combined effect of these
modes of deterioration over time simulates the progressive deterioration of the bridge girders and
their corresponding loss of strength and stiffness; details can be found elsewhere (Macia, 2011;

Macia and Mirza 2012).
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Figure 7.17 Rate of degradation of prestressed concrete bridge edge girders (Macia, 2011;
Macia and Mirza 2012)
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Figure 7.18 Rate of degradation of prestressed concrete bridge internal girders (Macia 2011;
Macia and Mirza 2012)
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7.5.2 Projected Ingress of Injurious Elements into the System

Diffusion of injurious element, such as moisture, chlorides and CO> into the concrete and FRP
materials have been used by several investigators to assess the service life of a concrete structure
which is subjected to deterioration due to corrosion of the embedded reinforcing steel. As
mentioned earlier, transport of chemicals into porous media is predominantly a diffusion process
and Fick’s laws, which consider the driving force for diffusion through a thin film to be the
concentration gradient, or an appropriate modification thereof can be used to idealize migration of

chlorides through FRP-reinforced concrete members; details are presented in Section 7.3.

As mentioned earlier, moisture absorption in an FRP shell, can be described as a process of
diffusion involving small molecules of water migrating though a concentration gradient. Fick’s
Second Law of diffusion can be used, assuming unidirectional diffusion normal to the plane of the
FRP shell and the diffusing species being independent of the concentration gradient (Crank, 1975);

details are presented in Section 7.2,

Based on inspection of bridges operating in aggressive environments, the surface of the concrete
around the lower flange on the girders is more susceptible to deterioration due to corrosion of
prestressing steel as compared with the other parts of the girders. In this proposed FRP-concrete

system, the lower flange is protected by an FRP shell.

Prediction of ingress of injurious elements (moisture and chlorides) over the service life is
complicated by the variety of complex mechanisms involving penetration through the FRP shell,

bonding epoxy-based resin and the concrete cover, to reach the prestressing steel strands (Figure
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7.19). To make the problem simpler, prediction of chloride ingress can be made in the FRP
composite shell and concrete separately. Both set of water absorption in the FRP shell and
chlorides diffusion for the concrete data can be used for the preliminary long-term prediction of

chloride ingress into the FRP-concrete system.
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Figure 7.19 Schematic mass concentration profiles (not to scale) (a) without FRP shell (b) with
FRP shell

Crank’s error function solution of Fick’s second law of diffusion (Equation 7.1) can be restated as

a function of diffusion coefficient:

C,=C|1—erf (%) 7.7
ccl

where Cy = chloride concentration at depth x at time ‘t’,
Cs= surface chloride concentration,
t = time of exposure,

erf = error function, and
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Dccl = apparent diffusion coefficient

For this preliminary study on prediction of chloride ingress over time into the prestressed concrete
girder with an FRP shell over its bottom flange, a few assumptions were made. The chloride
content at the reinforcing steel surface to initiate correction was considered to be the critical
chloride content or chloride threshold value. A wide range of chloride threshold values exit in the
literature, from a minimum of 0.06% to a 2.5% by the weight of cement. The chloride threshold
value was assumed to be 0.4% by weight of cement in the prestressed concrete (Angst et al. 2009;

Richardson 2002).

Similarly, the value of the surface chloride level, Cs, depends on many factors, such as the
environmental conditions and the chloride absorption ability of the concrete with different
compositions. Although the value of Cs is variable during the life of the concrete; however, a
constant value of Cs = 3.5% by the weight of cement was considered in this preliminary analysis,
which was based on application of de-icing salt on bridges at an annual dosage rate of about 250
grams/m? (Li, 2005; Richardson, 2002). The coefficient of diffusion was assumed to be constant
at 0.54x107*2 m?/s for the prediction model , calculated as a function of the wi/c ratio = 0.37, using

Equation 7.9 (Richardson, 2002).

w
Deci = 0.04(1166¢ ) x 10712 (7.9)
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Figure 7.20 Predicted chlorides ingress profile for the prestressed concrete girder (without FRP
shell)

Figure 7.20 presents the predicted chloride ingress profile during the service life of the bridge
girder. If the concrete cover thickness for the girders is assumed to be 75 mm, the predicted profile
showed that chloride ingress from the exterior surface would reach the prestressing strands within
an exposure period of 45 years, as shown by a dashed line in Figure 7.20. As mentioned earlier,
the corrosion initiation period is the time required for the steel to depassivate by the penetration of

chloride ions which can be assumed equal to the time for chloride to reach prestressing steel, which

is 45 years in this case.
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Figure 7.21 Predicted chlorides ingress profile for the prestressed concrete girder with FRP
shell

