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that natural materials. The Fiber Reinforced Polymers research is currently increasing 

and entails a quickly expanding field due to the vast range of both traditional and 
special applications in accordance to their characteristics and properties. Fiber 

Reinforced Polymers are related to the improvement of environmental parameters, 
consist of important areas of research demonstrating high potential and particularly 
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Preface

This book deals with fibre reinforced polymers (FRP). Research on FRP is currently
increasing as polymerics entail a quickly expanding field due to the vast range of both
traditional and special applications in accordance with their characteristics and properties.
FRP is related to the improvement of environmental parameters and consists of important
areas of research demonstrating high potential and is therefore of particular interest.
Research in these fields requires combined knowledge from several scientific fields of study
(engineering, physical, geology, biology, chemistry, polymeric, environmental, political and
social sciences) rendering them highly interdisciplinary. Consequently, for optimal research
progress and results, close communication and collaboration between various differently
trained researchers such as geologists, bioscientists, chemists, physicists and engineers
(chemical, mechanical, electrical) is vital.

This book covers the FRP-concrete design of structures to be constructed, as well as the
safety assessment, strengthening and rehabilitation of existing structures. It contains seven
chapters covering several interesting research topics written by researchers and experts in
the field of civil engineering and earthquake engineering. The book provides the state-of-
the-art knowledge on recent progress on humidity and earthquake-resistant structures. This
book will be useful to graduate students, researchers and practice structural engineers.

The book consists of seven chapters divided into three sections.

Section I includes two chapters on polymers and composites used in FRP.

Chapter 1 focuses on the polymers used in FRP. This chapter is a basic study of polymers (as
aramids), composites (as carbon and glass fibre reinforced polymers). The use of FRP
reinforcements is reviewed, assessment of the art state , and progress made. This includes
concepts of polymers, FRP process and a brief discussion related to fibreglass and carbon
fibre applications. It is observed that technical problems can all be resolved, but each
resolution provides a significant increase in the properties of the polymers. However, in
concrete products and composites, the FRP reinforcements in the form of meshes, textiles or
fabrics are not only competitive on a technical basis, analysis is also conducted on the use of
FRP reinforcements in effective applications on concrete repair.

The use of composites fibre reinforced polymer (FRP) has gained acceptance in civil
infrastructure as a result of the need to rehabilitate or retrofit existing structures, construct
infrastructure systems faster, and the increase of the usable life of the built environment, all
of which are vital. In addition, increased attention to sustainable built environments has
challenged engineers to weigh up the environmental and social impacts of their



constructions in addition to traditional measures of performance and cost of the built
environment.

However, these statements are truncated if no reference to the polymers is made, the
properties and compounds derived there from and the resultant interactions that result in
civil engineering solution. Therefore, this chapter describes the physicochemical properties
of the polymers and compounds used in civil engineering. The issue will be addressed
simply and in basic form to allow better understanding.

Chapter 2 is written by Eustathios Petinakis, Long Yu, George Simon and Katherine Dean.
This chapter deals with the poly(lactic acid) (PLA), being a compostable synthetic polymer
produced using monomer feedstock derived from corn starch, which satisfies many of the
environmental impact criteria required for an acceptable replacement for oil-derived
plastics. PLA exhibits mechanical properties that make it useful for a wide range of
applications, but mainly in applications that do not require high performance including
plastic bags, packaging for food, disposable cutlery and cups, slow release membranes for
drug delivery and liquid barrier layers in disposable nappies. However, the wider uptake of
PLA is restricted by performance deficiencies, such as its relatively poor impact properties
which arise from its inherent brittleness, and the significantly higher price of PLA compared
with commodity polymers such as polyethylene and polypropylene.

Section II includes three chapters on corrosion protection and concrete repair. These
chapters include reviews of information and research results/data on compatibility and on
construction repair applications of FRP.

Chapter 3 is written by George C. Manos and Kostas V. Katakalos. This chapter is devoted to
the advances of reinforced concrete structural members by externally applying fibre
reinforced polymer (FRP) sheets. These structural members represent slabs, beams, columns
or shear walls that were either damaged by an earthquake or can be potentially damaged by
a future strong earthquake. The strengthening usually addresses either their flexural
capacity or their shear capacity. In order to upgrade the flexural capacity, the usual practice
is to externally apply the FRP sheets as longitudinal reinforcement either at the bottom or at
the top side of the structural member. In order to upgrade the shear capacity, the usual
practice is to apply FRP strips externally in the form of transverse reinforcement, either in
closed hoops or open U-shaped strips. Moreover, for structural members with the potential
of developing compressive zone failure, the strengthening schemes utilize externally
wrapped FRP sheets in order to increase the confinement of the compressive zone. The
typical forms of earthquake damage of reinforced concrete structural members are
presented and discussed. The selected results of experiments focus on the upgrading of
either the flexural or the shear capacity of reinforced concrete structural elements.

Chapter 4 is written by Mônica Regina Garcez, Leila Cristina Meneghetti and Luiz Carlos
Pinto da Silva Filho. This chapter sheds lights on recent analyses of the efficiency of
prestressed carbon fibre reinforced polymers applied to post-strengthen reinforced concrete
beams by means of cyclic and static loading tests. Experimental results of static loading tests
are compared to the ones obtained through an analytical model that considers a tri-linear
behaviour for moment versus curvature curves. These results allow the analysis of the
quality and shortcomings of post-strengthen technique studied and make possible the
identification of the more suitable post-strengthening solutions to each circumstance.

PrefaceVIII
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Chapter 5 is written by Theodoros C. Rousakis and deals with the experimental investigation
on a new hybrid confining technique using fibre reinforced polymer sheets and fibre rope as
outermost reinforcement. The fibre rope is applied after the curing of the FRP jacket without
the use of impregnating resin. The ends of the fibre rope are mechanically anchored through
steel collars. Two concrete qualities and three different confinement schemes are examined
for comparison. The axial stress versus axial and lateral strain behaviour reveals a
remarkable performance of the fibre rope after the fracture of the FRP. The suitably
designed fibre rope confinement withstands the force unbalance after FRP fracture, and
after a temporary load drop, the load borne by the concrete rises again. The ultimate
experimental values recorded from the cyclic compressive loading of confined concrete
cylinders show substantial upgrade of concrete axial strain and stress.

Section III includes two chapters on applications of theory-practice analyses in concrete and
concrete products.

Chapter 6 is written by Riad Benzaid and Habib-Abdelhak Mesbah, and sheds light on the
recent results of an experimental study on the behaviour of axially loaded short concrete
columns, with different cross sections that have been externally strengthened with carbon
fibre-reinforced polymer (CFRP) sheets.

Chapter 7 is written by Manal K. Zaki and deals with fibre method modelling (FMM)
together with a displacement-based finite element analysis (FEA) used to analyse a three-
dimensional reinforced concrete (RC) beam-column. The analyses include a second-order
effect known as geometric nonlinearity in addition to the material nonlinearity. The finite
element formulation is based on an updated Lagrangian description. The formulation is
general and applies to any composite members with partial interaction or interlayer slip. An
example is considered to clarify the behaviour of composite members of rectangular sections
under biaxial bending. In this example, complete bond is considered. Different slenderness
ratios of the mentioned member are studied. Another example is considered to test the
importance of including the bond-slip phenomenon in the analysis and to verify the
deduced stiffness matrices and the proposed procedure for the problem solution.

I hope this book benefits graduate students, researchers and engineers working in resistance
design of engineering structures to earthquake loads, blast and fire. I thank the authors of
the chapters of this book for their cooperation and effort during the review process. Thanks
are also due to Ana Nikolic, Romana Vukelic, Ivona Lovric, Marina Jozipovic and Iva
Lipovic for their help during the processing and publishing of the book. I thank also of all
authors, for all I have learned from them on civil engineering, structural reliability analysis
and health assessment of structures.

Dr. Martin A. Masuelli
Instituto de Física Aplicada - CONICET,

Facultad de Química, Bioquímica y Farmacia,
Universidad Nacional de San Luis

Argentina
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Basics Concepts of Polymers Used in FRP





Chapter 1

Introduction of Fibre-Reinforced Polymers − Polymers
and Composites: Concepts, Properties and Processes

Martin Alberto Masuelli

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54629

1. Introduction

Fibre-reinforced polymer(FRP), also Fibre-reinforced plastic, is a composite material made of a
polymer matrix reinforced with fibres. The fibres are usually glass, carbon, or aramid, al‐
though other fibres such as paper or wood or asbestos have been sometimes used. The poly‐
mer is usually an epoxy, vinylester or polyester thermosetting plastic, and phenol
formaldehyde resins are still in use. FRPs are commonly used in the aerospace, automotive,
marine, and construction industries.

Composite  materials  are  engineered or  naturally  occurring materials  made from two or
more  constituent  materials  with  significantly  different  physical  or  chemical  properties
which remain separate and distinct  within the finished structure.  Most composites have
strong, stiff  fibres in a matrix which is weaker and less stiff.  The objective is usually to
make a component which is strong and stiff,  often with a low density. Commercial ma‐
terial commonly has glass or carbon fibres in matrices based on thermosetting polymers,
such as epoxy or polyester resins. Sometimes, thermoplastic polymers may be preferred,
since they are moldable after initial production. There are further classes of composite in
which the matrix is a metal or a ceramic. For the most part, these are still in a develop‐
mental  stage,  with  problems  of  high  manufacturing  costs  yet  to  be  overcome  [1].  Fur‐
thermore,  in  these  composites  the  reasons  for  adding  the  fibres  (or,  in  some  cases,
particles)  are often rather complex;  for example,  improvements may be sought in creep,
wear, fracture toughness, thermal stability, etc [2].

Fibre reinforced polymer (FRP) are composites used in almost every type of advanced engi‐
neering structure, with their usage ranging from aircraft, helicopters and spacecraft through
to boats, ships and offshore platforms and to automobiles, sports goods, chemical process‐
ing equipment and civil infrastructure such as bridges and buildings. The usage of FRP

© 2013 Masuelli; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Masuelli; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



composites continues to grow at an impressive rate as these materials are used more in their
existing markets and become established in relatively new markets such as biomedical devi‐
ces and civil structures. A key factor driving the increased applications of composites over
the recent years is the development of new advanced forms of FRP materials. This includes
developments in high performance resin systems and new styles of reinforcement, such as
carbon nanotubes and nanoparticles. This book provides an up-to-date account of the fabri‐
cation, mechanical properties, delamination resistance, impact tolerance and applications of
3D FRP composites [3].

The fibre reinforced polymer composites  (FRPs)  are  increasingly being considered as  an
enhancement to and/or substitute for infrastructure components or systems that are con‐
structed  of  traditional  civil  engineering  materials,  namely  concrete  and steel.  FRP com‐
posites are lightweight,  no-corrosive,  exhibit  high specific  strength and specific  stiffness,
are  easily  constructed,  and can be  tailored to  satisfy  performance requirements.  Due to
these advantageous characteristics, FRP composites have been included in new construc‐
tion and rehabilitation of structures through its  use as reinforcement in concrete,  bridge
decks,  modular  structures,  formwork,  and external  reinforcement  for  strengthening  and
seismic upgrade [4].

The applicability of Fiber Reinforced Polymer (FRP) reinforcements to concrete structures as
a substitute for steel bars or prestressing tendons has been actively studied in numerous re‐
search laboratories and professional organizations around the world. FRP reinforcements of‐
fer a number of advantages such as corrosion resistance, non-magnetic properties, high
tensile strength, lightweight and ease of handling. However, they generally have a linear
elastic response in tension up to failure (described as a brittle failure) and a relatively poor
transverse or shear resistance. They also have poor resistance to fire and when exposed to
high temperatures. They loose significant strength upon bending, and they are sensitive to
stress-rupture effects. Moreover, their cost, whether considered per unit weight or on the ba‐
sis of force carrying capacity, is high in comparison to conventional steel reinforcing bars or
prestressing tendons. From a structural engineering viewpoint, the most serious problems
with FRP reinforcements are the lack of plastic behavior and the very low shear strength in
the transverse direction. Such characteristics may lead to premature tendon rupture, partic‐
ularly when combined effects are present, such as at shear-cracking planes in reinforced
concrete beams where dowel action exists. The dowel action reduces residual tensile and
shear resistance in the tendon. Solutions and limitations of use have been offered and con‐
tinuous improvements are expected in the future. The unit cost of FRP reinforcements is ex‐
pected to decrease significantly with increased market share and demand. However, even
today, there are applications where FRP reinforcements are cost effective and justifiable.
Such cases include the use of bonded FRP sheets or plates in repair and strengthening of
concrete structures, and the use of FRP meshes or textiles or fabrics in thin cement products.
The cost of repair and rehabilitation of a structure is always, in relative terms, substantially
higher than the cost of the initial structure. Repair generally requires a relatively small vol‐
ume of repair materials but a relatively high commitment in labor. Moreover the cost of la‐
bor in developed countries is so high that the cost of material becomes secondary. Thus the
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highest the performance and durability of the repair material is, the more cost-effective is
the repair. This implies that material cost is not really an issue in repair and that the fact that
FRP repair materials are costly is not a constraining drawback [5].

When considering only energy and material resources it appears, on the surface, the argu‐
ment for FRP composites in a sustainable built environment is questionable. However, such
a conclusion needs to be evaluated in terms of potential advantages present in use of FRP
composites related to considerations such as:

• Higher strength

• Lighter weight

• Higher performance

• Longer lasting

• Rehabilitating existing structures and extending their life

• Seismic upgrades

• Defense systems

• Space systems

• Ocean environments

In the case of FRP composites,  environmental concerns appear to be a barrier to its fea‐
sibility  as  a  sustainable  material  especially  when  considering  fossil  fuel  depletion,  air
pollution,  smog, and acidification associated with its  production.  In addition,  the ability
to recycle FRP composites is limited and, unlike steel and timber, structural components
cannot  be  reused to  perform a  similar  function in  another  structure.  However,  evaluat‐
ing  the  environmental  impact  of  FRP  composites  in  infrastructure  applications,  specifi‐
cally  through  life  cycle  analysis,  may  reveal  direct  and  indirect  benefits  that  are  more
competitive than conventional materials.

Composite materials have developed greatly since they were first introduced. However, be‐
fore composite materials can be used as an alternative to conventional materials as part of a
sustainable environment a number of needs remain.

• Availability of standardized durability characterization data for FRP composite materials.

• Integration of durability data and methods for service life prediction of structural mem‐
bers utilizing FRP composites.

• Development of methods and techniques for materials selection based on life cycle assess‐
ments of structural components and systems.

Ultimately, in order for composites to truly be considered a viable alternative, they must be
structurally and economically feasible. Numerous studies regarding the structural feasibility
of composite materials are widely available in literature [6]. However, limited studies are
available on the economic and environmental feasibility of these materials from the perspec‐

Introduction of Fibre-Reinforced Polymers − Polymers and Composites: Concepts, Properties and Processes
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tive of a life cycle approach, since short term data is available or only economic costs are
considered in the comparison. Additionally, the long term affects of using composite materi‐
als needs to be determined. The byproducts of the production, the sustainability of the con‐
stituent materials, and the potential to recycle composite materials needs to be assessed in
order to determine of composite materials can be part of a sustainable environment. There‐
fore in this chapter describe the physicochemical properties of polymers and composites
more used in Civil Engineering. The theme will be addressed in a simple and basic for better
understanding.

2. Manufactured process and basic concepts

The synthetic polymers are generally manufactured by polycondensation, polymerization or
polyaddition. The polymers combined with various agents to enhance or in any way alter
the material properties of polymers the result is referred to as a plastic. The Composite plas‐
tics can be of homogeneous or heterogeneous mix. Composite plastics refer to those types of
plastics that result from bonding two or more homogeneous materials with different materi‐
al properties to derive a final product with certain desired material and mechanical proper‐
ties. The Fibre reinforced plastics (or fiber reinforced polymers) are a category of composite
plastics that specifically use fibre materials (not mix with polymer) to mechanically enhance
the strength and elasticity of plastics. The original plastic material without fibre reinforce‐
ment is known as the matrix. The matrix is a tough but relatively weak plastic that is rein‐
forced by stronger stiffer reinforcing filaments or fibres. The extent that strength and
elasticity are enhanced in a fibre reinforced plastic depends on the mechanical properties of
the fibre and matrix, their volume relative to one another, and the fibre length and orienta‐
tion within the matrix. Reinforcement of the matrix occurs by definition when the FRP mate‐
rial exhibits increased strength or elasticity relative to the strength and elasticity of the
matrix alone.

Polymers are different from other construction materials like ceramics and metals, because
of their macromolecular nature. The covalently bonded, long chain structure makes them
macromolecules and determines, via the weight averaged molecular weight, Mw, their proc‐
essability, like spin-, blow-, deep draw-, generally melt-formability. The number averaged
molecular weight, Mn, determines the mechanical strength, and high molecular weights are
beneficial for properties like strain-to-break, impact resistance, wear, etc. Thus, natural lim‐
its are met, since too high molecular weights yield too high shear and elongational viscosi‐
ties that make polymers inprocessable. Prime examples are the very useful poly-tetra-fluor-
ethylenes, PTFE’s, and ultrahigh-molecular-weight-poly-ethylenes, UHMWPE’s, and not
only garbage bags are made of polyethylene, PE, but also high-performance fibers that are
even used for bullet proof vests (alternatively made from, also inprocessable in the melt, rig‐
id aromatic polyamides). The resulting mechanical properties of these high performance fi‐
bers, with moduli of 150 GPa and strengths of up to 4 GPa, represent the optimal use of
what the potential of the molecular structure of polymers yields, combined with their low
density. Thinking about polymers, it becomes clear why living nature used the polymeric
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concept to build its structures, and not only in high strength applications like wood, silk or
spider-webs [7].

2.1. Polymers

The linking of small molecules (monomers) to make larger molecules is a polymer. Poly‐
merization requires  that  each small  molecule  have at  least  two reaction points  or  func‐
tional  groups.  There  are  two  distinct  major  types  of  polymerization  processes,
condensation polymerization,  in  which the chain growth is  accompanied by elimination
of  small  molecules  such as  H2O or  CH3OH,  and addition polymerization,  in  which the
polymer is formed without the loss of other materials. There are many variants and sub‐
classes of polymerization reactions.

The polymer chains can be classified in linear polymer chain, branched polymer chain, and
cross-linked polymer chain. The structure of the repeating unit is the difunctional monomer‐
ic unit, or “mer.” In the presence of catalysts or initiators, the monomer yields a polymer by
the joining together of n-mers. If n is a small number, 2–10, the products are dimers, trimers,
tetramers, or oligomers, and the materials are usually gases, liquids, oils, or brittle solids. In
most solid polymers, n has values ranging from a few score to several hundred thousand,
and the corresponding molecular weights range from a few thousand to several million. The
end groups of this example of addition polymers are shown to be fragments of the initiator.
If only one monomer is polymerized, the product is called a homopolymer. The polymeriza‐
tion of a mixture of two monomers of suitable reactivity leads to the formation of a copoly‐
mer, a polymer in which the two types of mer units have entered the chain in a more or less
random fashion. If chains of one homopolymer are chemically joined to chains of another,
the product is called a block or graft copolymer.

Isotactic and syndiotactic (stereoregular) polymers are formed in the presence of complex
catalysts, or by changing polymerization conditions, for example, by lowering the tempera‐
ture. The groups attached to the chain in a stereoregular polymer are in a spatially ordered
arrangement. The regular structures of the isotactic and syndiotactic forms make them often
capable of crystallization. The crystalline melting points of isotactic polymers are often sub‐
stantially higher than the softening points of the atactic product.

The spatially oriented polymers can be classified in atactic (random; dlldl or lddld, and so
on), syndiotactic (alternating; dldl, and so on), and isotactic (right- or left-handed; dddd, or
llll, and so on). For illustration, the heavily marked bonds are assumed to project up from
the paper, and the dotted bonds down. Thus in a fully syndiotactic polymer, asymmetric
carbons alternate in their left- or right-handedness (alternating d, l configurations), while in
an isotactic polymer, successive carbons have the same steric configuration (d or l). Among
the several kinds of polymerization catalysis, free-radical initiation has been most thorough‐
ly studied and is most widely employed. Atactic polymers are readily formed by free-radi‐
cal polymerization, at moderate temperatures, of vinyl and diene monomers and some of
their derivatives. Some polymerizations can be initiated by materials, often called ionic cata‐
lysts, which contain highly polar reactive sites or complexes. The term heterogeneous cata‐
lyst is often applicable to these materials because many of the catalyst systems are insoluble
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in monomers and other solvents. These polymerizations are usually carried out in solution
from which the polymer can be obtained by evaporation of the solvent or by precipitation
on the addition of a nonsolvent. A distinguishing feature of complex catalysts is the ability
of some representatives of each type to initiate stereoregular polymerization at ordinary
temperatures or to cause the formation of polymers which can be crystallized [1, 6].

2.1.1. Polymerization

Polymerization, emulsion polymerization any process in which relatively small molecules,
called monomers, combine chemically to produce a very large chainlike or network mole‐
cule, called a polymer. The monomer molecules may be all alike, or they may represent two,
three, or more different compounds. Usually at least 100 monomer molecules must be com‐
bined to make a product that has certain unique physical properties-such as elasticity, high
tensile strength, or the ability to form fibres-that differentiate polymers from substances
composed of smaller and simpler molecules; often, many thousands of monomer units are
incorporated in a single molecule of a polymer. The formation of stable covalent chemical
bonds between the monomers sets polymerization apart from other processes, such as crys‐
tallization, in which large numbers of molecules aggregate under the influence of weak in‐
termolecular forces.

Two classes of polymerization usually are distinguished. In condensation polymerization,
each step of the process is accompanied by formation of a molecule of some simple com‐
pound, often water. In addition polymerization, monomers react to form a polymer without
the formation of by-products. Addition polymerizations usually are carried out in the pres‐
ence of catalysts, which in certain cases exert control over structural details that have impor‐
tant effects on the properties of the polymer [8].

Linear polymers, which are composed of chainlike molecules,  may be viscous liquids or
solids  with  varying degrees  of  crystallinity;  a  number  of  them can be  dissolved in  cer‐
tain liquids,  and they soften or melt  upon heating.  Cross-linked polymers,  in which the
molecular  structure is  a  network,  are  thermosetting resins (i.e.,  they form under the in‐
fluence of heat but, once formed, do not melt or soften upon reheating) that do not dis‐
solve in solvents.  Both linear and cross-linked polymers can be made by either addition
or condensation polymerization.

2.1.2. Polycondensation

The polycondensation a process for the production of polymers from bifunctional and poly‐
functional compounds (monomers), accompanied by the elimination of low-molecular
weight by-products (for example, water, alcohols, and hydrogen halides). A typical example
of polycondensation is the synthesis of complex polyester.

The process is called homopolycondensation if the minimum possible number of monomer
types for a given case participates, and this number is usually two. If at least one monomer
more than the number required for the given reaction participates in polycondensation, the
process is called copolycondensation. Polycondensation in which only bifunctional com‐
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pounds participate leads to the formation of linear macromolecules and is called linear poly‐
condensation. If molecules with three or more functional groups participate in
polycondensation, three-dimensional structures are formed and the process is called three-
dimensional polycondensation. In cases where the degree of completion of polycondensa‐
tion and the mean length of the macromolecules are limited by the equilibrium
concentration of the reagents and reaction products, the process is called equilibrium (rever‐
sible) polycondensation. If the limiting factors are kinetic rather than thermodynamic, the
process is called nonequilibrium (irreversible) polycondensation.

Polycondensation is often complicated by side reactions, in which both the original mono‐
mers and the polycondensation products (oligomers and polymers) may participate. Such
reactions include the reaction of monomer or oligomer with a mono-functional compound
(which may be present as an impurity), intramolecular cyclization (ring closure), and degra‐
dation of the macromolecules of the resultant polymer. The rate competition of polyconden‐
sation and the side reactions determines the molecular weight, yield, and molecular weight
distribution of the polycondensation polymer.

Polycondensation is characterized by disappearance of the monomer in the early stages of
the process and a sharp increase in molecular weight, in spite of a slight change in the extent
of conversion in the region of greater than 95-percent conversion.

A necessary condition for the formation of macro-molecular polymers in linear polyconden‐
sation is the equivalence of the initial functional groups that react with one another.

Polycondensation is accomplished by one of three methods:

1. in a melt, when a mixture of the initial compounds is heated for a long period to
10°-20°C above the melting (softening) point of the resultant polymer;

2. in solution, when the monomers are present in the same phase in the solute state;

3. on the phase boundary between two immiscible liquids, in which one of the initial com‐
pounds is found in each of the liquid phases (interphase polycondensation).

Polycondensation processes play an important role in nature and technology. Polycondensa‐
tion or similar reactions are the basis for the biosynthesis of the most important biopoly‐
mers-proteins, nucleic acids, and cellulose. Polycondensation is widely used in industry for
the production of polyesters (polyethylene terephthalate, polycarbonates, and alkyd resins),
polyamides, phenol-formaldehyde resins, urea-formaldehyde resins, and certain silicones
[9]. In the period 1965-70, polycondensation acquired great importance in connection with
the development of industrial production of a series of new polymers, including heat-resist‐
ant polymers (polyarylates, aromatic polyimides, polyphe-nylene oxides, and polysulfones).

2.1.3. Polyaddition

The polyaddition reactions are similar to polycondensation reactions because they are also
step reactions, however without splitting off low molecular weight by-products. The reac‐
tion is exothermic rather than endothermic and therefore cannot be stopped at will. Typical
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for polyaddition reaction is that individual atoms, usually H-atoms, wander from one mon‐
omer to another as the two monomers combine through a covalent bond. The monomers, as
in polycondensation reactions, have to be added in stoichiometric amounts. These reactions
do not start spontaneously and they are slow.

Polyaddition does not play a significant role in the production of thermoplastics. It is com‐
monly encountered with cross-linked polymers. Polyurethane, which can be either a ther‐
moplastic or thermosets, is synthesized by the reaction of multi-functional isocyanates with
multifunctional amines or alcohol. Thermosetting epoxy resins are formed by polyaddition
of epoxides with curing agents, such as amines and acid anhydrides.

In comparing chain reaction polymerization with the other two types of polymerization the
following principal differences should be noted: Chain reaction polymerization, or simply
called polymerization, is a chain reaction as the name implies. Only individual monomer
molecules add to a reactive growing chain end, except for recombination of two radical
chain ends or reactions of a reactive chain end with an added modifier molecule. The activa‐
tion energy for chain initiation is much grater than for the subsequent growth reaction and
growth, therefore, occurs very rapidly.

2.2. Composites

Composite is any material made of more than one component. There are a lot of composites
around you. Concrete is a composite. It's made of cement, gravel, and sand, and often has
steel rods inside to reinforce it. Those shiny balloons you get in the hospital when you're
sick are made of a composite, which consists of a polyester sheet and an aluminum foil
sheet, made into a sandwich. The polymer composites made from polymers, or from poly‐
mers along with other kinds of materials [7]. But specifically the fiber-reinforced composites
are materials in which a fiber made of one material is embedded in another material.

2.2.1. Polymer composites

The polymer composites are any of the combinations or compositions that comprise two or
more materials as separate phases, at least one of which is a polymer. By combining a poly‐
mer with another material, such as glass, carbon, or another polymer, it is often possible to
obtain unique combinations or levels of properties. Typical examples of synthetic polymeric
composites include glass-, carbon-, or polymer-fiber-reinforced, thermoplastic or thermoset‐
ting resins, carbon-reinforced rubber, polymer blends, silica- or mica-reinforced resins, and
polymer-bonded or -impregnated concrete or wood. It is also often useful to consider as
composites such materials as coatings (pigment-binder combinations) and crystalline poly‐
mers (crystallites in a polymer matrix). Typical naturally occurring composites include
wood (cellulosic fibers bonded with lignin) and bone (minerals bonded with collagen). On
the other hand, polymeric compositions compounded with a plasticizer or very low propor‐
tions of pigments or processing aids are not ordinarily considered as composites.

Typically, the goal is to improve strength, stiffness, or toughness, or dimensional stability by
embedding particles or fibers in a matrix or binding phase. A second goal is to use inexpen‐
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sive, readily available fillers to extend a more expensive or scarce resin; this goal is increas‐
ingly important as petroleum supplies become costlier and less reliable. Still other
applications include the use of some filler such as glass spheres to improve processability,
the incorporation of dry-lubricant particles such as molybdenum sulfide to make a self-lu‐
bricating bearing, and the use of fillers to reduce permeability.

The most common fiber-reinforced polymer composites are based on glass fibers, cloth, mat,
or roving embedded in a matrix of an epoxy or polyester resin. Reinforced thermosetting
resins containing boron, polyaramids, and especially carbon fibers confer especially high
levels of strength and stiffness. Carbon-fiber composites have a relative stiffness five times
that of steel. Because of these excellent properties, many applications are uniquely suited for
epoxy and polyester composites, such as components in new jet aircraft, parts for automo‐
biles, boat hulls, rocket motor cases, and chemical reaction vessels.

Although the most dramatic properties are found with reinforced thermosetting resins such
as epoxy and polyester resins, significant improvements can be obtained with many rein‐
forced thermoplastic resins as well. Polycarbonates, polyethylene, and polyesters are among
the resins available as glass-reinforced composition. The combination of inexpensive, one-
step fabrication by injection molding, with improved properties has made it possible for re‐
inforced thermoplastics to replace metals in many applications in appliances, instruments,
automobiles, and tools.

In the development of other composite systems, various matrices are possible; for example,
polyimide resins are excellent matrices for glass fibers, and give a high- performance com‐
posite. Different fibers are of potential interest, including polymers [such as poly(vinyl alco‐
hol)], single-crystal ceramic whiskers (such as sapphire), and various metallic fibers.

Long ago, people living in South and Central America had used natural rubber latex, polyi‐
soprene, to make things like gloves and boots, as well as rubber balls which they used to
play games that were a lot like modern basketball. He took two layers of cotton fabric and
embedded them in natural rubber, also known as polyisoprene, making a three-layered
sandwich like the one you see on your right (Remember, cotton is made up of a natural pol‐
ymer called cellulose). This made for good raincoats because, while the rubber made it wa‐
terproof, the cotton layers made it comfortable to wear, to make a material that has the
properties of both its components. In this case, we combine the water-resistance of polyiso‐
prene and the comfort of cotton.

Modern composites are usually made of two components, a fiber and matrix. The fiber is
most often glass, but sometimes Kevlar, carbon fiber, or polyethylene. The matrix is usually
a thermoset like an epoxy resin, polydicyclopentadiene, or a polyimide. The fiber is embed‐
ded in the matrix in order to make the matrix stronger. Fiber-reinforced composites have
two things going for them. They are strong and light. They are often stronger than steel, but
weigh much less. This means that composites can be used to make automobiles lighter, and
thus much more fuel efficient.
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A common fiber-reinforced composite is FiberglasTM. Its matrix is made by reacting polyest‐
er with carbon-carbon double bonds in its backbone, and styrene. We pour a mix of the styr‐
ene and polyester over a mass of glass fibers.

The styrene and the double bonds in the polyester react by free radical vinyl polymerization
to form a crosslinked resin. The glass fibers are trapped inside, where they act as a reinforce‐
ment. In FiberglasTM the fibers are not lined up in any particular direction. They are just a
tangled mass, like you see on the right. But we can make the composite stronger by lining
up all the fibers in the same direction. Oriented fibers do some weird things to the compo‐
site. When you pull on the composite in the direction of the fibers, the composite is very
strong. But if you pull on it at right angles to the fiber direction, it is not very strong at all
[8-9]. This is not always bad, because sometimes we only need the composite to be strong in
one direction. Sometimes the item you are making will only be under stress in one direction.
But sometimes we need strength in more than one direction. So we simply point the fibers in
more than one direction. We often do this by using a woven fabric of the fibers to reinforce
the composite. The woven fibers give a composite good strength in many directions.

The polymeric matrix holds the fibers together. A loose bundle of fibers would not be of
much use. Also, though fibers are strong, they can be brittle. The matrix can absorb energy
by deforming under stress. This is to say, the matrix adds toughness to the composite. And
finally, while fibers have good tensile strength (that is, they are strong when you pull on
them), they usually have awful compressional strength. That is, they buckle when you
squash them. The matrix gives compressional strength to the composite.

Not all fibers are the same. Now it may seem strange that glass is used as reinforcement, as
glass is really easy to break. But for some reason, when glass is spun into really tiny fibers, it
acts very different. Glass fibers are strong, and flexible.

Still, there are stronger fibers out there. This is a good thing, because sometimes glass just
isn't strong and tough enough. For some things, like airplane parts, that undergo a lot of
stress, you need to break out the fancy fibers. When cost is no object, you can use stronger,
but more expensive fibers, like KevlarTM, carbon fiber. Carbon fiber (SpectraTM) is usually
stronger than KevlarTM, that is, it can withstand more force without breaking. But KevlarTM

tends to be tougher. This means it can absorb more energy without breaking. It can stretch a
little to keep from breaking, more so than carbon fiber can. But SpectraTM, which is a kind of
polyethylene, is stronger and tougher than both carbon fiber and KevlarTM.

Different jobs call for different matrices. The unsaturated polyester/styrene systems at are
one example. They are fine for everyday applications. Chevrolet Corvette bodies are made
from composites using unsaturated polyester matrices and glass fibers. But they have some
drawbacks. They shrink a good deal when they're cured, they can absorb water very easily,
and their impact strength is low.

2.2.2. Biocomposites

For many decades, the residential construction field has used timber as its main source of
building material for the frames of modern American homes. The American timber industry
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produced a record 49.5 billion board feet of lumber in 1999, and another 48.0 billion board
feet in 2002. At the same time that lumber production is peaking, the home ownership rate
reached a record high of 69.2%, with over 977,000 homes being sold in 2002. Because resi‐
dential construction accounts for one-third of the total softwood lumber use in the United
States, there is an increasing demand for alternate materials. Use of sawdust not only pro‐
vides an alternative but also increases the use of the by product efficiently. Wood plastic
composites (WPC) is a relatively new category of materials that covers a broad range of
composite materials utilizing an organic resin binder (matrix) and fillers composed of cellu‐
lose materials. The new and rapidly developing biocomposite materials are high technology
products, which have one unique advantage – the wood filler can include sawdust and
scrap wood products. Consequently, no additional wood resources are needed to manufac‐
ture biocomposites. Waste products that would traditraditionally cost money for proper dis‐
posal, now become a beneficial resource, allowing recycling to be both profitable and
environmentally conscious. The use of biocomposites and WPC has increased rapidly all
over the world, with the end users for these composites in the construction, motor vehicle,
and furniture industries. One of the primary problems related to the use of biocomposites is
the flammability of the two main components (binder and filler). If a flame retardant were
added, this would require the adhesion of the fiber and the matrix not to be disturbed by the
retardant. The challenge is to develop a composite that will not burn and will maintain its
level of mechanical performance. In lieu of organic matrix compounds, inorganic matrices
can be utilized to improve the fire resistance. Inorganic-based wood composites are those
that consist of a mineral mix as the binder system. Such inorganic binder systems include
gypsum and Portland cement, both of which are highly resistant to fire and insects. The
main disadvantage with these systems is the maximum amount of sawdust or fibers than
can be incorporated is low. One relatively new type of inorganic matrix is potassium alumi‐
nosilicate, an environmentally friendly compound made from naturally occurring materials.
The Federal Aviation Administration has investigated the feasibility of using this matrix in
commercial aircraft due to its ability to resist temperatures of up to 1000 ºC without generat‐
ing smoke, and its ability to enable carbon composites to withstand temperatures of 800 ºC
and maintain 63% of its original flexural strength. Potassium aluminosilicate matrices are
compatible with many common building material including clay brick, masonry, concrete,
steel, titanium, balsa, oak, pine, and particleboard [10].

2.3. Fiberglass

Fiberglass refers to a group of products made from individual glass fibers combined into a
variety of forms. Glass fibers can be divided into two major groups according to their geom‐
etry: continuous fibers used in yarns and textiles, and the discontinuous (short) fibers used
as batts, blankets, or boards for insulation and filtration. Fiberglass can be formed into yarn
much like wool or cotton, and woven into fabric which is sometimes used for draperies. Fi‐
berglass textiles are commonly used as a reinforcement material for molded and laminated
plastics. Fiberglass wool, a thick, fluffy material made from discontinuous fibers, is used for
thermal insulation and sound absorption. It is commonly found in ship and submarine bulk‐
heads and hulls; automobile engine compartments and body panel liners; in furnaces and
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air conditioning units; acoustical wall and ceiling panels; and architectural partitions. Fiber‐
glass can be tailored for specific applications such as Type E (electrical), used as electrical
insulation tape, textiles and reinforcement; Type C (chemical), which has superior acid re‐
sistance, and Type T, for thermal insulation [11].

Though commercial  use  of  glass  fiber  is  relatively  recent,  artisans  created glass  strands
for  decorating  goblets  and  vases  during  the  Renaissance.  A  French  physicist,  Rene-An‐
toine Ferchault de Reaumur, produced textiles decorated with fine glass strands in 1713.
Glass  wool,  a  fluffy mass of  discontinuous fiber  in  random lengths,  was first  produced
in Europe in 1900,  using a  process  that  involved drawing fibers  from rods horizontally
to a revolving drum [12].

The basic raw materials for fiberglass products are a variety of natural minerals and manu‐
factured chemicals. The major ingredients are silica sand, limestone, and soda ash. Other in‐
gredients may include calcined alumina, borax, feldspar, nepheline syenite, magnesite, and
kaolin clay, among others. Silica sand is used as the glass former, and soda ash and lime‐
stone help primarily to lower the melting temperature. Other ingredients are used to im‐
prove certain properties, such as borax for chemical resistance. Waste glass, also called
cullet, is also used as a raw material. The raw materials must be carefully weighed in exact
quantities and thoroughly mixed together (called batching) before being melted into glass.

2.3.1. The manufacturing process

2.3.1.1. Melting

Once the batch is prepared, it is fed into a furnace for melting. The furnace may be heated by
electricity, fossil fuel, or a combination of the two. Temperature must be precisely controlled
to maintain a smooth, steady flow of glass. The molten glass must be kept at a higher tem‐
perature (about 1371 °C) than other types of glass in order to be formed into fiber. Once the
glass becomes molten, it is transferred to the forming equipment via a channel (forehearth)
located at the end of the furnace [13].

2.3.1.2. Forming into fibers

Several different processes are used to form fibers, depending on the type of fiber. Textile
fibers may be formed from molten glass directly from the furnace, or the molten glass may
be fed first to a machine that forms glass marbles of about 0.62 inch (1.6 cm) in diameter.
These marbles allow the glass to be inspected visually for impurities. In both the direct melt
and marble melt process, the glass or glass marbles are fed through electrically heated bush‐
ings (also called spinnerets). The bushing is made of platinum or metal alloy, with anywhere
from 200 to 3,000 very fine orifices. The molten glass passes through the orifices and comes
out as fine filaments [13].
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2.3.1.3. Continuous-filament process

A long, continuous fiber can be produced through the continuous-filament process. After
the glass flows through the holes in the bushing, multiple strands are caught up on a high-
speed winder. The winder revolves at about 3 km a minute, much faster than the rate of
flow from the bushings. The tension pulls out the filaments while still molten, forming
strands a fraction of the diameter of the openings in the bushing. A chemical binder is ap‐
plied, which helps keep the fiber from breaking during later processing. The filament is then
wound onto tubes. It can now be twisted and plied into yarn [14].

2.3.1.4. Staple-fiber process

An alternative method is the staplefiber process. As the molten glass flows through the
bushings, jets of air rapidly cool the filaments. The turbulent bursts of air also break the fila‐
ments into lengths of 20-38 cm. These filaments fall through a spray of lubricant onto a re‐
volving drum, where they form a thin web. The web is drawn from the drum and pulled
into a continuous strand of loosely assembled fibers [15]. This strand can be processed into
yarn by the same processes used for wool and cotton.

2.3.1.5. Chopped fiber

Instead of being formed into yarn, the continuous or long-staple strand may be chopped in‐
to short lengths. The strand is mounted on a set of bobbins, called a creel, and pulled
through a machine which chops it into short pieces. The chopped fiber is formed into mats
to which a binder is added. After curing in an oven, the mat is rolled up. Various weights
and thicknesses give products for shingles, built-up roofing, or decorative mats [16].

2.3.1.6. Glass wool

The rotary or spinner process is used to make glass wool. In this process, molten glass from
the furnace flows into a cylindrical container having small holes. As the container spins rap‐
idly, horizontal streams of glass flow out of the holes. The molten glass streams are convert‐
ed into fibers by a downward blast of air, hot gas, or both. The fibers fall onto a conveyor
belt, where they interlace with each other in a fleecy mass. This can be used for insulation, or
the wool can be sprayed with a binder, compressed into the desired thickness, and cured in
an oven. The heat sets the binder, and the resulting product may be a rigid or semi-rigid
board, or a flexible bat [15-16].

2.3.1.7. Protective coatings

In addition to binders, other coatings are required for fiberglass products. Lubricants are
used to reduce fiber abrasion and are either directly sprayed on the fiber or added into the
binder. An anti-static composition is also sometimes sprayed onto the surface of fiberglass
insulation mats during the cooling step. Cooling air drawn through the mat causes the anti-
static agent to penetrate the entire thickness of the mat. The anti-static agent consists of two
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ingredients a material that minimizes the generation of static electricity, and a material that
serves as a corrosion inhibitor and stabilizer.

Sizing is any coating applied to textile fibers in the forming operation, and may contain
one  or  more  components  (lubricants,  binders,  or  coupling  agents).  Coupling  agents  are
used on strands that will  be used for reinforcing plastics,  to strengthen the bond to the
reinforced  material.  Sometimes  a  finishing  operation  is  required  to  remove  these  coat‐
ings, or to add another coating. For plastic reinforcements, sizings may be removed with
heat  or  chemicals  and  a  coupling  agent  applied.  For  decorative  applications,  fabrics
must be heat treated to remove sizings and to set the weave. Dye base coatings are then
applied before dying or printing [15-16].

2.3.1.8. Forming into shapes

Fiberglass products come in a wide variety of shapes, made using several processes. For
example, fiberglass pipe insulation is wound onto rod-like forms called mandrels direct‐
ly from the forming units,  prior to curing. The mold forms, in lengths of 91 cm or less,
are then cured in an oven. The cured lengths are then de-molded lengthwise, and sawn
into specified dimensions.  Facings are  applied if  required,  and the product  is  packaged
for shipment [17].

2.4. Carbon fibre

Carbon-fiber-reinforced polymer or carbon-fiber-reinforced plastic (CFRP or CRP or often
simply carbon fiber), is a very strong and light fiber-reinforced polymer which contains car‐
bon fibers. Carbon fibres are created when polyacrylonitrile fibres (PAN), Pitch resins, or
Rayon are carbonized (through oxidation and thermal pyrolysis) at high temperatures.
Through further processes of graphitizing or stretching the fibres strength or elasticity can
be enhanced respectively. Carbon fibres are manufactured in diameters analogous to glass
fibres with diameters ranging from 9 to 17 μm. These fibres wound into larger threads for
transportation and further production processes. Further production processes include
weaving or braiding into carbon fabrics, cloths and mats analogous to those described for
glass that can then be used in actual reinforcement processes. Carbon fibers are a new breed
of high-strength materials. Carbon fiber has been described as a fiber containing at least 90%
carbon obtained by the controlled pyrolysis of appropriate fibers. The existence of carbon fi‐
ber came into being in 1879 when Edison took out a patent for the manufacture of carbon
filaments suitable for use in electric lamps [18].