Figures 7.21 presents the predicted chlorides ingress profiles during the service life of the
prestressed concrete bridge girder with an FRP shell. The FRP shell, as a barrier, showed great
resistance against the chloride ingress by significantly slowing down the chlorides ingress rate and
the amount of chloride ions. For a prestressed concrete girder with an FRP shell, the accumulated
time of chloride penetration from the surface of the concrete to reaching the prestressing steel
stands level was predicted to be about 135 years. If the required time for chloride penetration is
conservatively assumed to be equal to corrosion initiation period (to), the overall service life of
this proposed system can be calculated by adding time associated with an “acceptable”

deterioration of the prestressed concrete girder, which would be twice of the suggested design
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service life by the Canadian Highway Bridge Design Code (CHBDC 2010). It can be concluded
that the FRP shell can be quite effective in improving durability of the girders, i.e. to significantly

extend service life of the prestressed concrete girders.

Overall performance of the prestressed concrete girders needs to be evaluated over the entire
service life of the bridge structure, considering all limit states, which will be the future work in
this research program. With the addition of an FRP shell, the selection of construction materials,
careful design, construction and maintenance are also equally important for a satisfactory

performance of the bridge girder over its entire service life.

7.6 Summary

The long-term durability of the FRP shell to act as a barrier against penetration of injurious
elements, and the proposed FRP shell-concrete system, were examined experimentally. The
experimental results of water absorption tests, chloride penetration tests and electronic scanning

microscope are presented.

Water immersion test were conducted at three different temperatures of 6°C, 25°C and 70°C; the
results of mass gain and diffusion coefficients for both FRP shell and resin samples were
determined. The moisture mass gains of the FRP shell samples, at steady state, were lower than
that of the resin samples because the fibers did not absorb any moisture. The moisture absorption
behavior of the FRP shell at 70°C was different from the samples at the two lower temperatures.
After the maximum absorption level, the absorption rate decreased rapidly in these samples,
showing that the FRP shell samples aged in water at 70°C after about 100 days of exposure because

of depolymerisation and leaching out of the polymeric matrix.
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To investigate the effectiveness of the FRP shell against chloride solution ingress in the concrete
specimens, an experimental method, for rapid chloride solution penetration into the FRP bonded
concrete specimen, was developed. The specimens were exposed to sodium chloride solution
under a pressure of 550 kPa, using a specially designed diffusion cell. The chloride penetration
depth and the concentration level were measured and analyzed using three techniques - inflow
measurement, colorimetric technique, and profile drilling technique. The results showed absence
of chlorides in the concrete samples which demonstrated that the FRP shell did not allow any
chlorides to penetrate into the concrete, and acted as an impervious barrier against the penetration

of chlorides.

The microstructural observations were performed using the Environmental Scanning Electron
Microscope (ESEM - Quanta 200 FEG) to examine the arrangement of fibers and plies in a cross-
section of the FRP composite shell, manufacturing defects (micro-cracks and pores), effects of
chloride exposure, and degradation due to moisture absorption at different temperatures. The
microstructural observations showed no damage after 100 days of immersion in water at 6°C and
25°C temperatures; however, some micro-cracking and leaching out of the polymeric matrix due
to moisture absorption was noted at 70°C. Similarly, the matrix (epoxy-based resin)
microstructural observations demonstrated that the water absorption did not affect their
microstructural properties at 6°C and 25°C temperatures; however, the matrix samples immersed
in water at 70°C, suffered from serious degradation due to depolymerisation. The ESEM
micrograph also showed that proper surface finishing is very important against chloride
penetration. The chloride deposits were noted on the surface and in the cavities because of poor

surface finishing and microscopic pockets. The average depth of chlorides in these cavities in the
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P-specimens was approximately 20 um. However, no physical damage was detected after more
than 100 days of exposure. From these test results, it can be concluded that the FRP shell performed

satisfactorily as an impervious barrier against the penetration of chlorides and moisture.

The effectiveness of the FRP composite shell, as a barrier against chloride and moisture ingress,
was evaluated. The FRP shell, acting as a barrier, showed a significant resistance against chloride
ingress by significantly slowing down the chlorides ingress rate and the total amount of chloride
ions. The predicted profiles showed that chloride ingress from the exterior surface can reach the
prestressing steel strands within a period of 45 years. For a prestressed concrete girder with an
FRP shell, the accumulated time of chloride penetration reaching up to the prestressing steel strand
level was predicted to be about 135 years. It can be concluded that an FRP shell is quite effective
in improving the durability characteristics of a prestressed concrete girder and can significantly

extend service life of the prestressed concrete girders.