2.4.1. Classification and types

Based on modulus, strength, and final heat treatment temperature, carbon fibers can be clas‐
sified into the following categories:

1. Based on carbon fiber properties, carbon fibers can be grouped into:

• Ultra-high-modulus, type UHM (modulus >450Gpa)
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• High-modulus, type HM (modulus between 350-450Gpa)

• Intermediate-modulus, type IM (modulus between 200-350Gpa)

• Low modulus and high-tensile, type HT (modulus < 100Gpa, tensile strength > 3.0Gpa)

• Super high-tensile, type SHT (tensile strength > 4.5Gpa)

2. Based on precursor fiber materials, carbon fibers are classified into;

• PAN-based carbon fibers

• Pitch-based carbon fibers

• Mesophase pitch-based carbon fibers

• Isotropic pitch-based carbon fibers

• Rayon-based carbon fibers

• Gas-phase-grown carbon fibers

3. Based on final heat treatment temperature, carbon fibers are classified into:

• Type-I, high-heat-treatment carbon fibers (HTT), where final heat treatment temperature
should be above 2000°C and can be associated with high-modulus type fiber.

• Type-II, intermediate-heat-treatment carbon fibers (IHT), where final heat treatment tem‐
perature should be around or above 1500 °C and can be associated with high-strength
type fiber.

• Type-III, low-heat-treatment carbon fibers, where final heat treatment temperatures not
greater than 1000 °C. These are low modulus and low strength materials [19].

2.4.2. Manufacture

In  Textile  Terms and Definitions,  carbon fiber  has  been described as  a  fiber  containing
at least 90% carbon obtained by the controlled pyrolysis of appropriate fibers.  The term
"graphite fiber" is used to describe fibers that have carbon in excess of 99%. Large vari‐
eties of fibers called precursors are used to produce carbon fibers of different morpholo‐
gies  and  different  specific  characteristics.  The  most  prevalent  precursors  are
polyacrylonitrile  (PAN),  cellulosic  fibers  (viscose  rayon,  cotton),  petroleum  or  coal  tar
pitch and certain phenolic fibers.

Carbon fibers are manufactured by the controlled pyrolysis of organic precursors in fibrous
form. It is a heat treatment of the precursor that removes the oxygen, nitrogen and hydrogen
to form carbon fibers. It is well established in carbon fiber literature that the mechanical
properties of the carbon fibers are improved by increasing the crystallinity and orientation,
and by reducing defects in the fiber. The best way to achieve this is to start with a highly
oriented precursor and then maintain the initial high orientation during the process of stabi‐
lization and carbonization through tension [18-19].
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2.4.2.1. Carbon fibers from polyacrylonitrile (PAN)

There are three successive stages in the conversion of PAN precursor into high-performance
carbon fibers. Oxidative stabilization: The polyacrylonitrile precursor is first stretched and
simultaneously oxidized in a temperature range of 200-300 °C. This treatment converts ther‐
moplastic PAN to a non-plastic cyclic or ladder compound. Carbonization: After oxidation,
the fibers are carbonized at about 1000 °C without tension in an inert atmosphere (normally
nitrogen) for a few hours. During this process the non-carbon elements are removed as vola‐
tiles to give carbon fibers with a yield of about 50% of the mass of the original PAN. Graphi‐
tization: Depending on the type of fiber required, the fibers are treated at temperatures
between 1500-3000 °C, which improves the ordering, and orientation of the crystallites in the
direction of the fiber axis.

2.4.2.2. Carbon fibers from rayon

a- The conversion of rayon fibers into carbon fibers is three phase process

Stabilization: Stabilization is an oxidative process that occurs through steps. In the first step,
between 25-150 °C, there is physical desorption of water. The next step is a dehydration of
the cellulosic unit between 150-240 °C. Finally, thermal cleavage of the cyclosidic linkage
and scission of ether bonds and some C-C bonds via free radical reaction (240-400 °C) and,
thereafter, aromatization takes place.

Carbonization: Between 400 and 700 °C, the carbonaceous residue is converted into a graph‐
ite-like layer.

Graphitization: Graphitization is carried out under strain at 700-2700 °C to obtain high mod‐
ulus fiber through longitudinal orientation of the planes.

b- The carbon fiber fabrication from pitch generally consists of the following four steps:

Pitch preparation: It is an adjustment in the molecular weight, viscosity, and crystal orienta‐
tion for spinning and further heating.

Spinning and drawing: In this stage, pitch is converted into filaments, with some alignment
in the crystallites to achieve the directional characteristics.

Stabilization: In this step, some kind of thermosetting to maintain the filament shape during
pyrolysis. The stabilization temperature is between 250 and 400 °C.

Carbonization: The carbonization temperature is between 1000-1500 °C.

2.4.2.3. Carbon fibers in meltblown nonwovens

Carbon fibers made from the spinning of molten pitches are of interest because of the high
carbon yield from the precursors and the relatively low cost of the starting materials. Stabili‐
zation in air and carbonization in nitrogen can follow the formation of melt-blown pitch
webs. Processes have been developed with isotropic pitches and with anisotropic meso‐
phase pitches. The mesophase pitch based and melt blown discontinuous carbon fibers have
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a peculiar structure. These fibers are characterized in that a large number of small domains,
each domain having an average equivalent diameter from 0.03 mm to 1mm and a nearly
unidirectional orientation of folded carbon layers, assemble to form a mosaic structure on
the cross-section of the carbon fibers. The folded carbon layers of each domain are oriented
at an angle to the direction of the folded carbon layers of the neighboring domains on the
boundary [20].

2.4.2.4. Carbon fibers from isotropic pitch

The isotropic pitch or pitch-like material,  i.e.,  molten polyvinyl chloride, is melt spun at
high strain rates to align the molecules parallel to the fiber axis.  The thermoplastic fiber
is then rapidly cooled and carefully oxidized at a low temperature (<100 °C). The oxida‐
tion process is  rather slow, to ensure stabilization of  the fiber by cross-linking and ren‐
dering it infusible. However, upon carbonization, relaxation of the molecules takes place,
producing fibers with no significant preferred orientation. This process is not industrial‐
ly  attractive due to  the lengthy oxidation step,  and only low-quality  carbon fibers  with
no graphitization  are  produced.  These  are  used  as  fillers  with  various  plastics  as  ther‐
mal insulation materials [20].

2.4.2.5. Carbon fibers from anisotropic mesophase pitch

High molecular weight aromatic pitches, mainly anisotropic in nature, are referred to as
mesophase pitches. The pitch precursor is thermally treated above 350°C to convert it to
mesophase pitch, which contains both isotropic and anisotropic phases. Due to the shear
stress occurring during spinning, the mesophase molecules orient parallel to the fiber axis.
After spinning, the isotropic part of the pitch is made infusible by thermosetting in air at a
temperature below it's softening point. The fiber is then carbonized at temperatures up to
1000 °C. The main advantage of this process is that no tension is required during the stabili‐
zation or the graphitization, unlike the case of rayon or PANs precursors [21].

2.4.2.6. Structure

The characterization of carbon fiber microstructure has been mainly been performed by x-
ray scattering and electron microscopy techniques. In contrast to graphite, the structure of
carbon fiber lacks any three dimensional order. In PAN-based fibers, the linear chain struc‐
ture is transformed to a planar structure during oxidative stabilization and subsequent car‐
bonization. Basal planes oriented along the fiber axis are formed during the carbonization
stage. Wide-angle x-ray data suggests an increase in stack height and orientation of basal
planes with an increase in heat treatment temperature. A difference in structure between the
sheath and the core was noticed in a fully stabilized fiber. The skin has a high axial prefer‐
red orientation and thick crystallite stacking. However, the core shows a lower preferred
orientation and a lower crystallite height [22].
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2.4.2.7. Properties

In general, it is seen that the higher the tensile strength of the precursor the higher is the
tenacity of the carbon fiber. Tensile strength and modulus are significantly improved by car‐
bonization under strain when moderate stabilization is used. X-ray and electron diffraction
studies have shown that in high modulus type fibers, the crystallites are arranged around
the longitudinal axis of the fiber with layer planes highly oriented parallel to the axis. Over‐
all, the strength of a carbon fiber depends on the type of precursor, the processing condi‐
tions, heat treatment temperature and the presence of flaws and defects. With PAN based
carbon fibers, the strength increases up to a maximum of 1300 ºC and then gradually de‐
creases. The modulus has been shown to increase with increasing temperature. PAN based
fibers typically buckle on compression and form kink bands at the innermost surface of the
fiber. However, similar high modulus type pitch-based fibers deform by a shear mechanism
with kink bands formed at 45° to the fiber axis. Carbon fibers are very brittle. The layers in
the fibers are formed by strong covalent bonds. The sheet-like aggregations allow easy crack
propagation. On bending, the fiber fails at very low strain [23].

2.4.2.8. Applications

The two main applications of carbon fibers are in specialized technology, which includes
aerospace and nuclear engineering, and in general engineering and transportation, which
includes engineering components such as bearings, gears, cams, fan blades and automobile
bodies. Recently, some new applications of carbon fibers have been found. Others include:
decoration in automotive, marine, general aviation interiors, general entertainment and mu‐
sical instruments and after-market transportation products. Conductivity in electronics tech‐
nology provides additional new application [24].

The production of highly effective fibrous carbon adsorbents with low diameter, excluding
or minimizing external and intra-diffusion resistance to mass transfer, and therefore, exhib‐
iting high sorption rates is a challenging task. These carbon adsorbents can be converted in‐
to a wide variety of textile forms and nonwoven materials. Cheaper and newer versions of
carbon fibers are being produced from new raw materials. Newer applications are also be‐
ing developed for protective clothing (used in various chemical industries for work in ex‐
tremely hostile environments), electromagnetic shielding and various other novel
applications. The use of carbon fibers in Nonwovens is in a new possible application for
high temperature fire-retardant insulation (eg: furnace material) [25].

2.5. Aramid-definition

Aliphatic polyamides are macromolecules whose structural units are characteristically inter‐
linked by the amide linkage -NH-CO-. The nature of the structural unit constitutes a basis
for classification. Aliphatic polyamides with structural units derived predominantly from
aliphatic monomers are members of the generic class of nylons, whereas aromatic polya‐
mides in which at least 85% of the amide linkages are directly adjacent to aromatic struc‐
tures have been designated aramids. The U.S. Federal Trade Commission defines nylon
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aerospace and nuclear engineering, and in general engineering and transportation, which
includes engineering components such as bearings, gears, cams, fan blades and automobile
bodies. Recently, some new applications of carbon fibers have been found. Others include:
decoration in automotive, marine, general aviation interiors, general entertainment and mu‐
sical instruments and after-market transportation products. Conductivity in electronics tech‐
nology provides additional new application [24].

The production of highly effective fibrous carbon adsorbents with low diameter, excluding
or minimizing external and intra-diffusion resistance to mass transfer, and therefore, exhib‐
iting high sorption rates is a challenging task. These carbon adsorbents can be converted in‐
to a wide variety of textile forms and nonwoven materials. Cheaper and newer versions of
carbon fibers are being produced from new raw materials. Newer applications are also be‐
ing developed for protective clothing (used in various chemical industries for work in ex‐
tremely hostile environments), electromagnetic shielding and various other novel
applications. The use of carbon fibers in Nonwovens is in a new possible application for
high temperature fire-retardant insulation (eg: furnace material) [25].

2.5. Aramid-definition

Aliphatic polyamides are macromolecules whose structural units are characteristically inter‐
linked by the amide linkage -NH-CO-. The nature of the structural unit constitutes a basis
for classification. Aliphatic polyamides with structural units derived predominantly from
aliphatic monomers are members of the generic class of nylons, whereas aromatic polya‐
mides in which at least 85% of the amide linkages are directly adjacent to aromatic struc‐
tures have been designated aramids. The U.S. Federal Trade Commission defines nylon
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fibers as ‘‘a manufactured fiber in which the fiber forming substance is a long chain synthet‐
ic polyamide in which less than 85% of the amide linkages (-CO-NH-) are attached directly
to two aliphatic groups.’’ Polyamides that contain recurring amide groups as integral parts
of the polymer backbone have been classified as condensation polymers regardless of the
principal mechanisms entailed in the polymerization process. Though many reactions suita‐
ble for polyamide formation are known, commercially important nylons are obtained by
processes related to either of two basic approaches: one entails the polycondensation of di‐
functional monomers utilizing either amino acids or stoichiometric pairs of dicarboxylic
acids and diamines, and the other entails the ring-opening polymerization of lactams. The
polyamides formed from diacids and diamines are generally described to be of the AABB
format, whereas those derived from either amino acids or lactams are of the AB format.

The structure of polyamide fibers is defined by both chemical and physical parameters. The
chemical parameters are related mainly to the constitution of the polyamide molecule and
are concerned primarily with its monomeric units, end-groups, and molecular weight. The
physical parameters are related essentially to chain conformation, orientation of both poly‐
mer molecule segments and aggregates, and to crystallinity [26]. This characteristic for sin‐
gle-chain aliphatic polyamides is determined by the structure of the monomeric units and
the nature of end groups of the polymer molecules. The most important structural parame‐
ter of the noncrystalline (amorphous) phase is the glass transition temperature (Tg) since it
has a considerable effect on both processing and properties of the polyamide fibers. It relates
to a type of a glass–rubber transition and is defined as the temperature, or temperature
range, at which mobility of chain segments or structural units commences. Thus it is a func‐
tion of the chemical structure; in case of the linear aliphatic polyamides, it is a function of
the number of CH2 units (mean spacing) between the amide groups. As the number of CH2

unit’s increases, Tg decreases. Although Tg is further affected by the nature of the crystalline
phase, orientation, and molecular weight, it is associated only with what may be considered
the amorphous phase.

Any process affecting this phase exerts a corresponding effect on the glass transition tem‐
perature. This is particularly evident in its response to the concentration of water absorbed
in polyamides. An increase in water content results in a steady decrease of Tg toward a limit‐
ing value. This phenomenon may be explained by a mechanism that entails successive re‐
placement of intercatenary hydrogen bonds in the amorphous phase with water. It may
involve a sorption mechanism, according to which 3 mol of water interact with two neigh‐
boring amide groups [27].

The properties of aromatic polyamides differ significantly from those of their aliphatic coun‐
terparts. This led the U.S. Federal Trade Commission to adopt the term ‘‘aramid’’ to desig‐
nate fibers of the aromatic polyamide type in which at least 85% of the amide linkages are
attached directly to two aromatic rings.

The search for materials with very good thermal properties was the original reason for re‐
search into aromatic polyamides. Bond dissociation energies of C-C and C-N bonds in aro‐
matic polyamides are ~20% higher than those in aliphatic polyamides. This is the reason
why the decomposition temperature of poly(m-phenylene isophthalamide) MPDI exceeds
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450 ºC. Conjugation between the amide group and the aromatic ring in poly(p-phenylene
terephthalamide) “PPTA” increases chain rigidity as well as the decomposition temperature,
which exceeds 550 ºC.

Obviously, hydrogen bonding and chain rigidity of these polymers translates to very high
glass transition temperatures. Using low-molecular-weight polymers, Aharoni [19] meas‐
ured glass transition temperatures of 272 ºC for MPDI and over 295 ºC for PPTA (which in
this case had low crystallinity). Others have reported values as high as 4928 ºC. In most cas‐
es the measurement of Tg is difficult because PPTA is essentially 100% crystalline. As one
would expect, these values are not strongly dependent on the molecular weight of the poly‐
mer above a DP of ~10 [22].

The same structural characteristics that are responsible for the excellent thermal properties
of these materials are responsible for their limited solubility as well as good chemical resist‐
ance. PPTA is soluble only in strong acids like H2SO4, HF, and methanesulfonic acid. Prepa‐
ration of this polymer via solution polymerization in amide solvents is accompanied by
polymer precipitation. As expected, based on its structure, MPDI is easier to solubilize then
PPTA. It is soluble in neat amide solvents like N-methyl-2-pyrrolidone (NMP) and dimethy‐
lacetamide (DMAc), but adding salts like CaCl2 or LiCl significantly enhances its solubility.
The significant rigidity of the PPTA chain (as discussed above) leads to the formation of ani‐
sotropic solutions when the solvent is good enough to reach critical minimum solids concen‐
tration. The implications of this are discussed in greater detail later in this chapter. It is well
known that chemical properties differ significantly between crystalline and noncrystalline
materials of the same composition. In general, aramids have very good chemical resistance.
Obviously, the amide bond is subject to a hydrolytic attack by acids and bases. Exposure to
very strong oxidizing agents results in a significant strength loss of these fibers. In addition
to crystallinity, structure consolidation affects the rate of degradation of these materials. The
hydrophilicity of the amide group leads to a significant absorption of water by all aramids.
While the chemistry is the driving factor, fiber structure also plays a very important role; for
example, Kevlar 29 absorbs ~7% water, Kevlar 49~4%, and Kevlar 149 only 1%. Fukuda ex‐
plored the relationship between fiber crystallinity and equilibrium moisture in great detail.
Because of their aromatic character, aramids absorb UV light, which results in an oxidative
color change. Substantial exposure can lead to the loss of yarn tensile properties. UV absorp‐
tion by p-aramids is more pronounced than with m-aramids. In this case a self-screening
phenomenon is observed, which makes thin structures more susceptible to degradation than
thick ones. Very frequently p-aramids are covered with another material in the final applica‐
tion to protect them. The high degree of aromaticity of these materials also provides signifi‐
cant flame resistance. All commercial aramids have a limited oxygen index in the range of
28-32%, which compares with ~20% for aliphatic polyamides.

Typical properties of commercial aramid fibers are while yarns of m-aramids have tensile
properties that are no greater than those of aliphatic polyamides, they do retain useful me‐
chanical properties at significantly higher temperatures. The high glass transition tempera‐
ture leads to low (less than 1%) shrinkage at temperatures below 250 ºC. In general,
mechanical properties of m-aramid fibers are developed on drawing. This process produces
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fibers with a high degree of morphological homogeneity, which leads to very good fatigue
properties. The mechanical properties of p-aramid fibers have been the subject of much
study. This is because these fibers were the first examples of organic materials with a very
high level of both strength and stiffness. These materials are practical confirmation that
nearly perfect orientation and full chain extension are required to achieve mechanical prop‐
erties approaching those predicted for chemical bonds. In general, the mechanical properties
reflect a significant anisotropy of these fibers-covalent bonds in the direction of the fiber axis
with hydrogen bonding and van der Waals forces in the lateral direction [26].

Aramid-based reinforcement has been viewed as a more specialty product for applications
requiring high modulus and where the potential for electrical conductivity would preclude
the use of carbon; for example, aramid sheet is used for all tunnel repairs. Product forms in‐
clude dry fabrics or unidirectional sheets as well as pre-cured strips or bars. Fabrics or
sheets are applied to a concrete surface that has been smoothed (by grinding or blasting)
and wetted with a resin (usually epoxy). The composite materials used for concrete infra‐
structure repair that was initiated in the mid 1980s. After air pockets are removed using roll‐
ers or flat, flexible squeegees, a second resin coat might be applied. Reinforcement of
concrete structures is important in earthquake prone areas, although steel plate is the pri‐
mary material used to reinforce and repair concrete structures, higher priced fiber-based
sheet structures offer advantages for small sites where ease of handling and corrosion resist‐
ance are important. The high strength, modulus, and damage tolerance of aramid-reinforced
sheets makes the fiber especially suitable for protecting structures prone to seismic activity.
The use of aramid sheet also simplifies the application process. Sheets are light in weight
and can be easily handled without heavy machinery and can be applied in confined work‐
ing spaces. Sheets are also flexible, so surface smoothing and corner rounding of columns
are less critical than for carbon fiber sheets [28].

3. All process description

FRP involves two distinct processes, the first is the process whereby the fibrous material is
manufactured and formed, and the second is the process whereby fibrous materials are
bonded with the matrix during the molding process.

3.1. Fibre process

3.1.1. The manufacture of fibre fabric

Reinforcing Fibre is manufactured in both two dimensional and three dimensional orienta‐
tions

1. Two Dimensional Fibre Reinforced Polymer are characterized by a laminated structure
in which the fibres are only aligned along the plane in x-direction and y-direction of the
material. This means that no fibres are aligned in the through thickness or the z-direc‐
tion, this lack of alignment in the through thickness can create a disadvantage in cost
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and processing. Costs and labour increase because conventional processing techniques
used to fabricate composites, such as wet hand lay-up, autoclave and resin transfer
molding, require a high amount of skilled labour to cut, stack and consolidate into a
preformed component.

2. Three-dimensional Fibre Reinforced Polymer composites are materials with three di‐
mensional fibre structures that incorporate fibres in the x-direction, y-direction and z-
direction. The development of three-dimensional orientations arose from industry's
need to reduce fabrication costs, to increase through-thickness mechanical properties,
and to improve impact damage tolerance; all were problems associated with two di‐
mensional fibre reinforced polymers [28].

3.1.2. The manufacture of fibre preforms

Fibre preforms are how the fibres are manufactured before being bonded to the matrix. Fi‐
bre preforms are often manufactured in sheets, continuous mats, or as continuous filaments
for spray applications. The four major ways to manufacture the fibre preform is though the
textile processing techniques of Weaving, knitting, braiding and stitching.

1. Weaving can be done in a conventional manner to produce two-dimensional fibres as
well in a multilayer weaving that can create three-dimensional fibres. However, multi‐
layer weaving is required to have multiple layers of warp yarns to create fibres in the z-
direction creating a few disadvantages in manufacturing, namely the time to set up all
the warp yarns on the loom. Therefore most multilayer weaving is currently used to
produce relatively narrow width products or high value products where the cost of the
preform production is acceptable. Another Fibre-reinforced plastic 3D one of the main
problems facing the use of multilayer woven fabrics is the difficulty in producing a fab‐
ric that contains fibres oriented with angles other than 0º and 90º to each other respec‐
tively.

2. The second major way of manufacturing fibre preforms is braiding. Braiding is suited to
the manufacture of narrow width flat or tubular fabric and is not as capable as weaving
in the production of large volumes of wide fabrics. Braiding is done over top of man‐
drels that vary in cross-sectional shape or dimension along their length. Braiding is lim‐
ited to objects about a brick in size. Unlike the standard weaving process, braiding can
produce fabric that contains fibres at 45 degrees angles to one another. Braiding three-
dimensional fibres can be done using four steps, two-step or Multilayer Interlock Braid‐
ing. Four step or row and column braiding utilizes a flat bed containing rows and
columns of yarn carriers that form the shape of the desired preform. Additional carriers
are added to the outside of the array, the precise location and quantity of which de‐
pends upon the exact preform shape and structure required. There are four separate se‐
quences of row and column motion, which act to interlock the yarns and produce the
braided preform. The yarns are mechanically forced into the structure between each
step to consolidate the structure in a similar process to the use of a reed in weav‐
ing.Two-step braiding is unlike the four step process because the two-step includes a

Fiber Reinforced Polymers - The Technology Applied for Concrete Repair24



and processing. Costs and labour increase because conventional processing techniques
used to fabricate composites, such as wet hand lay-up, autoclave and resin transfer
molding, require a high amount of skilled labour to cut, stack and consolidate into a
preformed component.

2. Three-dimensional Fibre Reinforced Polymer composites are materials with three di‐
mensional fibre structures that incorporate fibres in the x-direction, y-direction and z-
direction. The development of three-dimensional orientations arose from industry's
need to reduce fabrication costs, to increase through-thickness mechanical properties,
and to improve impact damage tolerance; all were problems associated with two di‐
mensional fibre reinforced polymers [28].

3.1.2. The manufacture of fibre preforms

Fibre preforms are how the fibres are manufactured before being bonded to the matrix. Fi‐
bre preforms are often manufactured in sheets, continuous mats, or as continuous filaments
for spray applications. The four major ways to manufacture the fibre preform is though the
textile processing techniques of Weaving, knitting, braiding and stitching.

1. Weaving can be done in a conventional manner to produce two-dimensional fibres as
well in a multilayer weaving that can create three-dimensional fibres. However, multi‐
layer weaving is required to have multiple layers of warp yarns to create fibres in the z-
direction creating a few disadvantages in manufacturing, namely the time to set up all
the warp yarns on the loom. Therefore most multilayer weaving is currently used to
produce relatively narrow width products or high value products where the cost of the
preform production is acceptable. Another Fibre-reinforced plastic 3D one of the main
problems facing the use of multilayer woven fabrics is the difficulty in producing a fab‐
ric that contains fibres oriented with angles other than 0º and 90º to each other respec‐
tively.

2. The second major way of manufacturing fibre preforms is braiding. Braiding is suited to
the manufacture of narrow width flat or tubular fabric and is not as capable as weaving
in the production of large volumes of wide fabrics. Braiding is done over top of man‐
drels that vary in cross-sectional shape or dimension along their length. Braiding is lim‐
ited to objects about a brick in size. Unlike the standard weaving process, braiding can
produce fabric that contains fibres at 45 degrees angles to one another. Braiding three-
dimensional fibres can be done using four steps, two-step or Multilayer Interlock Braid‐
ing. Four step or row and column braiding utilizes a flat bed containing rows and
columns of yarn carriers that form the shape of the desired preform. Additional carriers
are added to the outside of the array, the precise location and quantity of which de‐
pends upon the exact preform shape and structure required. There are four separate se‐
quences of row and column motion, which act to interlock the yarns and produce the
braided preform. The yarns are mechanically forced into the structure between each
step to consolidate the structure in a similar process to the use of a reed in weav‐
ing.Two-step braiding is unlike the four step process because the two-step includes a

Fiber Reinforced Polymers - The Technology Applied for Concrete Repair24

large number of yarns fixed in the axial direction and a fewer number of braiding yarns.
The process consists of two steps in which the braiding carriers move completely
through the structure between the axial carriers. This relatively simple sequence of mo‐
tions is capable of forming performs of essentially any shape, including circular and
hollow shapes. Unlike the four steps process the two steps process does not require me‐
chanical compaction the motions involved in the process allows the braid to be pulled
tight by yarn tension alone. The last type of braiding is multi-layer interlocking braid‐
ing that consists of a number of standard circular braiders being joined together to form
a cylindrical braiding frame. This frame has a number of parallel braiding tracks
around the circumference of the cylinder but the mechanism allows the transfer of yarn
carriers between adjacent tracks forming a multilayer braided fabric with yarns inter‐
locking to adjacent layers.

The multilayer interlock braid differs from both the four step and two-step braids in that the
interlocking yarns are primarily in the plane of the structure and thus do not significantly
reduce the in-plane properties of the perform. The four step and two step processes produce
a greater degree of interlinking as the braiding yarns travel through the thickness of the pre‐
form, but therefore contribute less to the in-plane performance of the preform. A disadvant‐
age of the multilayer interlock equipment is that due to the conventional sinusoidal
movement of the yarn carriers to form the preform, the equipment is not able to have the
density of yarn carriers that is possible with the two step and four step machines.

3. Knitting fibre preforms can be done with the traditional methods of Warp and [Weft]
Knitting, and the fabric produced is often regarded by many as two-dimensional fabric,
but machines with two or more needle beds are capable of producing multilayer fabrics
with yams that traverse between the layers. Developments in electronic controls for
needle selection and knit loop transfer and in the sophisticated mechanisms that allow
specific areas of the fabric to be held and their movement controlled. This has allowed
the fabric to form itself into the required three-dimensional perform shape with a mini‐
mum of material wastage.

4. Stitching is arguably the simplest of the four main textile manufacturing techniques and
one that can be performed with the smallest investment in specialized machinery. Basi‐
cally the stitching process consists of inserting a needle, carrying the stitch thread,
through a stack of fabric layers to form a 3D structure. The advantages of stitching are
that it is possible to stitch both dry and prepreg fabric, although the tackiness of pre‐
pare makes the process difficult and generally creates more damage within the prepreg
material than in the dry fabric. Stitching also utilizes the standard two-dimensional fab‐
rics that are commonly in use within the composite industry therefore there is a sense of
familiarity concerning the material systems. The use of standard fabric also allows a
greater degree of flexibility in the fabric lay-up of the component than is possible with
the other textile processes, which have restrictions on the fibre orientations that can be
produced.
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3.1.3. Molding processes

There are two distinct categories of molding processes using FRP plastics; this includes com‐
posite molding and wet molding. Composite molding uses Prepreg FRP, meaning the plas‐
tics are fibre reinforced before being put through further molding processes. Sheets of
Prepreg FRP are heated or compressed in different ways to create geometric shapes. Wet
molding combines fibre reinforcement and the matrix or resist during the molding process.
The different forms of composite and wet molding, are listed below.

3.2. Composite molding

3.2.1. Bladder molding

Individual sheets of prepreg material are laid -up and placed in a female-style mould along
with a balloon-like bladder. The mould is closed and placed in a heated press. Finally, the
bladder is pressurized forcing the layers of material against the mould walls. The part is
cured and removed from the hot mould. Bladder molding is a closed molding process with
a relatively short cure cycle between 15 and 60 minutes making it ideal for making complex
hollow geometric shapes at competitive costs.

3.2.2. Compression molding

A "preform" or "charge", of SMC, BMC or sometimes prepreg fabric, is placed into mould
cavity. The mould is closed and the material is compacted & cured inside by pressure and
heat. Compression molding offers excellent detailing for geometric shapes ranging from pat‐
tern and relief detailing to complex curves and creative forms, to precision engineering all
within a maximum curing time of 20 minutes.

3.2.3. Autoclave − Vacuum bag

Individual sheets of prepreg material are laid-up and placed in an open mold. The material
is covered with release film, bleeder/breather material and a vacuum bag. A vacuum is
pulled on part and the entire mould is placed into an autoclave (heated pressure vessel). The
part is cured with a continuous vacuum to extract entrapped gasses from laminate. This is a
very common process in the aerospace industry because it affords precise control over the
molding process due to a long slow cure cycle that is anywhere from one to two hours. This
precise control creates the exact laminate geometric forms needed to ensure strength and
safety in the aerospace industry, but it is also slow and lab our intensive, meaning costs of‐
ten confine it to the aerospace industry.

3.2.4. Mandrel wrapping

Sheets of prepreg material are wrapped around a steel or aluminum mandrel. The prepreg
material is compacted by nylon or polypropylene cello tape. Parts are typically batch cured
by hanging in an oven. After cure the cello and mandrel are removed leaving a hollow car‐
bon tube. This process creates strong and robust hollow carbon tubes.
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3.2.5. Wet layup

Fibre reinforcing fabric is placed in an open mould and then saturated with a wet (resin) by
pouring it over the fabric and working it into the fabric and mould. The mould is then left so
that the resin will cure, usually at room temperature, though heat is sometimes used to en‐
sure a proper curing process. Glass fibres are most commonly used for this process, the re‐
sults are widely known as fibreglass, and are used to make common products like skis,
canoes, kayaks and surf boards.

3.2.6. Chopper gun

Continuous strand of fibreglass are pushed through a hand-held gun that both chops the
strands and combines them with a catalyzed resin such as polyester. The impregnated chop‐
ped glass is shot onto the mould surface in whatever thickness the design and human opera‐
tor think is appropriate. This process is good for large production runs at economical cost,
but produces geometric shapes with less strength than other molding processes and has
poor dimensional tolerance.

3.2.7. Filament winding

Machines  pull  fibre  bundles  through  a  wet  bath  of  resin  and  wound  over  a  rotating
steel  mandrel in specific orientations Parts are cured either room temperature or elevat‐
ed temperatures. Mandrel is extracted, leaving a final geometric shape but can be left in
some cases.

3.2.8. Pultrusion

Fibre bundles and slit fabrics are pulled through a wet bath of resin and formed into the
rough part shape. Saturated material is extruded from a heated closed die curing while be‐
ing continuously pulled through die. Some of the end products of the pultrusion process are
structural shapes, i.e. beam, angle, channel and flat sheet. These materials can be used to cre‐
ate all sorts of fibreglass structures such as ladders, platforms, handrail systems tank, pipe,
and pump supports.

3.3. Resin infusion

Fabrics are placed into a mould which wet resin is then injected into. Resin is typically pres‐
surized and forced into a cavity which is under vacuum in the RTM (Resin Transfer Mold‐
ing) process. Resin is entirely pulled into cavity under vacuum in the VARTM (Vacuum
Assisted Resin Transfer Molding) process. This molding process allows precise tolerances
and detailed shaping but can sometimes fail to fully saturate the fabric leading to weak
spots in the final shape.

Introduction of Fibre-Reinforced Polymers − Polymers and Composites: Concepts, Properties and Processes
http://dx.doi.org/10.5772/54629

27



3.3.1. Advantages and limitations

FRP  allows  the  alignment  of  the  glass  fibres  of  thermoplastics  to  suit  specific  design
programs.  Specifying  the  orientation  of  reinforcing  fibres  can  increase  the  strength  and
resistance  to  deformation  of  the  polymer.  Glass  reinforced  polymers  are  strongest  and
most resistive to deforming forces when the polymers fibres are parallel to the force be‐
ing  exerted,  and  are  weakest  when  the  fibres  are  perpendicular.  Thus  this  ability  is  at
once  both an advantage  and a  limitation depending on the  context  of  use.  Weak spots
of  perpendicular  fibres  can  be  used  for  natural  hinges  and  connections,  but  can  also
lead to material failure when production processes fail  to properly orient the fibres par‐
allel  to  expected forces.  When forces  are  exerted  perpendicular  to  the  orientation  of  fi‐
bres the strength and elasticity of the polymer is less than the matrix alone. In cast resin
components made of glass reinforced polymers such as UP and EP, the orientation of fi‐
bres can be oriented in two-dimensional and three-dimensional weaves. This means that
when  forces  are  possibly  perpendicular  to  one  orientation,  they  are  parallel  to  another
orientation; this eliminates the potential for weak spots in the polymer.

3.3.2. Failure modes

Structural failure can occur in FRP materials when:

• Tensile forces stretch the matrix more than the fibres, causing the material to shear at the
interface between matrix and fibres.

• Tensile forces near the end of the fibres exceed the tolerances of the matrix, separating the
fibres from the matrix.

• Tensile forces can also exceed the tolerances of the fibres causing the fibres themselves to
fracture leading to material failure [29].

3.3.3. Material requirements

The matrix must also meet certain requirements in order to first be suitable for the FRP proc‐
ess and ensure a successful reinforcement of it. The matrix must be able to properly saturate,
and bond with the fibres within a suitable curing period. The matrix should preferably bond
chemically with the fibre reinforcement for maximum adhesion. The matrix must also com‐
pletely envelope the fibres to protect them from cuts and notches that would reduce their
strength, and to transfer forces to the fibres. The fibres must also be kept separate from each
other so that if failure occurs it is localized as much as possible, and if failure occurs the ma‐
trix must also debond from the fibre for similar reasons. Finally the matrix should be of a
plastic that remains chemically and physically stable during and after reinforcement and
molding processes. To be suitable for reinforcement material fibre additives must increase
the tensile strength and modulus of elasticity of the matrix and meet the following condi‐
tions; fibres must exceed critical fibre content; the strength and rigidity of fibres itself must
exceed the strength and rigidity of the matrix alone; and there must be optimum bonding
between fibres and matrix.
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3.4. Glass fibre material

FRPs use textile glass fibres; textile fibres are different from other forms of glass fibres used
for insulating applications. Textile glass fibres begin as varying combinations of SiO2, Al2O3,
B2O3, CaO, or MgO in powder form. These mixtures are then heated through a direct melt
process to temperatures around 1300 degrees Celsius, after which dies are used to extrude
filaments of glass fibre in diameter ranging from 9 to 17 μm. These filaments are then
wound into larger threads and spun onto bobbins for transportation and further processing.
Glass fibre is by far the most popular means to reinforce plastic and thus enjoys a wealth of
production processes, some of which are applicable to aramid and carbon fibres as well ow‐
ing to their shared fibrous qualities. Roving is a process where filaments are spun into larger
diameter threads. These threads are then commonly used for woven reinforcing glass fabrics
and mats, and in spray applications. Fibre fabrics are web-form fabric reinforcing material
that has both warped and weft directions. Fibre mats are web-form non-woven mats of glass
fibres. Mats are manufactured in cut dimensions with chopped fibres, or in continuous mats
using continuous fibres. Chopped fibre glass is used in processes where lengths of glass
threads are cut between 3 and 26 mm, threads are then used in plastics most commonly in‐
tended for moulding processes. Glass fibre short strands are short 0.2–0.3 mm strands of
glass fibres that are used to reinforce thermoplastics most commonly for injection moulding.

3.5. Aramid fibre material process

Aramid fibres are most commonly known Kevlar, Nomex and Technora. Aramids are gener‐
ally prepared by the reaction between an amine group and a carboxylic acid halide group
(aramid); commonly this occurs when an aromatic polyamide is spun from a liquid concen‐
tration of sulfuric acid into a crystallized fibre. Fibres are then spun into larger threads in
order to weave into large ropes or woven fabrics (Aramid) [29]. Aramid fibres are manufac‐
tured with varying grades to base on varying qualities for strength and rigidity, so that the
material can be somewhat tailored to specific design needs concerns, such as cutting the
tough material during manufacture.

3.6. FRP, applications

Fibre-reinforced plastics are best suited for any design program that demands weight sav‐
ings, precision engineering, finite tolerances, and the simplification of parts in both produc‐
tion and operation. A molded polymer artifact is cheaper, faster, and easier to manufacture
than cast aluminum or steel artifact, and maintains similar and sometimes better tolerances
and material strengths. The Mitsubishi Lancer Evolution IV also used FRP for its spoiler ma‐
terial [30-32].

3.6.1. Carbon fibre reinforced polymers

Rudder of commercial airplane

• Advantages over a traditional rudder made from sheet aluminum are:
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• 25% reduction in weight

• 95% reduction in components by combining parts and forms into simpler molded parts.

• Overall reduction in production and operational costs, economy of parts results in lower
production costs and the weight savings create fuel savings that lower the operational
costs of flying the airplane.

3.6.2. Structural applications of FRP

FRP can be applied to strengthen the beams, columns and slabs in buildings. It is possible to
increase strength of these structural members even after these have been severely damaged
due to loading conditions. For strengthening beams, two techniques are adopted. First one is
to paste FRP plates to the bottom (generally the tension face) of a beam. This increases the
strength of beam, deflection capacity of beam and stiffness (load required to make unit de‐
flection). Alternatively, FRP strips can be pasted in 'U' shape around the sides and bottom of
a beam, resulting in higher shear resistance. Columns in building can be wrapped with FRP
for achieving higher strength. This is called wrapping of columns. The technique works by
restraining the lateral expansion of the column. Slabs may be strengthened by pasting FRP
strips at their bottom (tension face). This will result in better performance, since the tensile
resistance of slabs is supplemented by the tensile strength of FRP. In the case of beams and
slabs, the effectiveness of FRP strengthening depends on the performance of the resin chos‐
en for bonding [32].

3.6.3. Glass fibre reinforced polymers

Engine intake manifolds are made from glass fibre reinforced PA 66.

• Advantages this has over cast aluminum manifolds are:

• Up to a 60% reduction in weight

• Improved surface quality and aerodynamics

• Reduction in components by combining parts and forms into simpler molded shapes. Au‐
tomotive gas and clutch pedals made from glass fibre reinforced PA 66 (DWP 12-13)

• Advantages over stamped aluminum are:

• Pedals can be molded as single units combining both pedals and mechanical linkages
simplifying the production and operation of the design.

• Fibres can be oriented to reinforce against specific stresses, increasing the durability and
safety.

3.6.4. Design considerations

FRP is used in designs that require a measure of strength or modulus of elasticity those non-
reinforced plastics and other material choices are either ill suited for mechanically or eco‐
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nomically. This means that the primary design consideration for using FRP is to ensure that
the material is used economically and in a manner that takes advantage of its structural en‐
hancements specifically. This is however not always the case, the orientation of fibres also
creates a material weakness perpendicular to the fibres. Thus the use of fibre reinforcement
and their orientation affects the strength, rigidity, and elasticity of a final form and hence the
operation of the final product itself. Orienting the direction of fibres either, unidirectional, 2-
dimensionally, or 3-dimensionally during production affects the degree of strength, flexibili‐
ty, and elasticity of the final product. Fibres oriented in the direction of forces display
greater resistance to distortion from these forces and vice versa, thus areas of a product that
must withstand forces will be reinforced with fibres in the same direction, and areas that re‐
quire flexibility, such as natural hinges, will use fibres in a perpendicular direction to forces.
Using more dimensions avoids this either or scenario and creates objects that seek to avoid
any specific weak points due to the unidirectional orientation of fibres. The properties of
strength, flexibility and elasticity can also be magnified or diminished through the geomet‐
ric shape and design of the final product. These include such design consideration such as
ensuring proper wall thickness and creating multifunctional geometric shapes that can be
molding as single pieces, creating shapes that have more material and structural integrity by
reducing joints, connections, and hardware [30].

3.6.5. Disposal and recycling concerns

As a subset of plastic FR plastics are liable to a number of the issues and concerns in plastic
waste disposal and recycling. Plastics pose a particular challenge in recycling processes be‐
cause they are derived from polymers and monomers that often cannot be separated and re‐
turned to their virgin states, for this reason not all plastics can be recycled for re-use, in fact
some estimates claim only 20% to 30% of plastics can be material recycled at all. Fibre rein‐
forced plastics and their matrices share these disposal and environmental concerns. In addi‐
tion to these concerns, the fact that the fibres themselves are difficult to remove from the
matrix and preserve for re-use means FRP amplify these challenges. FRP are inherently diffi‐
cult to separate into base a material that is into fibre and matrix, and the Fibre-reinforced
plastic matrix into separate usable plastic, polymers, and monomers. These are all concerns
for environmentally informed design today, but plastics often offer savings in energy and
economic savings in comparison to other materials, also with the advent of new more envi‐
ronmentally friendly matrices such as bioplastics and UV-degradable plastics, FRP will simi‐
larly gain environmental sensitivity [29].

4. Mechanical properties measurements

4.1. Strength

Strength is a mechanical property that you should be able to relate to, but you might not
know exactly what we mean by the word "strong" when are talking about polymers. First,
there is more than one kind of strength. There is tensile strength. A polymer has tensile
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strength if it is strong when one pulls on it. Tensile strength is important for a material that
is going to be stretched or under tension. Fibers need good tensile strength.

Then there is compressional strength. A polymer sample has compressional strength if it is
strong when one tries to compress it. Concrete is an example of a material with good com‐
pressional strength. Anything that has to support weight from underneath has to have good
compressional strength [32]. There is also flexural strength. A polymer sample has flexural
strength if it is strong when one tries to bend it.

There are other kinds of strength we could talk about. A sample torsional strength if it is
strong when one tries to twist it. Then there is impact strength. A sample has impact
strength if it is strong when one hits it sharply and suddenly, as with a hammer.

To measure the tensile strength of a polymer sample, we take the sample and we try to
stretch. We usually stretch it with a machine for these studies. This machine simply has
clamps on each end of the sample, then, when you turn it on it stretches the sample. While it
is stretching the sample, it measures the amount of force (F) that it is exerting. When we
know the force being exerted on the sample, we then divide that number by the cross-sec‐
tional area (A) of our sample. The answer is the stress that our sample is experiencing. Then,
using our machine, we continue to increase the amount of force, and stress naturally, on the
sample until it breaks. The stress needed to break the sample is the tensile strength of the
material. Likewise, one can imagine similar tests for compressional or flexural strength. In
all cases, the strength is the stress needed to break the sample. Since tensile stress is the force
placed on the sample divided by the cross-sectional area of the sample, tensile stress, and
tensile strength as well, are both measured in units of force divided by units of area, usually
N/cm2. Stress and strength can also be measured in megapascals (MPa) or gigapascals
(GPa). It is easy to convert between the different units, because 1 MPa = 100 N/cm2, 1 GPa =
100,000 N/cm2, and of course 1 GPa = 1,000 MPa. Other times, stress and strength are meas‐
ured in the old English units of pounds per square inch, or psi. If you ever have to convert
psi to N/cm2, the conversion factor is 1 N/cm2 = 1.45 psi.