Since this was a preliminary study, more work is required to evaluate the overall performance of
prestressed concrete girders with FRP shell on the bottom flange, considering all of the pertinent
limit states over the entire service life of the bridge structure. This research work can be improved
further, combining the research work by Macia and Mirza (2012) and by incorporating all possible

modes of deterioration and their effects on structural integrity over time.
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CHAPTER 8 SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

8.1 Summary and Conclusions

The results of the studies in this research program can be summarized and conclusions drawn as

follows:

8.1.1 Bond Characteristics

The bond between FRP laminates and cast-in-place concrete was investigated using eight double
lap pull-off bond tests. The hybrid FRP laminates were prepared, combining glass and carbon
fibers in an epoxy-based resin matrix. These laminates were bonded to the cast-in-place concrete
using pre-glued coarse aggregates with epoxy-based resin on the contact surface of the laminates.
The interfacial bond stresses were found to be about 1.80 MPa. The interfacial shear stress and the
slip characteristics were noted to be bi-linear, with a higher bond stiffness (680 kN/mm) in the first
part of the curve up to about 55% of the maximum load and then gradually decreasing near failure.
The failure surface in the composite prism occurred in the concrete a few millimetres inside the

concrete from the bonded pre-glued aggregates.

8.1.2 Behavior of FRP-Reinforced Prestressed Concrete Tension Members

Experimental work on the FRP-reinforced prestressed concrete tension specimens, with five
different levels of prestressing (0, 25, 50, 75 and 100%), was performed to determine the
contribution of the bonded FRP composite laminates to the strength and stiffness of the prestressed
concrete tension members. These specimens were reinforced externally with bonded FRP

laminates, using aggregates pre-glued to the FRP laminates. The tensile strength at initial cracking
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in the FRP-reinforced concrete specimen was almost twice that of the control specimens (without
FRP composite laminates). The FRP composite laminates and the prestressing force (at different
levels) provided additional strength and stiffness to the system and enhanced the cracking strength

and stiffness.

8.1.3 Flexural Behavior of Simple Reinforced Concrete Beams with FRP Shell

The flexural characteristics of the FRP shell and the concrete interface along with the effect of the
steel reinforcement ratio were studied experimentally to evaluate the flexural and shear behavior
of simply supported FRP shell-reinforced concrete beams. These beams were designed for four
different reinforcement ratios — 0.8, 1.6, 2.4, 4.8 %, - to examine their flexural characteristics. The
beam specimens with the FRP shell showed a significant enhancement in the strength, stiffness
and energy absorption capacity as compared with the associated control beams. The modes of
failure varied depended on the steel reinforcement ratio, and in both beams with and without the

FRP shell.

8.1.4 Flexural Behavior of Prestressed Concrete Beams with FRP Shell

The flexural behavior of cast-in-place prestressed concrete beams with FRP shell was studied to
examine the contribution of the bonded FRP shell to the strength, stiffness, ductility and energy
absorption capacity of prestressed concrete beam specimens, for five level of prestressing ( 0, 25,
50, 75, 100%). The initial cracking, yield and ultimate strengths of the beam specimens with FRP
shell were significantly higher than those of the associated control beam specimens (without FRP
shell). The FRP shell and the prestressing force (at different levels) enhanced the strength and

stiffness of the beams. The beam specimens with FRP shell failed in a different manner as
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compared with the associated control beams; the modes of failure varied depending on the level

of prestressing and the effect of the FRP shell.

8.1.5 Durability of Reinforced Concrete with FRP Shell

The long-term durability of the FRP shell to act as a barrier against penetration of injurious
elements, such as moisture and chlorides, and the proposed FRP shell-concrete system, was
examined experimentally to obtain a preliminary knowledge of the effects of ingress of moisture
and chloride ions into the system. The experimental results of water absorption tests, chloride

penetration tests and scanning electronic microscope are presented.

Water immersion tests were conducted at three different temperatures of 6°C, 25°C and 70°C; the
results of the mass gain and diffusion coefficients for both FRP shell and resin samples were
determined. The moisture absorption behavior of the FRP at 70°C was different from the samples
at the two lower temperatures. After the maximum absorption level, the absorption rate decreased
rapidly in these samples, showing that the FRP shell samples aged in water at 70°C after about

100 days of exposure because of depolymerisation and leaching out of the polymeric matrix.

To investigate the effectiveness of the FRP shell against chloride solution ingress into the concrete
specimens, an experimental method for rapid chloride solution penetration into the FRP bonded
concrete specimen, was developed. The specimens were exposed to sodium chloride solution
under a pressure of 550 kPa, using a specially designed diffusion cell. The chloride penetration
depth and the concentration level were measured and analyzed using three techniques - inflow
measurement, colorimetric technique, and profile drilling technique. The results showed absence

of chlorides in the concrete samples which proved that the FRP shell did not allow any chlorides
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to penetrate into the concrete, and acted as an impervious barrier against the penetration of

chlorides.