4.2. Elongation

But there is more to understanding a polymer's mechanical properties than merely knowing
how strong it is. All strength tells us is how much stress is needed to break something. It
doesn't tell us anything about what happens to our sample while we're trying to break it.
That's where it pays to study the elongation behavior of a polymer sample. Elongation is a
type of deformation. Deformation is simply a change in shape that anything undergoes un‐
der stress. When we're talking about tensile stress, the sample deforms by stretching, be‐
coming longer. We call this elongation, of course. Usually we talk about percent elongation,
which is just the length the polymer sample is after it is stretched (L), divided by the original
length of the sample (L0), and then multiplied by 100.

There are a number of things we measure related to elongation. Which is most important
depends on the type of material one is studying. Two important things we measure are ulti‐
mate elongation and elastic elongation. Ultimate elongation is important for any kind of ma‐
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terial. It is nothing more than the amount you can stretch the sample before it breaks. Elastic
elongation is the percent elongation you can reach without permanently deforming your
sample. That is, how much can you stretch it, and still have the sample snap back to its orig‐
inal length once you release the stress on it. This is important if your material is an elasto‐
mer. Elastomers have to be able to stretch a long distance and still bounce back. Most of
them can stretch from 500 to 1000 % elongation and return to their original lengths without
any trouble [32].

4.3. Modulus

In the elastomers are need show the high elastic elongation. But for some other types of
materials,  like  plastics,  it  usually  they  not  stretch  or  deform  so  easily.  If  we  want  to
know how well  a  material  resists  deformation,  we  measure  something  called  modulus.
To measure tensile  modulus,  we do the same thing as we did to measure strength and
ultimate elongation. This time we measure the stress we're exerting on the material,  just
like  we  did  when  we  were  measuring  tensile  strength.  First,  is  slowly  increasing  the
amount  of  stress,  and  then  we  measure  the  elongation  the  sample  undergoes  at  each
stress  level.  We  keep  doing  this  until  the  sample  breaks.  This  plot  is  called  a  stress-
strain curve.  (Strain is  any kind of  deformation,  including elongation.  Elongation is  the
word  we  use  if  we're  talking  specifically  about  tensile  strain.)  The  height  of  the  curve
when the sample breaks is the tensile strength, of course, and the tensile modulus is the
slope  of  this  plot.  If  the  slope  is  steep,  the  sample  has  a  high  tensile  modulus,  which
means  it  resists  deformation.  If  the  slope  is  gentle,  then  the  sample  has  a  low  tensile
modulus,  which  means  it  is  easily  deformed.  There  are  times  when  the  stress-strain
curve is  not  nice  and straight,  like  we saw above.  The slope isn't  constant  as  stress  in‐
creases.  The  slope,  that  is  the  modulus,  is  changing  with  stress.  In  a  case  like  this  we
usually, the initial slope change as the modulus change [32].

In general, fibers have the highest tensile moduli, and elastomers have the lowest, and plas‐
tics have tensile moduli somewhere in between fibers and elastomers.

Modulus is measured by calculating stress and dividing by elongation, and would be meas‐
ured in units of stress divided by units of elongation. But since elongation is dimensionless,
it has no units by which we can divide. So modulus is expressed in the same units as
strength, such as N/cm2.

Intrinsic  deformation  is  defined  as  the  materials’  true  stress-strain  response  during  ho‐
mogeneous deformation.  Since generally strain localization phenomena occur (like neck‐
ing,  shear  banding,  crazing  and  cracking),  the  measurement  of  the  intrinsic  materials’
response  requires  a  special  experimental  set-up,  such  as  a  video-controlled  tensile  or  a
uniaxial  compression test.  Although details  of  the  intrinsic  response differ  per  material,
a general representation of the intrinsic deformation of polymers can be recognized [33],
see Figure 1.

Introduction of Fibre-Reinforced Polymers − Polymers and Composites: Concepts, Properties and Processes
http://dx.doi.org/10.5772/54629

33



Figure 1. Schematic representation of the intrinsic deformation behavior of a polymer material [33].

4.4. Toughness

That plot of stress versus strain can give us another very valuable piece of information. If
one measures the area underneath the stress-strain curve (figure 2), colored red in the graph
below, the number you get is something we call toughness.

Figure 2. Plot of stress in function of strain.

Toughness is really a measure of the energy a sample can absorb before it breaks. Think
about it, if the height of the triangle in the plot is strength, and the base of the triangle is
strain, then the area is proportional to strength strain. Since strength is proportional to the
force needed to break the sample, and strain is measured in units of distance (the distance
the sample is stretched), then strength strain is proportional is force times distance, and as
we remember from physics, force times distance is energy.
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From a physics point of view the strength, is that strength tells how much force is needed to
break a sample, and toughness tells how much energy is needed to break a sample. But that
does not really tell you what the practical differences are. What is important knows that just
because a material is strong, it isn't necessarily going to be tough as well [34-35].

Figure 3. Plot of stress in function of strain, strong and tough concepts.

The gray plot is the stress-strain curve for a sample that is strong, but not tough (figure 3).
As you can see, it takes a lot of force to break this sample. Likewise, this sample ca not
stretch very much before it breaks. A material like this which is strong, but can not deform
very much before it breaks is called brittle [36].

The gray plot is a stress-strain curve for a sample that is both strong and tough. This materi‐
al is not as strong as the sample in the gray plot, but the area underneath its curve is a lot
larger than the area under the gray sample's curve. So it can absorb a lot more energy than
the gray-black sample plot.

The gray-black sample elongates a lot more before breaking than the gray sample does. You
see, deformation allows a sample to dissipate energy. If a sample can't deform, the energy
won't be dissipated, and will cause the sample to break [37].

In real life,  we usually want materials to be tough and strong. Ideally, it  would be nice
to  have a  material  that  would not  bend or  break,  but  this  is  the  real  world.  The gray-
black sample has a much higher modulus than the red sample. While it is good for ma‐
terials  in  a  lot  of  applications  to  have  high  moduli  and  resist  deformation,  in  the  real
world it  is  a  lot  better  for  a  material  to  bend than to  break,  and if  bending,  stretching
or deforming in some other way prevents  the material  from breaking,  all  the better.  So
when  we  design  new  polymers,  or  new  composites,  we  often  sacrifice  a  little  bit  of
strength in order to make the material tougher.
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4.5. Mechanical properties
of real polymers

The rigid plastics such as polystyrene, poly(methyl methacrylate or polycarbonate can with‐
stand a good deal of stress, but they won't withstand much elongation before breaking.
There is not much area under the stress-strain curve at all. So we say that materials like this
are strong, but not very tough. Also, the slope of the plot is very steep, which means that it
takes a lot of force to deform a rigid plastic. So it is easy to see that rigid plastics have high
moduli. In short, rigid plastics tend to be strong, at resist deformation, but they tend not to
be very tough, that is, they are brittle.

Flexible plastics like polyethylene and polypropylene are different from rigid plastics in that
they don not resist deformation as well, but they tend not to break. The ability to deform is
what keeps them from breaking. Initial modulus is high, that is it will resist deformation for
awhile, but if enough stress is put on a flexible plastic, it will eventually deform. If you try to
stretch it a plastic bag, it will be very hard at first, but once you have stretched it far enough
it will give way and stretch easily. The bottom line is that flexible plastics may not be as
strong as rigid ones, but they are a lot tougher.

It is possible to alter the stress-strain behavior of a plastic with additives called plasticizers.
A plasticizer is a small molecule that makes plastics more flexible. For example, without
plasticizers, poly(vinyl chloride), or PVC for short, is a rigid plastic. Rigid unplasticized
PVC is used for water pipes. But with plasticizers, PVC can be made flexible enough to use
to make things like hoses.

Fibers like KevlarTM, carbon fiber and nylon tend to have stress-strain curves like the aqua-
colored plot in the graph above. Like the rigid plastics, they are more strong than tough, and
do not deform very much under tensile stress. But when strength is what you need, fibers
have plenty of it. They are much stronger than plastics, even the rigid ones, and some poly‐
meric fibers, like KevlarTM, carbon fiber and ultra-high molecular weight polyethylene have
better tensile strength than steel.

Elastomers like polyisoprene, polybutadiene and polyisobutylene have completely different
mechanical behavior from the other types of materials. Take a look at the pink plot in the
graph above. Elastomers have very low moduli. You can see this from the very gentle slope
of the pink plot, but you probably knew this already. You already knew that it is easy to
stretch or bend a piece of rubber [34]. If elastomers did not have low moduli, they would not
be very good elastomers.

But it takes more than just low modulus to make a polymer an elastomer. Being easily
stretched is not much use unless the material can bounce back to its original size and shape
once the stress is released. Rubber bands would be useless if they just stretched and did not
bounce back. Of course, elastomers do bounce back, and that is what makes them so amaz‐
ing. They have not just high elongation, but high reversible elongation.

Fiber Reinforced Polymers - The Technology Applied for Concrete Repair36



4.5. Mechanical properties
of real polymers

The rigid plastics such as polystyrene, poly(methyl methacrylate or polycarbonate can with‐
stand a good deal of stress, but they won't withstand much elongation before breaking.
There is not much area under the stress-strain curve at all. So we say that materials like this
are strong, but not very tough. Also, the slope of the plot is very steep, which means that it
takes a lot of force to deform a rigid plastic. So it is easy to see that rigid plastics have high
moduli. In short, rigid plastics tend to be strong, at resist deformation, but they tend not to
be very tough, that is, they are brittle.

Flexible plastics like polyethylene and polypropylene are different from rigid plastics in that
they don not resist deformation as well, but they tend not to break. The ability to deform is
what keeps them from breaking. Initial modulus is high, that is it will resist deformation for
awhile, but if enough stress is put on a flexible plastic, it will eventually deform. If you try to
stretch it a plastic bag, it will be very hard at first, but once you have stretched it far enough
it will give way and stretch easily. The bottom line is that flexible plastics may not be as
strong as rigid ones, but they are a lot tougher.

It is possible to alter the stress-strain behavior of a plastic with additives called plasticizers.
A plasticizer is a small molecule that makes plastics more flexible. For example, without
plasticizers, poly(vinyl chloride), or PVC for short, is a rigid plastic. Rigid unplasticized
PVC is used for water pipes. But with plasticizers, PVC can be made flexible enough to use
to make things like hoses.

Fibers like KevlarTM, carbon fiber and nylon tend to have stress-strain curves like the aqua-
colored plot in the graph above. Like the rigid plastics, they are more strong than tough, and
do not deform very much under tensile stress. But when strength is what you need, fibers
have plenty of it. They are much stronger than plastics, even the rigid ones, and some poly‐
meric fibers, like KevlarTM, carbon fiber and ultra-high molecular weight polyethylene have
better tensile strength than steel.

Elastomers like polyisoprene, polybutadiene and polyisobutylene have completely different
mechanical behavior from the other types of materials. Take a look at the pink plot in the
graph above. Elastomers have very low moduli. You can see this from the very gentle slope
of the pink plot, but you probably knew this already. You already knew that it is easy to
stretch or bend a piece of rubber [34]. If elastomers did not have low moduli, they would not
be very good elastomers.

But it takes more than just low modulus to make a polymer an elastomer. Being easily
stretched is not much use unless the material can bounce back to its original size and shape
once the stress is released. Rubber bands would be useless if they just stretched and did not
bounce back. Of course, elastomers do bounce back, and that is what makes them so amaz‐
ing. They have not just high elongation, but high reversible elongation.

Fiber Reinforced Polymers - The Technology Applied for Concrete Repair36

4.6. Tensile properties

The discussion of which types of polymers have which mechanical properties has focused
mostly on tensile properties. When we look at other properties, like compressional proper‐
ties or flexural properties things can be completely different. For example, fibers have very
high tensile strength and good flexural strength as well, but they usually have terrible com‐
pressional strength. They also only have good tensile strength in the direction of the fibers.

Some polymers are tough, while others are strong, and how one often has to make trade-offs
when designing new materials; the design may have to sacrifice strength for toughness, but
sometimes we can combine two polymers with different properties to get a new material
with some of the properties of both. There are three main ways of doing this, and they are
copolymerization, blending, and making composite materials.

The copolymer that combines the properties of two materials is spandex. It is a copolymer
containing blocks of elastomeric polyoxyethylene and blocks of a rigid fiber-forming polyur‐
ethane. The result is a fiber that stretches. Spandex is used to make stretchy clothing like bi‐
cycle pants.

High-impact polystyrene, or HIPS for short, is an immiscible blend that combines the prop‐
erties of two polymers, styrene and polybutadiene. Polystyrene is a rigid plastic. When
mixed with polybutadiene, an elastomer, it forms a phase-separated mixture which has the
strength of polystyrene along with toughness supplied by the polybutadiene. For this rea‐
son, HIPS is far less brittle than regular polystyrene [38].

In the case of a composite material, we are usually using a fiber to reinforce a thermoset.
Thermosets are crosslinked materials whose stress-strain behavior is often similar to plas‐
tics. The fiber increases the tensile strength of the composite, while the thermoset gives it
compressional strength and toughness.

5. Conclusions

This brief review of FRP has summarized the very broad range of unusual functionalities
that these products bring (Polymers, Aramids, Composites, Carbon FRP, and Glass-FRP).
While the chemistry plays an important role in defining the scope of applications for which
these materials are suited, it is equally important that the final parts are designed to maxi‐
mize the value of the inherent properties of these materials. Clearly exemplify the constant
trade-off between functionality and processability that is an ongoing challenge with these
advanced materials. The functionality that allows these materials to perform under extreme
conditions has to be balanced against processability that allows them to be economically
shaped into useful forms. The ability of a polymer material to deform is determined by the
mobility of its molecules, characterized by specific molecular motions and relaxation mecha‐
nisms, which are accelerated by temperature and stress. Since these relaxation mechanisms
are material specific and depend on the molecular structure, they are used here to establish
the desired link with the intrinsic deformation behavior.
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http://dx.doi.org/10.5772/52253

1. Introduction

In recent years increasing awareness in relation to the worlds petrochemical resources no
longer being finite, the rising cost of oil and concerns surrounding climate change and the
necessity for reducing our carbon footprint, are resulting in a renewed demand and expe‐
diation of development of polymeric materials that are produced from sustainable and eco‐
logically sound raw material feedstocks that are not petrochemically derived and are
generally more abundant. Poly(lactic acid) (PLA), being a compostable synthetic polymer
produced using monomer feedstock derived from corn starch, satisfies many of the environ‐
mental impact criteria required for an acceptable replacement for oil-derived plastics [1].
PLA exhibits mechanical properties that make it useful for a wide range of applications, but
mainly in applications that do not require high performance including plastic bags, packag‐
ing for food, disposable cutlery and cups, slow release membranes for drug delivery and liq‐
uid barrier layers in disposable nappies [2]. However, the wider uptake of PLA is restricted
by performance deficiencies, such as its relatively poor impact properties which arise from
its inherent brittleness, but also the limited supply and higher cost of PLA compared with
commodity polymers such as polyethylene and polypropylene [3].

Polymer composite materials often possess mechanical and physical properties that make
them better suited for a wide range of applications than the individual composite compo‐
nents. The use of natural fibers to produce polymer composites having improved mechani‐
cal and impact performance is well-documented, and is of particular interest for enhancing
the properties of biodegradable polymeric materials such as PLA [4-6]. The benefits of using
natural fibers compared with other potential reinforcing agents, such as glass fibers, talc, or
carbon fibers, for improving the performance of biodegradable polymers include the reten‐
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tion of the biodegradability of the composite, but generally also exhibit lower density, supe‐
rior performance, and lower cost due to the abundance of many natural fibres. An example
of such a product is wood-flour, a bio-waste product produced from the preparation of tim‐
ber for the building and other related industries.

PLA/natural fibre composites containing less than 30%w/w fiber have been shown to have
increased tensile modulus and reduced tensile strength compared with PLA, and this has
been attributed to factors that include the weak interfacial interaction between the hydro‐
phobic PLA matrix and the hydrophilic cellulose fibers, and lack of fiber dispersion due to a
high degree of fiber agglomeration. Various methods of modifying the surface of the cellulo‐
sic fibers have been explored in an effort to improve the interaction that occurs at the inter‐
face between the PLA matrix and the fibers, including esterification [7], acetylation [8], and
cyanoethylation [9]. It is apparent that the stronger the molecular interactions that occur at
the interface between cellulose fibers and polymer matrix, the resulting interfacial adhesion
is stronger and the optimal stress transfer efficiency. The use of coupling agents or compati‐
bilisers have proven to be a much more efficient means of improving interfacial interactions
between polymer matrices and cellulose fibers. The strongest adhesion can be achieved
when covalent bonds are formed at the interface between cellulose fibers and coupling agent
as well as molecular entanglement between coupling agent and the polymer itself [10]. Cou‐
pling agents also have the benefits of improving fibre dispersion, since they can also induce
better flow of the molten polymer during processing, improve melt elasticity and melt
strength in the resulting polymer composites [11].

The nature of the interface/interphase in polymer composites incorporating natural fibers is
still not well understood, since many of the chemical reagents used in surface modification
of natural fibres and/or coupling agents used do not form covalent bonds, but in most cases
are rarely created [12]. Therefore, the aims of this book chapter research will attempt to ad‐
dress this issue and provide a fundamental understanding of the surface and adhesion
properties of polymer composite systems incorporating natural fibres. The authors of this
book chapter will demonstrate such understanding thru their research into PLA based bio‐
composites incorporating wood-flour as the natural fiber/filler. It has been demonstrated in
the preliminary research that the best path forward for developing polymer composites with
enhanced physical properties is by modifying the surface of wood-flour particles to induce
chemical bonding at the interface and to enhance compatibilisation with the PLA matrix.

2. Poly(lactic acid) bio-composites based on natural fibres

2.1. Structure and properties of natural fibres

Natural fibres can be classified into five major types: bast, leaf, seed, fruit and wood, de‐
pending upon the source. In order to develop polymer composites from natural resources it
is important to understand the microstructure and chemical composition of natural fibres.
Natural fibres comprise of three principal components; cellulose, lignin and hemicellulose.
These three hydroxyl- containing natural polymers are distributed throughout the cell wall.
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Cellulose and hemicellulose are polysaccharides. Cellulose is a highly crystalline polymer
with a regular structure, which comprises of thousands of anhydroglucose units with a DP
(degree of polymerisation) around 10,000 [13]. Cellulose is the major component which is re‐
sponsible for the inherent strength and stability of the natural fibre. Hemicellulose is a short‐
er branched polymer composed of various five- and six- carbon ring sugars. The molecular
weight is much lower than cellulose but still hemicellulose still contributes to the structure
of natural fibres. Lignin is an amorphous, cross-linked polymer network, which consists of
an irregular array of variously bonded hydroxy-and methoxy- substituted phenyl propane
units. The chemical structure of lignin depends on the source of the wood. Lignin is not as
polar as cellulose and the major function of lignin is to function as a chemical adhesive be‐
tween cellulose fibers.

Figure 1. Classification of natural fibres (courtesy of Mohanty et al [14])

Natural fibres also consist of varying amounts pectin, wax and other low molecular weight
compounds or extractives. Extractives are described as non-structural components in wood,
which are composed of extra cellular and low molecular weight compounds. There are three
types of lipophilic extractive compounds: terpenes (and terpenoids), aliphatics (fatty acids
and their esters) and phenolic compounds [15]. Aliphatic compounds include alkanes, fatty
alcohols, fatty acids, fat esters and waxes. Terponoids include turpentine and resin acids.
Phenolic compounds include tannins, flavnoids, lignans, stilbines and tropolones. Extrac‐
tives can diffuse to the surface of natural fibres during drying, which can influence the de‐
gree of adhesion. This is an important factor to consider during the processing of polymer
composites incorporating lignocellulosic fillers, since extractives may influence the degree of
interfacial adhesion between polymer matrix and lignocellulosic filler. Extractives can be
typically removed by solvent extraction or steam distillation or even water treatment if com‐
pounds are water soluble. Steam distillation can be used to remove the volatile terpenes,
whereas solvent extraction can remove resin acids, fatty alcohols, fatty acids and waxes.