The microstructural observations were performed using the Environmental Scanning Electron
Microscope (ESEM - Quanta 200 FEG) to examine the arrangement of fibers and plies in a cross-
section of the FRP composite shell, manufacturing defects (micro-cracks and pores), effects of
chloride exposure, and degradation due to moisture absorption at different temperatures. The
microstructural observations showed no damage after 100 days of immersion in water at 6°C and
25°C temperatures; however, some micro-cracking and leaching out of polymeric matrix due to
moisture absorption were noted at 70°C. Similarly, the matrix (epoxy-based resin) microstructural
observations demonstrated that the water absorption did not affect their microstructural properties
at 6°C and 25°C temperatures; however, the matrix samples immersed in water at 70°C, suffered
from serious degradation due to depolymerisation. The ESEM micrograph also showed that proper
surface finishing is very important to inhibit chloride penetration. Chloride deposits were noted on
the surface and in the cavities because of poor surface finishing and microscopic pockets. The
average depth of chlorides in these cavities in the P-specimens was approximately 20 pum.

However, no physical damage was detected after more than 100 days of exposure.

The effectiveness of FRP composite shell, as a barrier against chloride and moisture ingress, was
evaluated. The FRP shell, acting as a barrier, showed a significant resistance against chloride
ingress by significantly slowing down the chlorides ingress rate and the total amount of chloride
ions. The predicted profiles for a prestressed concrete girder without FRP shell suggested that
chloride ingress from the exterior surface can reach the prestressing steel strands in about 45 years.

For a prestressed concrete girder with an FRP shell, the accumulated time for chloride penetration
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and reaching the level of prestressing steel strands was predicted to be about 135 years. These
results suggest that the FRP shell is quite effective in improving the durability characteristics of

prestressed concrete girders and can significantly extend their service life.

More work is needed to evaluate the overall performance of the prestressed concrete girders with

an FRP shell, considering all limit states, over the entire service life of the bridge structure.

8.2 Original Contributions

The original contributions of this research program are:
e Development and behavior of hybrid FRP laminates

e Evaluation of bond characteristics between FRP shell and cast-in-place concrete, before

and after prestressing

e Application of FRP shell to new prestressed concrete construction, including the effect of

prestressing on FRP and their bond with the concrete substrate

e Development of construction procedure for composite beams with an FRP shell, and

evaluation of their strength and durability characteristics

e Needed changes in structural design and construction of prestressed concrete bridge girders
for achieving a specific service life using the multiple protection technique, aimed at

significantly enhancing the service life

e Preliminary evaluation of durability of FRP composite shell-concrete systems
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8.3 Future Recommendations

This research program was aimed at enhancement of the service life of prestressed concrete girders
with an FRP composite shell. Further research will help to refine and improve future applications
to prototype girders and monitoring, evaluation and enhancement of their durability. The following

fundamental and applied research is recommended:

e Development of techniques for plant application of FRP shell to prototype prestressed

concrete girders
e Development of design guidelines for this proposed construction technique
e Finite element modeling of the FRP girder with the FRP shell

e The results obtained from durability testing of FRP composite shell prompted further
investigations that would complement the first step undertaken here. The proposed
recommendations for future work include determination of the nature of the mass loss of
the epoxy-based resin in a high temperature water absorption tests and to perform a salt

water absorption test at high temperature to determine the moisture saturation

e Evaluation of service life performance of prestressed concrete FRP girders with an FRP
shell, using stochastic methods of assessing degradation of the structural components over

time

e Overall performance of the prestressed concrete girders needs to be evaluated over the
entire service life of the bridge structure, considering all limit states, which will constitute

the future work in research program. With the addition of an FRP shell, the selection of the
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construction materials, careful design, construction and maintenance are equally important

for a satisfactory performance of the bridge girder during its entire service life

e Application of the FRP shell to other civil infrastructure assets
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Appendix A: Load-Deflection Curves for Simple Reinforced Beams With
FRP Shell
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Figure A.1 load-deflection response of simple reinforced beams with FRP shell (Group I)
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Figure A.2 Load-deflection response of simple reinforced beams with FRP shell (Group 1)
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Figure A.3 Load-deflection response of simple reinforced beams with FRP shell (Group 111)
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Figure A.4 Load-deflection response of simple reinforced beams with FRP shell (Group 1V)
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Appendix B:  Failure Modes Of Prestressed Concrete Beams with FRP Shell

Figure B.1.1 Failure modes of Beam P75F
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Figure B.1.2 Failure modes of Beam P100F
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