Natural Fibre Bio-Composites Incorporating Poly(Lactic Acid)
http://dx.doi.org/10.5772/52253

43



2.2. Structure and properties of PLA

Polymers from renewable resources can be classified into three major groups: natural poly‐
mers such as starch and cellulose; synthetic polymers from natural monomers such as poly‐
lactic acid (PLA); polymers from microbial fermentation such as polyhydroxybutyrate
(PHB). Polylactic acid is one of the most promising biodegradable polymers, which can be
derived from natural feedstocks such as corn starch but can also be derived from rice, pota‐
toes, sugar beet and other agricultural waste. Intially, PLA synthesis involves conversion of
the raw material feedstock into dextrose, which then undergoes conversion into lactic acid
or lactide via a fermentation process in the presence of a catalyst. The lactide undergoes fur‐
ther processing in order to purify the monomer and this is followed by conversion of the
purified monomer in into a polymeric form of PLA through polymerisation in the presence
of a suitable catalyst [16]. Polylactic Acid (PLA) can be processed by conventional methods
such as injection moulding, blow moulding, extrusion and film forming operations, since
PLA has a Tg of 55-65oC and a melting temperature between 150-175oC. The mechanical
properties of PLA are similar or in most cases are superior too petrochemical polymers, such
as polypropylene. Therefore, PLA has attracted great interest as a commodity polymer
which is capable of replacing petrochemical polymers like polypropylene and polyethylene,
particularly in the area of single use packaging applications. However, PLA exhibits low
toughness due to its brittle nature, but also the molecular weight in comparison to conven‐
tional polymers, is much lower. In order to overcome the brittle nature of PLA it is useful to
incorporate natural fillers into the polymer matrix. It has already been stated that incorpora‐
tion of natural fillers into polymer matrices can optimise mechanical properties but from an
economical viewpoint, natural fillers can make the composites more cost competitive due to
their high abundance and lower cost.
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Figure 2. Structure of Poly(lactic acid)

2.3. Natural fibres used in PLA based bio-composites

The major factors that can influence the development of polymer composites using natural
fibers are listed as follows [17]:
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toes, sugar beet and other agricultural waste. Intially, PLA synthesis involves conversion of
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or lactide via a fermentation process in the presence of a catalyst. The lactide undergoes fur‐
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purified monomer in into a polymeric form of PLA through polymerisation in the presence
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particularly in the area of single use packaging applications. However, PLA exhibits low
toughness due to its brittle nature, but also the molecular weight in comparison to conven‐
tional polymers, is much lower. In order to overcome the brittle nature of PLA it is useful to
incorporate natural fillers into the polymer matrix. It has already been stated that incorpora‐
tion of natural fillers into polymer matrices can optimise mechanical properties but from an
economical viewpoint, natural fillers can make the composites more cost competitive due to
their high abundance and lower cost.
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Figure 2. Structure of Poly(lactic acid)

2.3. Natural fibres used in PLA based bio-composites

The major factors that can influence the development of polymer composites using natural
fibers are listed as follows [17]:
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1. Thermal stability

2. Moisture Content

3. Processability

4. Fibre dispersion in polymer matrix

5. Fibre-matrix adhesion

6. Surface modification of natural fibers

7. Fiber aspect ratio

Oksman et. al. incorporated cellulose fibres as reinforcement in PLA [18]. Due to the brittle
nature of PLA, triacetin was used as a plasticizer for the matrix as well as PLA/flax compo‐
sites in order to improve the impact properties. Plasticizers can be used during processing in
order to lower the viscosity of the matrix polymer, which can then facilitate better fiber dis‐
persion within the matrix polymer. Fiber dispersion is a critical factor to be considered dur‐
ing the development of biodegradable natural fibre composites. Shibata et. al. evaluated the
use of short abaca fibres in the development of biocomposites using biodegradable polyest‐
ers. In this study it was shown that strength and modulus increase with decreasing fibre di‐
ameter for both untreated and treated abaca fibre[19].

Wollerdorfer et. al. investigated the influence of plant fibres such as flax, jute, ramie, oil
palm fibres and fibres made from regenerated cellulose on the mechanical properties of bio‐
degradable polymers. The so-called biocomposites produced by embedding natural fibres,
e.g. flax, hemp, ramie, etc. into a biopolymeric matrix made of derivatives from cellulose,
starch, lactic acid, etc., new fibre reinforced materials were developed [20]. Huda et. al. eval‐
uated the use of recycled cellulose in the development of “green” composites using PLA as
the matrix and recycled cellulose from newsprint. The physico-mechanical properties of the
composites as well as the morphological properties were investigated as a function of vary‐
ing amounts of recycled cellulose [21]. Bax et al [22] investigated the impact of cordenka and
flax fibres on the impact and tensile properties. The study showed that PLA composites with
cordenka fibres with a maximum fibre loading of 30% show promise as alternative biocom‐
posites for industrial applications due to optimisation in impact properties. However, both
biocomposites showed evidence of poor interfacial adhesion between the PLA matrix and
the cordenka and flax fibres, respectively.

Mathew et. al. conducted a study towards developing PLA based high performance nano-
composites using microcrystalline cellulose as reinforcement. The study was concerned with
achieving the best possible outcome for dispersion of the MCC within PLA during process‐
ing. Comparisons were also made with using wood flour and wood pulp as an alternative
reinforcement for PLA [23]. Tzerki et. al. investigated the usefulness of lignocellulosic waste
flours derived from spruce, olive husks and paper flours as potential reinforcements for the
preparation of cost-effective bio-composites using PLA as the matrix [24]. Petinakis et al
studied the effect of wood-flour content on the mechanical properties and fracture behav‐
iour of PLA/wood-flour composites. The results indicated that enhancements in tensile
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modulus could be achieved, but the interfacial adhesion was poor [25]. Therefore, it can be
seen that incorporation of lignocellulosic materials into biodegradable polymer matrices,
such as PLA, has the affect of improving mechanical properties, such as tensile modulus.
But the strength and toughness of these bio-composites are not necessarily improved. This
can be attributed to several reasons, such as the hydrophilic nature of natural fillers, com‐
patibility with the hydrophobic polymer matrix can be problematical. In addition to the
poor interaction between the phases, the hydrophilic nature of natural fibres leads to a ten‐
dency for fibres to mingle or form agglomerations, which can generally result in low impact
properties, especially at high fibre loadings.

In order to overcome these shortcomings a variety of chemical and physical treatments can
be utilised to improve fibre-matrix adhesion in biodegradable polymer composites as well
as improve dispersion of natural fibres within biopolymer matrices. There are many articles
in the public domain that have reported the use of coupling agents and compatibilisers for
improving fibre-matrix interfacial adhesion in polymer composite systems incorporating a
polyolefinic matrix, such as polypropylene and polyethylene.

3. Strategies for improving interfacial adhesion in PLA/natural fibre
composites

Surface modification of natural fillers can be classified into two major types; chemical and
physical methods. Surface modification is a critical processing step in the development of
biopolymer composites, since natural fillers tend to be highly hydrophilic in nature and in
order to improve the compatibilsation with the hydrophobic polymer matrix this level of
processing is required. The use of surface modification techniques can facilitate fibre disper‐
sion within polymer matrix as well as improve the fibre-matrix interaction [26]. Some of the
techniques that have been previously reported in the literature for improving fibre-matrix
adhesion include:  treatment  of  fibres  by bleaching,  acetylation,  esterification,  grafting of
monomers and the use of bi-functional molecules [27]. The use of coupling agents and com‐
patibilisers has also been widely reported in the development of conventional polymer com‐
posites. Coupling agents include silanes, isocyanates, zirconates, titanates and chitosan [28].
One of the most widely reported compatibilisers in the literature has been the use of func‐
tional polyolefins such as maleated polypropylene (MAPP) [29-34]. More recently, Xu et al
synthesised a novel graft copolymer, polylactide-graft-glycidyl methacrylate (PLA-GMA),
which was produced by grafting glycidyl methacrylate onto the PLA chain via free radi‐
cal polymerisation, which was then used to produce biocomposites using PLA and bam‐
boo  flour  [35].  All  techniques  have  proven  successful  in  improving  the  fibre-matrix
interactions, which have resulted in polymer composites with greatly improved mechani‐
cal properties.
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3.1. Chemical techniques

3.1.1. Alkaline treatment

Alkaline treatment is one of the most widely used chemical treatments for natural fibres for
use in natural fibre composites. The effect of alkaline treatment on natural fibres is it dis‐
rupts the incidence of hydrogen bonding in the network structure, giving rise to additional
sites for mechanical interlocking, hence promoting surface roughness and increasing matrix/
fibre interpenetration at the interface. During alkaline treatment of lignocellulosic materials,
the alkaline treatment removes a degree of the lignin, wax and oils which are present, from
the external surface of the fibre cell wall, as well as chain scission of the polymer backbone
resulting in short length crystallites. The treatment exposes the hydroxyl groups in the cellu‐
lose component to the alkoxide.

In alkaline treatment, wood fibres/flour is immersed in a solution of sodium hydroxide for a
given period of time. Beg et. al. studied the effect of the pre-treatment of radiate pine fibre
with NaOH and coupling with MAPP in wood fibre reinforced polypropylene composites.
It was found that fibre pre-treatment with NaOH resulted in an improvement in the stiffness
of the composites (at 60% fibre loading) as a function NaOH concentration, however at the
same time, a decrease was observed in the strength of the composite [36]. The reason for a
reduction in the tensile strength was attributed to a weakening of the cohesive strength of
the fibre, as a result of alkali treatment. The use of alkali treatment in conjunction with
MAPP was found to improve the fibre/matrix adhesion. However, it seems that only small
concentrations of NaOH can be used to treat fibres, otherwise the cohesive strength can be
compromised. Ichazo et. al also studied the addition of alkaline treated wood flour in poly‐
propylene/wood flour composites. It was shown that alkaline treatment only improved fibre
dispersion within the polypropylene matrix but not the fibre-matrix adhesion. This was at‐
tributed to a greater concentration of hydroxyl groups present, which increased the hydro‐
philic nature of the composites. As a result, no significant improvement was observed in the
mechanical properties of the composites and a reduction in the impact properties [37]. From
previous studies it is shown that the optimal treatment conditions for alkalization must be
investigated further in order to improve mechanical properties. Care must be taken in select‐
ing the appropriate concentration, treatment time and temperature, since at certain condi‐
tions the tensile properties are severely compromised. Islam et al studied the effect of alkali
treatment on hemp fibres, which were utilised to produce PLA biocomposites incorporating
hemp fibres. This study showed that crystallinity in PLA was increased due to the nuclea‐
tion of hemp fibres following alkaline treatment. The degree of crystallinity had a positive
impact on the mechanical and impact performance of the resulting composites with alkaline
treated hemp fibres as opposed to the composites without treated hemp fibres.

3.1.2. Silane treatment

Silane coupling agents have been used traditionally in the past in the development of con‐
ventional polymer composites reinforced with glass fibres. Silane is a class of silicon hydride
with a chemical formula SiH4. Silane coupling agents have the potential to reduce the inci‐
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dence of hydroxyl groups in the fibre-matrix interface. In the presence of moisture, hydro‐
lysable alkoxy groups result in the formation of silanols. Silanols react with hydroxyl groups
of the fibre, forming a stable, covalently bonded structure with the cell wall. As a result, the
hydrocarbon chains provided by the reaction of the silane produce a cross-linked network
due to covalent bonding between fibre and polymer matrix. This results in a hydrophobic
surface in the fibre, which in turn increases the compatibility with the polymer matrix. As
mentioned earlier silane coupling agents have been effective for the treatment of glass fibres
for the reinforcement of polypropylene. Silane coupling agents have also been found to be
useful for the pre-treatment of natural fibres in the development of polymer composites. Wu
et. al. demonstrated that wood fibre/polypropylene composites containing fibres pre-treated
with a vinyl-tri methoxy silane significantly improved the tensile properties. It was discov‐
ered that the significant improvement in tensile properties was directly related to a strong
interfacial bond caused by the acid/water condition used in the fibre pre-treatment [38].

In a study by Bengtsson et al. the use of silane technology in crosslinking polyethylene-
wood flour composites was investigated [39]. Composites of polyethylene with wood-flour
were reacted in-situ with silanes using a twin screw extruder. The composites showed im‐
provements in toughness and creep properties and the likely explanation for this improve‐
ment was that part of the silane was grafted onto polyethylene and wood, which resulted in
a cross-linked network structure in the polymer with chemical bonds occurring at the sur‐
face of wood. X-ray microanalysis showed that most of the silane was found within close
proximity to the wood-flour. It is known that silanes can interact with cellulose through ei‐
ther free radical or condensation reaction but also through covalent bonding by the reaction
of silanol groups and free hydroxyl groups at the surface of wood, however the exact mech‐
anism could not be ascertained. In a study by González et al, focused on the development of
PLA based composites incorporating untreated and silane treated sisal and kraft cellulose
fibres [40]. The tensile properties of the resulting composites did not present any major stat‐
istical difference between composites with untreated cellulose fibres and silane treated cellu‐
lose fibres, which suggested that silane treatment of the cellulose fibres did not contribute to
further optimisation in the reinforcing affect of the cellulose fibres. The analysis of the high
resolution C1s spectra (XPS) indicates that for C1 (C-C, C-H), the percentage of lignin in the
intreated sisal fibres was higher, in comparison with kraft fibres. But after modification with
silanes, the C1 signal decreases for sisal fibres, which shows that attempted grafting with the
silane has resulted in removal of lignin and exposed further cellulose. The higher C1 signal
reported for kraft fibres suggested some grafting with silane as a result of the contribution
from the alkyl chain of the attached silanol, but no further characterisation was provided to
support grafting of silanes to kraft fibres.

3.1.3. Esterification of natural fibres

This section reviews research into the modification of wood constituents with organic acid
anhydrides. Anhydrides can be classified into two major groups: non-cyclic anhydrides (i.e.
Acetic) and cyclic anhydrides (i.e. Maleic). Of the non-cyclic anhydrides, Acetylation with
Acetic Anhydride is the most widely reported [41-43]. The reaction involves the conversion
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of a hydroxyl group into an ester group by the chemical affiliation of the carboxylic group of
the anhydride with the free hydroxyl groups in cellulose. Reactions involving non-cyclic an‐
hydrides are quite cumbersome as there are several steps involved during the treatment.
These reactions also require the use of strong bases or catalysts to facilitate the reaction. Al‐
though the use of non-cyclic anhydrides can generally lead to good yields a large proportion
of the treated cellulose can contain free anhydride, which cannot be easily removed from the
treated cellulose. Generally, the modified cellulose may comprise of a distinct odour, which
suggests the presence of free anhydride. The other drawback of the use of non-cyclic anhy‐
drides is the formation of acid by-products, which are generally present in the modified cel‐
lulose. Pyridine, a catalyst used in the reaction, acts by swelling the wood and extracting
lignin to expose the cellular structure of the cellulose. This facilitates the exposure of the free
hydroxyl groups in cellulose to the anhydride. However, due to the aggressive nature of
pyridine, it can also degrade and weaken the structure of the cell wall, which may not allow
efficient modification. The effect of esterification on natural fibres is it imparts hydrophobic‐
ity, which makes them more compatible with the polymer matrix.

Tserki et. al. investigated the reinforcing effect of lignocellulosic fibres, incorporating flax,
hemp and wood, on the mechanical properties of Bionolle, an aliphatic polyester [44]. The
use of acetic anhydride treatment of the fibres was proven not to be as effective for improv‐
ing the matrix tensile strength, compared with other techniques such as compatibilisation;
however it did reduce the water absorption of the fibres. Lower tensile strengths were re‐
ported for composites reinforced with wood fibre, compared with flax and hemp. This may
be attributed to the nature of the fibres, since flax and hemp are fibrous, whereas wood fibre
is more flake like in nature with an irregular size and shape. The type and nature of lignocel‐
lulose fibres (chemical composition and structure) is of paramount importance in the devel‐
opment of polymer composites. It is shown that different fibres behave differently after
various treatments. On the other hand, reactions of cellulose with cyclic anhydrides have al‐
so been performed [45]. Reactions involving cyclic anhydrides generally do not result in the
formation of by-products and reactions can be performed with milder solvents, which don’t
interfere with the cell wall structure of cellulose. In order to facilitate reactions of wood flour
with cyclic anhydrides it is important that the wood flour be pre-treated. Pre-treatment re‐
quires immersion of the wood flour in a suitable solvent, such as NaOH. This process is oth‐
erwise known as Mercerization, which is thought to optimise fiber-surface characteristics,
by removing natural impurities such as pectin, waxy substances and natural oils. It is widely
reported that the wood alone does not readily react with esterifying agents, since the hy‐
droxyl groups required for reaction are usually masked by the presence of these natural im‐
purities.

3.1.4. Isocyanate treatment

Isocyanates are compounds containing the isocyanate functional group –N=C=O, which is
highly reactive with hydroxyl groups in lignocellulose materials. The general reaction for
cellulose with an isocyanate coupling agent is shown Equation 1:
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Equation 1. Possible reaction mechanism of MDI with wood-flour

R can represent any chemical group, such as alkyl or phenyl. Pickering et al studied the ef‐
fects of Poly[methylene(polyphenyl isocyanate) and maleated coupling agents on New Zea‐
land radiata pine fibre-polypropylene composites. A modest improvement in strength (4%)
was reported with the addition of isocyanate to the polymer matrix over the matrix alone.
When the radiata pine was treated with isocyanate and added to matrix, the strength im‐
proved by 11.5% over untreated radiata pine, and the modulus exhibited a significant im‐
provement of 77% [46]. It appears that lignin content in wood fibres plays a significant role
in relation to the ability of certain functional groups to interact with the cellulose compo‐
nent. The modest gains in tensile strength with the isocyanate can be attributed to the great‐
er percentage of lignin in radiata pine.

X-ray mapping using Electron Probe Microanalysis presents a useful technique for evaluat‐
ing the extent of cross-linking with MDI in biopolymer composites. Analysis of polished
cross-sections was performed on unmodified wood-flour composite and the composites
with MDI-mediated wood-flour. The aim of this was to detect the presence of nitrogen in
the composites, which would indicate the extent of cross-linking in the modified PLA/wood-
flour composites with MDI. The micrographs with the X-ray mapping of micro-composite
with unmodified wood-flour composite and (b) micro-composite with MDI-modified wood-
flour are shown in Figure 3. The nitrogen in the composite is depicted in the micrograph by
the regions colored in green. The composite with unmodified wood-flour (Figure 3(a))
shows some nitrogen but this was expected since wood in its native form comprises tracea‐
ble amounts (<0.75%) of nitrogen. Figure 3(b) depicts the composite with MDI-modified
wood-flour and shows a greater concentration of nitrogen, presumably associated with
MDI, in close proximity to the particle and the fibre lumen (cells) of the wood-flour particles
and some concentrated areas at the interface. Similar observations were also reported by
Bengtsson et al., which demonstrated the X-ray mapping of silicon from the silane used to
modify wood-flour for polyethylene composites[47]. This suggests some reaction of the
MDI-modified wood-flour with the PLA matrix creating a cross-linked structure with chem‐
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ical bonds joining MDI-modified wood-flour with the PLA matrix. This provides further
evidence of the improvement in the mechanical properties as a result of an improvement in
the interfacial interaction between PLA and the wood-flour particles. MDI appears to be also
spread throughout the PLA matrix suggesting that part of it remains un-reacted within the
host polymer.

Figure 3. Electron Probe Microanalysis of PLA/wood-flour micro-composites containing (a) unmodified wood-flour (b)
MDI-mediated wood-flour (wood-flour content = 30% w/w)

Ecotoxicity is an important factor to consider when developing polymer composites from re‐
newable resources. Isocyanate compounds, such as MDI, may not be regarded as a viable
treatment method for natural fibres. Isocyanates upon decomposition in water can result in
the formation of diamines. The decomposition products, such as 4, 4’-methylenedianiline
and 2,4-diaminotoluene are suspected to be cancer causing agents and may also cause hepa‐
titis in humans [48]. An alternative isocyanate that has been reported in the literature is ly‐
sine-based di-isocyanate. Lee et al reported the use of LDI as a coupling agent in the
development of biodegradable polymers produced from poly lactic acid/bamboo fibre and
poly(butylene succinate)/bamboo fibre. LDI is based upon Lysine, a naturally occurring ami‐
no acid with two amino groups and one carboxylic group. LDI can react with hydroxyl
groups in cellulose, forming an isocyanate bridge, which can then readily react with the car‐
boxylic and hydroxyl groups of the matrix polymer. MDI has previously been reported in
the compatibilization of PLA and starch blends [49]. Wang discovered that blends of PLA
with 45% wheat starch and 0.5% MDI resulted in composites with the highest tensile
strength. It was also shown that moisture absorption increased as a function of increasing
starch content. Water absorption can influence the mechanical properties of the composite.
The moisture in the composite can react with MDI, which can effect interfacial interaction
between starch mediated MDI with the PLA matrix by reducing the tensile strength or hav‐
ing a limited improvement. The reaction of moisture with MDI has also been reported in an‐
other paper [50] by Yu et al. It was interesting to note that the highest strength was achieved

Natural Fibre Bio-Composites Incorporating Poly(Lactic Acid)
http://dx.doi.org/10.5772/52253

51



at 45%. This can be attributed to two major reasons: the level of water in the blend can aid
processing of the PLA, whereby the water behaves as a plasticiser, and secondly, the viscosi‐
ty of the PLA at this level of water content maybe just sufficient to allow optimum disper‐
sion of the starch particles within the PLA matrix. However, in order to utilise these
materials in commercial applications such as for short term packaging these materials
would require water proofing on the surface in order to prevent the rapid degradation.

3.2. Physical techniques

Physical methods [51-54] reported in the literature are the use of corona or plasma treat‐
ers for modifying cellulose fibres for conventional polymers. In recent years the use of plas‐
ma for treatment of natural fibres has gained more prominence as this provides a more
“greener” alternative for the treatment of natural fibres for the development of polymer
composites, but is of particular interest to polymer composites incorporating biopolymer
matrices, since this technique provides further credence to the whole idea of “green materi‐
als. Sustainability and end of life after use are important considerations to make when de‐
veloping polymer composites from renewable resources is the toxicity and environmental
impact of using various chemical or physical methods for improving the properties of these
materials.  Some chemical techniques may be toxic, e.g. isocyanates are carcinogenic, and
therefore, the use of such agents may not be feasible for the development of polymer com‐
posites from renewable resources. Physical methods involving plasma treatments have the
ability to change the surface properties of natural fibres by formation of free radical spe‐
cies (ions, electrons) on the surfaces of natural fibres [55]. During plasma treatment, surfa‐
ces of materials are bombarded with a stream of high energy particles within the stream of
plasma. Properties such as wettability, surface chemistry and surface roughness of materi‐
al surfaces can be altered without the need for employing solvents or other hazardous sub‐
stances.  Alternative  surface  chemistries  can  be  produced  with  plasmas,  by  altering  the
carrier gas and depositing different reactive species on the surfaces of natural fibres [56].
This can then be further exploited by grafting monomeric and/or polymeric molecules on
to the reactive natural fibre surface, which can then facilitate compatibilisation with the pol‐
ymer matrix.

3.3. Toughening mechanisms in PLA/wood-flour composites

Physical modification of PLA can be achieved with the incorporation of softer polymer seg‐
ments, which can attach to the polymer backbone. An example of an impact modification
of PLA was performed with the addition of Poly (ethylene) acrylic acid (PEAA). The ef‐
fect of impact modification can be observed in the load-deflection curves depicted in Fig‐
ure 4. The load-deflection curve for PLA is almost linear and displays a rapid decrease in
load once the peak load is reached, which is indicative of the well-known low resistance of
PLA to crack propagation and its susceptibility to brittle fracture, with the smooth impact
fracture surface of PLA (Figure 5) being typical of brittle failure. The load-deflection curve
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at 45%. This can be attributed to two major reasons: the level of water in the blend can aid
processing of the PLA, whereby the water behaves as a plasticiser, and secondly, the viscosi‐
ty of the PLA at this level of water content maybe just sufficient to allow optimum disper‐
sion of the starch particles within the PLA matrix. However, in order to utilise these
materials in commercial applications such as for short term packaging these materials
would require water proofing on the surface in order to prevent the rapid degradation.

3.2. Physical techniques

Physical methods [51-54] reported in the literature are the use of corona or plasma treat‐
ers for modifying cellulose fibres for conventional polymers. In recent years the use of plas‐
ma for treatment of natural fibres has gained more prominence as this provides a more
“greener” alternative for the treatment of natural fibres for the development of polymer
composites, but is of particular interest to polymer composites incorporating biopolymer
matrices, since this technique provides further credence to the whole idea of “green materi‐
als. Sustainability and end of life after use are important considerations to make when de‐
veloping polymer composites from renewable resources is the toxicity and environmental
impact of using various chemical or physical methods for improving the properties of these
materials.  Some chemical techniques may be toxic, e.g. isocyanates are carcinogenic, and
therefore, the use of such agents may not be feasible for the development of polymer com‐
posites from renewable resources. Physical methods involving plasma treatments have the
ability to change the surface properties of natural fibres by formation of free radical spe‐
cies (ions, electrons) on the surfaces of natural fibres [55]. During plasma treatment, surfa‐
ces of materials are bombarded with a stream of high energy particles within the stream of
plasma. Properties such as wettability, surface chemistry and surface roughness of materi‐
al surfaces can be altered without the need for employing solvents or other hazardous sub‐
stances.  Alternative  surface  chemistries  can  be  produced  with  plasmas,  by  altering  the
carrier gas and depositing different reactive species on the surfaces of natural fibres [56].
This can then be further exploited by grafting monomeric and/or polymeric molecules on
to the reactive natural fibre surface, which can then facilitate compatibilisation with the pol‐
ymer matrix.

3.3. Toughening mechanisms in PLA/wood-flour composites

Physical modification of PLA can be achieved with the incorporation of softer polymer seg‐
ments, which can attach to the polymer backbone. An example of an impact modification
of PLA was performed with the addition of Poly (ethylene) acrylic acid (PEAA). The ef‐
fect of impact modification can be observed in the load-deflection curves depicted in Fig‐
ure 4. The load-deflection curve for PLA is almost linear and displays a rapid decrease in
load once the peak load is reached, which is indicative of the well-known low resistance of
PLA to crack propagation and its susceptibility to brittle fracture, with the smooth impact
fracture surface of PLA (Figure 5) being typical of brittle failure. The load-deflection curve
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for the PLA/wood-flour micro-composite containing 20%w/w wood-flour shown in Figure
4(b) displays an increased peak load compared with PLA, and the less rapid decrease in the
load after peak load is reached is further evidence for effective stress transfer from the PLA
matrix to the wood-flour particles. The load-deflection result for the PLA/wood-flour micro-
composite containing MDI shown in Figure 4(c) indicates that the addition of MDI leads to
a higher peak load compared with the equivalent micro-composite with no added MDI (Fig‐
ure 4(b)), and the shape of the load-deflection curve is consistent with typical elastic-plas‐
tic deformation dominated by unstable crack growth. The increase in the peak load and
width of the load-deflection profile, shown in Figure 4(d) indicates extensive plastic defor‐
mation of the PLA/wood-flour micro-composite containing PEAA. This increase in plastic
deformation is attributed primarily to the increase in the rubbery nature of the blended
PLA/PEAA matrix compared with PLA alone, resulting in more efficient dissipation of the
energy associated with crack initiation and propagation [57].

Figure 4. Load-deflection curves for a) PLA, (b) PLA/wood-flour, (c) PLA/wood-flour containing MDI, (d) PLA/wood-
flour containing PEAA wood-flour content=20%w/w
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Figure 5. SEM micrograph of impact fracture surface of PLA for (a) Pure matrix and (b) blended with 3% w/w PEAA

4. Conclusions

Increasing concerns and awareness of the environment and the impact of human activity on
the environment is currently the driving force for developing materials that are sustainable,
more ecologically sound and are purely produced from renewable resources. PLA based
composite materials have been widely recognised as a noble replacement to more conven‐
tional polymer composites derived from petrochemical feedstocks, such as polyolefins. PLA
based composites are biodegradable and have high mechanical performance compared with
conventional polymer composites. However, the wider uptake of PLA is restricted by per‐
formance deficiencies, such as its relatively poor impact properties which arise from its in‐
herent brittleness, but also the limited supply and higher cost of PLA compared with
commodity polymers such as polyethylene and polypropylene. It is expected that in the
coming years PLA based materials will become more competitively priced as the demand
increases and supply of abundant feedstock material becomes more widely available. The
use of natural fibres presence a useful technique for developing PLA based composites,
which are low-cost, biodegradable and can have properties that can be tailored for their spe‐
cific application. PLA/natural fibre composites have been shown to have increased tensile
modulus and reduced tensile strength compared with PLA, and this has been attributed to
factors that include the weak interfacial interaction between the hydrophobic PLA matrix
and the hydrophilic natural fibers, and lack of fiber dispersion due to a high degree of fiber
agglomeration. Various methods of modifying the surface of the cellulosic fibers have been
explored in an effort to improve the interaction that occurs at the interface between the PLA
matrix and natural fibres. Better development of processing technologies and improvements
in natural fibre treatments will facilitate the production of PLA based composites with opti‐
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Figure 5. SEM micrograph of impact fracture surface of PLA for (a) Pure matrix and (b) blended with 3% w/w PEAA

4. Conclusions

Increasing concerns and awareness of the environment and the impact of human activity on
the environment is currently the driving force for developing materials that are sustainable,
more ecologically sound and are purely produced from renewable resources. PLA based
composite materials have been widely recognised as a noble replacement to more conven‐
tional polymer composites derived from petrochemical feedstocks, such as polyolefins. PLA
based composites are biodegradable and have high mechanical performance compared with
conventional polymer composites. However, the wider uptake of PLA is restricted by per‐
formance deficiencies, such as its relatively poor impact properties which arise from its in‐
herent brittleness, but also the limited supply and higher cost of PLA compared with
commodity polymers such as polyethylene and polypropylene. It is expected that in the
coming years PLA based materials will become more competitively priced as the demand
increases and supply of abundant feedstock material becomes more widely available. The
use of natural fibres presence a useful technique for developing PLA based composites,
which are low-cost, biodegradable and can have properties that can be tailored for their spe‐
cific application. PLA/natural fibre composites have been shown to have increased tensile
modulus and reduced tensile strength compared with PLA, and this has been attributed to
factors that include the weak interfacial interaction between the hydrophobic PLA matrix
and the hydrophilic natural fibers, and lack of fiber dispersion due to a high degree of fiber
agglomeration. Various methods of modifying the surface of the cellulosic fibers have been
explored in an effort to improve the interaction that occurs at the interface between the PLA
matrix and natural fibres. Better development of processing technologies and improvements
in natural fibre treatments will facilitate the production of PLA based composites with opti‐
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mum mechanical and physical performance but also generate high cost competiveness and
greater acceptance of these materials in the market place.
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Chapter 3

The Use of Fiber Reinforced Plastic for The Repair and
Strengthening of Existing Reinforced Concrete
Structural Elements Damaged by Earthquakes

George C. Manos and Kostas V.  Katakalos

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51326

1. Introduction

During the last fifty years various parts of the world have been subjected to a number of
damaging earthquakes. Greece is one of the countries where such damaging earthquakes oc‐
cur quite frequently ([1]). Some of these earthquakes, not necessarily the most intense, oc‐
curred near urban areas and thus subjected various types of structures to significant
earthquake forces leading to damage ([2]). For some of these earthquakes, ground motion
acceleration recordings were obtained at distances relatively close to the area of intense
shaking, thus providing valuable information for correlating the observed damage with this
ground motion recording and its characteristics. Moreover, following the most damaging of
these earthquakes, studies were initiated that led to the revision of the provisions of Seismic
Codes [3]. The damaged structures included old structural formations, sometimes older
than one hundred years, which were not designed for seismic forces. They usually belong to
cultural heritage and are under various forms of conservation status that does not allow all
types of retrofitting but only retrofitting materials and techniques that are compatible with
the existing materials; moreover, the applied retrofitting in these cases must also be reversi‐
ble so that it can be easily removed in case it demonstrates undesirable effects with time.
Apart from the cultural heritage structures, the damaged structures also include relatively
contemporary structures that are usually less than fifty years old. The vast majority of these
structures are multistory reinforced concrete (R/C) buildings. There are other types of struc‐
tures apart from (R/C) buildings, such as structures forming the infrastructure or industrial
facilities which can also develop earthquake damage. However, this chapter will be devoted
to the usual R/C residential multi-story buildings, the earthquake damage of their structural
elements and their strengthening.
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1.1. Damage observations for contemporary R/C structures

These structures are usually designed and built according to the provisions of a Seismic
Code ([3]). The cause of damage may be due to:

The code provisions underestimating the severity of the shaking and thus underestimating
the seismic demand posed upon the various structural elements, their connections and the
foundation of the whole structure.

The code provisions together with the specification of the materials resulting in such
strengths that are below the seismic demands placed upon the structural elements.

The detailing and the realization of the design during construction or alteration during the
life time of the building resulting again in such strengths for the various structural elements
that are below the corresponding seismic demands placed upon them.

In all cases the appearance of structural damage results from the above fundamental causes,
either from one of them or from their combination; this is expressed by the following in‐
equality (Eq. 1) between the strength and the demand put upon the various members of the
structural system, whereby the demand is signified as Sd and the strength as Rd. Damage is
expected to occur when this inequality is not satisfied [4].

Sd < Rd (1)

A serious task, after a strong earthquake affects an urban area, is to appraise the severity of
the structural damage for a large number of buildings. This is usually done in Greece by en‐
gineers specially appointed for this task by the Government. The screening process com‐
mences a few days after the natural disaster, provided that the seismic sequence has
subsided. There are certain guidelines published by the Hellenic Organization of Earth‐
quake Planning and Protection to facilitate the appointed engineers in this damage screen‐
ing process [5]. In general terms the first round of inspection must lead to the classification
of each building to one of the three main categories. The first damage category is that there
is no structural damage and the mainly non-structural damage does not pose any danger; so
these buildings can be reused immediately. The second damage category is that there is non-
structural damage as well as some structural damage; the latter, although contained, may
have led to a considerable decrease of the bearing seismic capacity of the damaged structur‐
al elements and the structure as a whole. There may be need for temporary shoring and the
removal of dangerously damaged non-structural elements. These buildings will be subjected
to a second round of inspection after these countermeasures have been accomplished. Their
reuse will be decided after the second round of screening. The third category includes build‐
ings with relatively extensive damage to its structural elements (slabs, beams, columns or
shear walls) [5], [6]; the damage is relatively widespread in terms of story level. Permanent
deformations of the structural elements are evident in the form of concrete cracking and
crushing in certain critical areas of the structural elements indicating that these areas have
been overstressed and inequality 1 has ceased to be valid. There is serious consideration that
this bearing seismic capacity reduction may lead to partial collapse. There may be urgent
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need for temporary shoring and the removal of dangerously damaged parts in order to
avoid, if possible, partial collapse (figure 1b). These buildings will also be subjected to a sec‐
ond round of inspection. If it is decided that they pose a public threat, due to the possibility
of partial or total collapse, they should be demolished (figure 1a); otherwise, a special design
should devise a feasible scheme for their repair and strengthening. The following sections
will address the task of repair and strengthening of structural elements that have been sub‐
jected to such earthquake damage to their structural system and have been classified as be‐
longing to the second or third seismic damage categories after the second round of
screening process.

Figure 1. a The old building of a pharmaceutical company that collapsed during the Athens 1999 earthquake togeth‐
er with an upgraded building next to it that survived unscathed [2]. b. Temporary shoring of 4-story building (Hardas)
damaged during the Pyrgos 1993 earthquake [2].

1.2. Structural damage description at the level of the structural element

It is usual to describe the structural damage at the level of each reinforced concrete structur‐
al member, e.g. slab, beam, column and shear wall, always having in mind inequality 1 and
the fact that the axial (N), bending (M) and shear (Q) force demands in each one of these
structural members from the combination of dead and live loads plus the earthquake forces
are of a particular nature. Thus, for the slabs the demands are mainly flexural whereas for
the beams the demands are flexural and shear. For the columns the demands are flexural
and shear with the presence of considerable axial forces whereas for the shear walls the de‐
mands are flexural and shear with the presence of a relatively lower level of axial forces
than that of the columns. Apart from the structural elements themselves, one should also
consider critical areas of their connections (joints) as well as the foundation. Both, the struc‐
tural connections and the foundation are very critical areas that require special considera‐
tion in both identifying the nature of the structural damage as well as proposing
countermeasures. This presentation does not deal with either of these critical areas. The
main flexural structural damage in slabs and beams develops in the areas of maximum
bending moments. For the beams they usually develop near the joints with the columns and
shear walls (figure 2a) where large bending moments are expected to develop from the seis‐
mic forces. Similarly, at the ends of the beams are the areas of large shear forces from the
combination of earthquake forces with the dead and live loads; these will cause the appear‐
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ance of shear damage in the form of diagonal cracks (figure 2a). The presence of large bend‐
ing moments mainly from the seismic load together with large axial forces will cause the
formation of flexural damage at the top and the toe of columns (see figure 2b) whereas the
presence of shear forces from the seismic loads together with axial forces will lead to the for‐
mation of shear damage at the columns (see figure 2c). The presence of large shear forces
from seismic loads together with relatively low level axial forces will lead to the develop‐
ment of shear damage in the shear walls (see figure 3a) whereas the presence of short col‐
umns will lead to the development of large shear forces from seismic loads and the
development of shear damage as shown in figure 3b.

Figure 2. a Typical damage of beam at the joint with the nearby column (6th story building, Aharnes, Athens earth‐
quake 1995), [2]. b Typical damage of the toe of a column at ground floor (two-story building, Nea Kifisia,, Athens
earthquake 1995), [2]. c Typical shear damage at the columns of a “soft story” (4-story Metamorfosi building, Athens
earthquake 1995), [2].

1.3. The strategy for the repair and strengthening scheme

In the previous discussion the emphasis in the description of damage was on attributing the
various forms of structural damage to the nature of the demand (either flexural or shear
with or without axial forces). However, as already stressed by inequality 1, structural dam‐
age is due to the fact that the said demand was not met by the existing strength. The strategy
for retrofitting damaged structural systems, or structural systems that can be demonstrated
by analytical methods prior to a strong earthquake to be prone to potential damage in the
future, must be based on either somehow lowering the demands or increasing the corre‐
sponding strengths or both. In an effort to lower the demands, one can try to decrease the
masses mobilized by the earthquake vibrations. This can be accomplished either by remov‐
ing unnecessary mass or by changing the structural system in such a way that the resulting
dynamic system combined with the design spectrum leads to a decrease in the earthquake
loads (e.g. seismic isolation). Lowering the demands in the way described before is not al‐
ways feasible. Thus, the retrofitting scheme is usually based on increasing the strengths of
the structural members. In doing so, one must be aware that it is advisable to increase the
deformability of the structural members thus increasing the ability of the structural system
to dissipate the seismic energy through plastic deformations that are designed to develop at
predetermined locations ([7], [8] [9], [10]). The location where these plastic deformations oc‐
cur should be such that it does not lead to unstable structural formations. Sometimes, a par‐
tial objective of the strengthening scheme is to increase the stiffness to a moderate degree,
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especially for structural systems that can develop excessive torsional response. However,
frequently a considerable increase in the stiffness of the strengthened structural system re‐
sults as an indirect consequence of the adopted scheme whereas its main objectives were to
increase the strength and deformability of the structural elements and of the structure as a
whole. This increase in stiffness results in larger demands due to the dynamics of the
strengthened structure, as it corresponds to higher amplitudes of design spectral accelera‐
tions than the un-strengthened structural system. This is usually the case when traditional
strengthening schemes are employed utilizing reinforced concrete jacketing of the structural
members (columns and beams) or the addition of shear walls by encasing reinforced con‐
crete elements within the bays of the corresponding R/C frames [6]. The strengthening
schemes that can be employed in order to increase the flexural or shear capacity of columns,
beams or shear walls utilizing fiber reinforcing plastics (FRP) usually made of carbon, glass
or steel do not result in this undesirable increase in stiffness. Moreover, due to their external
application, they usually require less interference with or breaking of the volume of existing
R/C structural elements. Finally, such strengthening schemes become effective in a much
shorter time than traditional strengthening schemes ([11], [12], [13], [14], [15], [16]).

Figure 3. a Typical damage of shear walls at the “soft story” during The Kozani 1995 Earthquake in Greece. b. Typical
damage of “short” columns during The Kozani 1995 Earthquake in Greece.

2. Main applications for dealing with earthquake structural damage
utilizing fiber reinforcing plastics

In section 1.2 a brief description of earthquake structural damage that usually develops in slabs,
beams, columns or shear walls of multi-story R/C buildings was presented. In this section, the
use of fiber reinforcing plastics (FRP) will be discussed in a way dealing with the correspond‐
ing damage. These FRP materials behave in tension almost elastically till their ultimate state
that for the material itself is the breaking of the fibers in tension; they do not develop any forces
in shear or compression. The value for the modulus of elasticity is approximately 240Gpa for
carbon fibers, 200Gpa for steel fibers and 80Gpa for glass fibers ([8], [17]).
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Figure 4. Flexural and shear FRP reinforcement for a T-beam.

Figure 5. Flexural and shear FRP reinforcement for a column.

The ultimate axial strain values given by the manufacturers reach values in the range of 2%.
Consequently, sheets made by these materials, despite their relatively small thickness which
is usually below 0.2mm for one layer, can develop substantial tensile forces in the direction
of their fibers (see figures 4 and 5). This property accompanied with their low weight and
the very easy external application to structural elements, by attaching them on the external
surfaces by proper organic or inorganic matrices, results in their being used as effective lon‐
gitudinal or transverse reinforcement for such structural elements that are in need of
strengthening (see figures 4, 5 and [12], [15], [16]). However, the following limitations exist
for this type of application. The first limitation springs from the fact that the ultimate axial
strain value of the order of 2% for the material of the fiber cannot be reached for all the fi‐
bers together in a sheet due to the actual conditions of the attachment that results in non-
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uniform distribution of the strain field ([13], [18], [19]). Thus, for design purposes, the
adopted limit axial strain value is usually below ½ of the ultimate axial strain value for the
fiber material. The second limitation results from the way the tensile forces which develop
on these FRP sheets can be transferred. When the transfer of these forces relies solely on the
interface between the FRP sheet and the external surface of the reinforced concrete structur‐
al elements, the delamination (debonding) mode of failure of these sheets occurs, due to the
relatively low value of either the ultimate bond stress at this interface or the relatively low
value of the tensile strength of the underlying concrete volume. This mode of failure is quite
common and it occurs in many applications well before the corresponding FRP sheets devel‐
op tensile axial strains in the neighborhood of values mentioned before as design limit axial
strains (approximately of the order of 1%). Consequently, there is need of alternative ways
in order to transfer these tensile forces apart from the simple attachment, in order to en‐
hance the exploitation of the FRP material potential. This will be presented and discussed in
the following paragraphs ([11], [13], [20], [21], [22], [23]).

2.1. Upgrading the flexural capacity of slabs

The main cause of damage in this case is the fact that the flexural capacity cannot meet the
demand. Fiber reinforced plastics either in the form of sheets or laminates are externally at‐
tached to the slab either at the top or at the bottom surface (positive or negative bending
moment demand). Such a scheme was utilized in the upgrading of the seismic capacity of
the slabs of a 4-story R/C building built in 1933 and subjected to the Kozani, 1995 earthquake
in Greece ([2], [24]). For this strengthening scheme it was planned to make use of a certain
type of Carbon Fiber Reinforcing Plastic laminates (CFRP) with a cross-section 50mm x
1.2mm. These laminates could be applied in-situ either on the upper or lower surface of the
concrete slabs with the use of a special epoxy paste. An extensive experimental parametric
study was performed on this type of attachment by testing a series of specimens prior to ap‐
plying the best attachment detail to prototype slab specimens. The tests were performed at
the laboratory of Strength of Materials of Aristotle University and utilized twin prismatic
concrete specimens with dimensions 100mm x 100mm x 150mm each. These twin concrete
prisms were joined with these CFRP laminates; they were attached on the two opposite
sides of each twin concrete prism. These specimens were then subjected to such a loading as
would force the laminates to be detached from the concrete surface. This is shown in figures
6a to 6d. A variety of attachments between the CFRP laminates and the twin concrete prisms
were tried. The simplest form of attachment was the one employing only epoxy paste be‐
tween the CFRP laminates and the concrete surface (figures 6a and 6b). Next, a variety of
bolting arrangements were utilized with or without the epoxy paste. Figures 6c and 6d de‐
pict such an attachment of the laminates whereby the epoxy paste is combined with one bolt
on each side of the twin concrete prism. The bond strength in the first case was found equal
to 2.70Mpa whereas in the second case equal to 4.40Mpa, which represents an increase of
63%. The maximum bond strength that was achieved throughout these tests reached the val‐
ue of 7.20Mpa, which represents an increase of 167% from the simple attachment of the lam‐
inates only with epoxy paste. These findings were utilized with slab specimens that were
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taken from the actual mezzanine slab of the prototype structure; they were cut from parts of

the slab where an opening would be formed for a new staircase.

Figure 6. Bond tests of the used CFRP laminates

Figure 7. Loading arrangement of the slab specimens in flexure.
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Figure 8. Flexural behavior of Ermionio slab specimen retrofitted with two CFRP laminates either bonded only with
epoxy paste or with epoxy paste and bolts.

Figure 9. Flexural failure of the Ermionio slab specimen retrofitted with two CFRP laminates bonded only with epoxy
paste. The CFRP laminates were debonded from the concrete slab in this case.

Figure 7 depicts the loading arrangement that was used to subject these slab specimens to
four-point flexure. Initially, this was done for a specimen without any retrofitting that
reached a maximum bending moment value equal to 8.84KNm. Then two laminate strips,
each having a cross section of 50mm x 1.2mm, were attached on the bottom surface of this
slab specimen, which was reloaded to flexure as before. Figure 8 depicts the obtained flexu‐
ral behavior of this retrofitted slab specimen. At this stage, the CFRP laminates were attach‐
ed to the specimen only with the use of epoxy paste. This time the specimen reached a
maximum bending moment value equal to 20.89KNm, which represents an increase equal to
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136% when compared to the maximum bending moment value of the un-retrofitted slab.
This retrofitted slab failed in the form of the debonding of the CFRP laminates (figure 9).
The debonding of the two CFRP laminates was followed by a sharp decrease in the flexural
bearing capacity together with the formation of a plastic hinge at mid-span in the form of
excessive plastic deformations of the old steel reinforcing bars at the bottom of the slab as
well as crushing of the concrete at the top of the slab. Next, two new CFRP laminates were
reattached to the same slab specimen; this time epoxy paste was used again together with
bolts penetrating through the slab and securing the attachment of these CFRP laminates.
The flexural bearing capacity of the slab this time reached the same maximum bending mo‐
ment value as the one observed when only epoxy paste was used for the attachment of the
laminates; they exhibited satisfactory performance without any signs of failure either in the
form of debonding or fracture. This is shown by the bending moment versus mid-span de‐
flection curve plotted for this test in figure 8. Despite the satisfactory performance of the
CFRP laminates, no increase in the flexural bending capacity could be achieved due to the
slab damage from its previous loading history; however; the performance of the anchors for
the attachment of the CFRP laminates was satisfactory and the flexural behavior of the slab
exhibited a much larger range of deformability (figure 8).

2.2. Upgrading the flexural and shear capacity of beams

The upgrading of the shear / flexural capacity will be presented in this section together with
the corresponding modes of failure of reinforced concrete (R/C) beam specimens including
repair schemes with Fibre Reinforcing Plastics (FRP) ([13], [25], [26], [27], [14], [28], [29]). The
specimens were constructed and tested at the laboratory of Strength of Materials and Struc‐
tures of Aristotle University. The applied load and the deflections of the specimen at three
points were monitored throughout the experiments. Moreover, strain gauges were applied
at selective locations of the FRP strips employed in the repaired specimens in order to moni‐
tor their state of stress during the loading sequence. In what follows, the most important ex‐
perimental results are presented together with a discussion of the observed performance in
order to highlight the role of the FRP strips in the observed behavior. It must be stressed
that in all the studied beam specimens closed loop FRP hoops could be applied; this cannot
be done in T-beam sections [19].

2.2.1. The initial reinforced concrete beam specimen and its observed behavior.

The virgin beam specimen:  The virgin specimen BEAM-1 is a typical R/C beam, shown
in figure 10,  of  rectangular  cross-section of  200 mm x 500 mm and length l  =  3700mm,
having longitudinal reinforcement 3Φ20 at the top and 3Φ20 at the bottom side with closed
stirrups  as  transverse  reinforcement  Φ8/250  ([14]).  The  selected  longitudinal  and  trans‐
verse reinforcement together with the loading arrangement, shown in figure 11, will lead

Fiber Reinforced Polymers - The Technology Applied for Concrete Repair72



136% when compared to the maximum bending moment value of the un-retrofitted slab.
This retrofitted slab failed in the form of the debonding of the CFRP laminates (figure 9).
The debonding of the two CFRP laminates was followed by a sharp decrease in the flexural
bearing capacity together with the formation of a plastic hinge at mid-span in the form of
excessive plastic deformations of the old steel reinforcing bars at the bottom of the slab as
well as crushing of the concrete at the top of the slab. Next, two new CFRP laminates were
reattached to the same slab specimen; this time epoxy paste was used again together with
bolts penetrating through the slab and securing the attachment of these CFRP laminates.
The flexural bearing capacity of the slab this time reached the same maximum bending mo‐
ment value as the one observed when only epoxy paste was used for the attachment of the
laminates; they exhibited satisfactory performance without any signs of failure either in the
form of debonding or fracture. This is shown by the bending moment versus mid-span de‐
flection curve plotted for this test in figure 8. Despite the satisfactory performance of the
CFRP laminates, no increase in the flexural bending capacity could be achieved due to the
slab damage from its previous loading history; however; the performance of the anchors for
the attachment of the CFRP laminates was satisfactory and the flexural behavior of the slab
exhibited a much larger range of deformability (figure 8).

2.2. Upgrading the flexural and shear capacity of beams

The upgrading of the shear / flexural capacity will be presented in this section together with
the corresponding modes of failure of reinforced concrete (R/C) beam specimens including
repair schemes with Fibre Reinforcing Plastics (FRP) ([13], [25], [26], [27], [14], [28], [29]). The
specimens were constructed and tested at the laboratory of Strength of Materials and Struc‐
tures of Aristotle University. The applied load and the deflections of the specimen at three
points were monitored throughout the experiments. Moreover, strain gauges were applied
at selective locations of the FRP strips employed in the repaired specimens in order to moni‐
tor their state of stress during the loading sequence. In what follows, the most important ex‐
perimental results are presented together with a discussion of the observed performance in
order to highlight the role of the FRP strips in the observed behavior. It must be stressed
that in all the studied beam specimens closed loop FRP hoops could be applied; this cannot
be done in T-beam sections [19].

2.2.1. The initial reinforced concrete beam specimen and its observed behavior.

The virgin beam specimen:  The virgin specimen BEAM-1 is a typical R/C beam, shown
in figure 10,  of  rectangular  cross-section of  200 mm x 500 mm and length l  =  3700mm,
having longitudinal reinforcement 3Φ20 at the top and 3Φ20 at the bottom side with closed
stirrups  as  transverse  reinforcement  Φ8/250  ([14]).  The  selected  longitudinal  and  trans‐
verse reinforcement together with the loading arrangement, shown in figure 11, will lead

Fiber Reinforced Polymers - The Technology Applied for Concrete Repair72

the behavior of this virgin specimen to be dominated by the shear rather than the flexu‐
ral mode of failure.

Figure 10. Dimensions (in mm) and structural details of specimen Beam-1. Longitudinal reinforcement: 3Φ20 at the
top and 3Φ20 at the bottom. Transverse reinforcement: Φ8/250.

The behavior of BEAM-1: The specimen was simply supported at two point supports and
was subjected to loads at two points symmetrically spaced at a distance 1150mm from each
support; the mid-part had a length of 700mm. This loading was gradually increased, being
monitored all the time. Moreover, throughout the loading sequence till the failure of the
specimen, the cracking pattern was monitored together with the deflections of the beam at
three points (mid-span and under each point load). As can be seen in figure 11, the shear
cracking pattern is predominant at the two sides of the beam, whereas the middle part, as
expected, is dominated by the flexural behavior. Finally, the dominant failure mode was
from shear, as was planned during the design of this specimen. Figure 12a depicts the ob‐
served shear cracking patterns. In order to facilitate the repair of this specimen the loading
was stopped after a decrease in the bearing capacity of the specimen was observed. In this
way, the permanent deformations of this specimen at this stage were rather limited and the
shear mode of failure was not allowed to fully develop.

Figure 11. Flexural and shear cracking patterns for specimen Beam-1. Prevailing final mode of failure the shear.

Evaluation of the observed behavior for specimen BEAM-1: Figure 12b depicts the ob‐
served behavior in terms of shear force (Q). In the same figure the horizontal lines of differ‐
ent colours indicate the shear capacity of this particular specimen, as was predicted
following the procedure suggested by various researchers ([30], [31], [32]) as well as by ei‐
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ther the Greek Code [9] (without safety factor) or by the Euro-code [7] (with safety factor).
Figure 12c depicts the observed behavior in terms of bending moment (M). Again, the hori‐
zontal lines of different colours in this figure indicate the flexural capacity of this specimen
as predicted by well established formulae as well as by the corresponding code procedures
(without safety factor). Bearing in mind that the mode of failure is dominated by shear and
not flexure the comparison between the shear and flexural limit states predicted in this way
confirms the observed behavior.

Figure 12. a Cracking patterns of Beam-1. b Evaluation of Shear Behavior (BEAM-1). c Evaluation of Flexural Behavior
(BEAM-1).

2.2.2. Repaired beam specimen BEAM 1R-1 and observed behavior.

Description of Specimen BEAM 1R-1: After the end of the loading sequence of specimen
BEAM-1, this specimen was repaired against shear failure in the way shown in figure 13.
Closed loop CFRP (type C1 – 23) hoops of two layers (of nominal thickness 0.133mm per
layer), having width bslice = 75mm, were attached externally on the specimen spaced at distan‐
ces of s=275mm. This was very easy to apply to this specimen and the only necessary treat‐
ment was to round up the corners of the specimen. However, in order to apply exactly such
a repair scheme in prototype conditions one is faced with the considerable difficulty in drilling
the appropriate holes at the top R/C slab that is usually monolithically connected to the beam
at its top part. Moreover, the attachment of the CFRP layers in closed loop hoops will cause
considerable difficulty. Alternatively, the CFRP shear reinforcement may not be of the closed
loop hoop type but of the open loop U-shaped strips with or without anchors. The shear and
flexural cracking that developed in specimen Beam-1 from the previous loading sequence was
left without any repair (by epoxy resins or other means). An external layer of resin was used
to paint the areas of the cracking in order to be able to monitor the activation of these cracks
during the new loading sequence [14]. The mechanical properties of the employed CFRP layers
(type C1 – 23), as they are given by the manufacturer, are : Ultimate stress fu = 3800 Mpa,
Young’s Modulus Ef = 230 Gpa, Limit strain εu = 1.8 %, thickness tf = 0.133 mm.
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Figure 13. Repaired specimen BEAM 1R-1 The newly activated cracks are shown with bold lines. Dominant mode of
failure the one at the compression zone of the mid-part of the specimen governed by flexure.

Observed Behavior of Specimen BEAM 1R-1: The main shear crack at the right side gave
signs of becoming active for vertical load of 177KN (Q=88.5KN) whereas the same occurred
for the left side main shear crack for vertical load of 216KN (Q=108KN). This meant that the
corresponding CFRP shear type hoops started to develop stresses resisting part of the shear.
Crushing was observed at the compressive upper side of the mid-part of this specimen un‐
dergoing flexure, when the vertical load reached 373KN. This was accompanied by the acti‐
vation of the flexural cracks starting from the bottom side of the beam. These vertical
flexural cracks developed even further for a maximum load of 414KN extending all the way
from the bottom side to the crushed upper side, with the specimen reaching its flexural ca‐
pacity. The shear mode of failure of the previous specimen was contained without further
development by the applied CFRP hoops. The final condition of this specimen is depicted in
figure 13. The observed behavior in terms of shear force (Q) and bending moment (M) is de‐
picted in figures 14a and 14b. The maximum observed shear force was Q = 207 ΚN, and the
maximum observed bending moment was M= 238 ΚNm.

Figure 14. Observed shear behavior of BEAM 1R-1. 14b. Observed flexure of BEAM 1R-1.
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In these figures 14a and 14b, the observed behavior before the repair of this specimen is also
plotted for comparison with maximum observed shear force Q = 183.5 ΚN, and maximum
observed bending moment M= 211 ΚNm. From this comparison it can be concluded that the
applied CFRP hoops resisted a shear force of 23.5KN without signs of any distress. The suc‐
cessful increase (13%) in the shear bearing capacity of this specimen by this applied CFRP
repair scheme, which leads to the exhausting of the specimen’s flexural capacity and to
reaching the desired flexural mode of failure, demonstrates the potential of such repair
schemes for prototype conditions. However, there are construction difficulties in prototype
conditions which were already pointed out before. Moreover, as was remarked before, the
shear capacity of this scheme was not reached as the specimen survived the applied loading
sequence in terms of shear. A subsequent reloading of specimen BEAM 1R - 1, with addi‐
tional repair elements, namely specimen BEAM 2R -1, is presented in the following. The ob‐
jective is to define by measurements the shear bearing capacity of the applied CFRP-hoops
in this repair scheme.

Figure 15. The variation of the CFRP-Hoop strain with the measured shear force for BEAM 1R-1.

Evaluation of the contribution of the CFRP for specimen BEAM 1R-1: During the loading
sequence of Beam 1R-1, described above, the strains that developed at the mid-height of the
third CFRP-hoop from the right end of the specimen (see figure 13) were monitored
throughout the test by a strain gauge attached in this location. This strain gauge remained
operational up to a total vertical load of 353KN (Q=177.6KN) measuring for this load an ax‐
ial strain equal to 0.081 %. Unfortunately, beyond this load, the strain gauge became inactive
due to a crack going through it. The variation of the axial (vertical) strain of CFRP-hoop
with the applied shear force is depicted in figure 15. As can be seen in this figure, during the
loading of specimen Beam 1R-1 the variation of the measured CFRP-hoop strain with the ap‐
plied shear force is almost linear with different slope in two distinct ranges; the first range
for shear force values up to Q=150KN and the second range for shear force values larger
than Q=150KN. By extrapolating the second linear strain trend up to the maximum meas‐
ured shear force value of 207KN a maximum strain value equal to 1.43 10-3 is found for the
CFRP-hoop, which is also depicted in figure 15 (see also figure 14a). By employing the rela‐
tionship: Vf =  A hoop(h / s)Ef εf eff
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where A hoop=39.9mm2 the cross-section of one CFRP hoop, h=500mm the height of the beam,
s=275mm the spacing of the hoops, E f =230Gpa the Young modulus of the applied CFRP, ε f eff

=1.43 10 -3 the effective CFRP strain as was mentioned before, the value of the shear resisted
by the applied CFRP-hoops can be found equal to V f = 23.86KN.

When this value, which was found from direct strain measurements of the CFRP-hoop, is
compared with the value of V fa = 23.5KN, found by subtracting the shear resisted by the virgin
specimen BEAM -1 from the shear resisted by the repaired specimen BEAM 1R-1 with the CFRP-
hoops, a very good agreement is observed, which further validates the shear resisted by the
applied CFRP-hoops. Using the software developed by Triantafillou [33] a prediction for the
maximum shear force equal to 44KN is found to be resisted by the CFRP-hoop arrangement
applied in BEAM 1R-1 (figure 13). The measured value of approximately 24KN and the ob‐
served shear performance of this specimen are in agreement with this predicted upper limit
(44KN) for the CFRP-hoop shear resistance of the employed repaired scheme.

2.3. Repaired specimen Beam 1R-2

As described in section 2.2.2. before, a middle part compressive zone crushing was observed
as a limit state for specimen BEAM 1R-1. After unloading this specimen the crushed con‐
crete was removed and the whole area cleaned till the compressive longitudinal reinforce‐
ment became visible. The reshaping of the orthogonal form of this part of the beam was
achieved with a paste from a mixture of cement and epoxy resin, which becomes hard in
one day attaining a compressive strength of 30 MPa. The thickness of this layer of paste was
20mm above the compressive longitudinal reinforcement and the corners were given a
smooth curvature. This upper zone was next reinforced with layers of CFRP (C 1-23), as
shown in figure 16, in order to increase its compression capability through confinement. In
addition, three layers of GFRP (G-60 AR) were attached at the bottom side of the specimen
to enhance through tension its flexural capacity beyond the one provided by the existing
longitudinal reinforcement (figure 16).

Figure 16. Specimen BEAM 1R-2 with CFRP layers attached in a way as to contain the compressive zone of the middle
part as well as additional GFRP layer at the bottom side of the specimen extending the whole span.
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2.3.1. Observed Behavior of Specimen BEAM 1R-2

This specimen was reloaded in a way similar to the one employed for the preceding speci‐
mens BEAM -1 and BEAM 1R-1. Figures 17a and 17b depict for all three specimens the shear
and flexural behavior, respectively. In figure 17b the predictions of the yield moment for
specimen BEAM-1 and the ultimate moment of specimen BEAM 2R-1 are also indicated. Due
to an increase in the flexural capacity for specimen BEAM 2R-1 when compared to the pre‐
ceding specimen BEAM 1R-1, resulting from the described repair scheme for specimen BEAM
2R-1, the shear failure mode prevailed this time. This mode of failure was accompanied by
the rupture of the CFRP hoops as well as by crushing of the concrete at the compressive shear
transfer zone neighboring the point of loading (figure 18). As expected, this specimen (BEAM
1R-2) exhibited an increase in its flexural capacity when this is compared with the flexural
limit state attained during the preceding test of specimen (BEAM 1R-1). This fact demon‐
strates that the repair scheme described before, aimed to increase the flexural capacity of
specimen BEAM 1R-2 proved to be successful. The observed maximum shear force during
this test was Qαν = 215.8ΚN whereas the maximum bending moment was Mαν = 248.2ΚNm.
Comparing these values with the ones observed during testing the original virgin BEAM-1 it
can be concluded that the applied repair scheme resulted in an increase of the order of 18%
for the shear capacity and more than 18% for the flexural capacity; the exact increase in the
flexural capacity could not be measured as the shear failure for BEAM 1R-2 prohibited this
specimen from reaching its flexural limit state. The predicted flexural capacity of BEAM 2R-1
is listed in Table 1.

METHODOLOGY MU [KN m] Mode of failure

Ultimate stress strain method 301.26
Failure from compression of the top zone and of tension of the

GFRP

FRPFLEX 319.02 Failure of compression zone

Table 1. Predictions of flexural capacity for BEAM 2R-1.

Figure 17. Shear behavior of all specimens. b. Flexural behavior of all specimens.

It must be pointed out here that the way the enhancement of the compressive zone capacity
was achieved through the compressive zone confinement, attained from the CFRP layers,
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cannot be applied so easily in prototype conditions due to the presence of an R/C slab at this
part of a prototype beam. Table 2 lists the total vertical load values which were measured
during important developments in the observed behavior of specimen BEAM 1R-2. More‐
over, figure 19 depicts the observed mode of failure in a detailed way.

P [KN] Description of the observed cracking

73.6 Partial activation of the shear cracks that were formed from past loading

166.8 Activation of the previously formed flexural cracks

235.4 Formation of main flexural crack next to the CFRP stirrup at loading point (left side)

343.4 Formation of main flexural crack next to the CFRP stirrup at loading point (right side)

421.8 Initiation of crushing of the concrete compressive zone at the shear transfer area neighboring the left

loading point.

423.8 Rupture of a CFRP stirrup

431.6 Crushing of the concrete at the compressive shear transfer zone neighboring the left loading point.

Rupture of the CFRP hoops that were crossed by the main shear crack (figure 18).

Table 2. Important developments in the behavior of specimen BEAM 1R-2 during loading.

Figure 18. Shear failure accompanied by the rupture of the CFRP stirrups as well as of crushing of the concrete com‐
pressive zone at the shear transfer area neighboring the point of loading.
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Figure 19. Mechanism of shear failure during the limit state of specimen BEAM 1R-2.

2.3.2. Evaluation of the contribution of the CFRP-hoops for BEAM 1R-2

As was done for specimen BEAM 1R-1, during the loading sequence of Beam 2R-1 the axial
(vertical) strains that developed at the mid-height of the third CFRP hoop from the right end
of the specimen (see figure 13) were again monitored employing a strain gauge attached in
this location. This strain gauge remained operational throughout the whole load sequence
measuring a maximum axial strain value εf eff = 0.67 % when the total vertical load reached
its maximum value of 435.6KN (Q=215.8KN). By subtracting the shear resisted by the virgin
specimen BEAM -1 (Q=183.5KN) from the shear resisted by the repaired specimen BEAM
2R-1 (Q=215.8KN), a value of Vfa = 32.3KN is found as being resisted by the used repair
scheme. As mentioned before, using the software developed by Triantafillou [33] the maxi‐
mum shear force of 44KN is found to be resisted by the CFRP hoop arrangement applied in
BEAM 2R-1. Moreover, employing the maximum strain measurement and the relationship V
f = A hoop (h/s) E f ε f eff the shear resisted by the applied CFRP-hoops can be found equal to V f =
111.8KN. This discrepancy dictates further investigation on the shear resisting mechanisms
that developed during the limit state of specimen BEAM 2R-1 (see figure 19).

The maximum axial strain measurement equal to 0.67 % was recorded at this particular
CFRP-hoop location during maximum applied load just before the rupture of this CFRP-
hoop and the final development of the shear failure for specimen BEAM 2R-1. The variation
of the applied shear force with the measured CFRP hoop strain is depicted in figure 20; it is
almost linear with different slope in two distinct ranges; the first for a shear force value from
zero to Q=205KN and the second for a shear force value larger than Q=205KN up to Qαν =
215.8ΚN, when the rupture of the CFRP occurred.
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Figure 19. Mechanism of shear failure during the limit state of specimen BEAM 1R-2.
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Figure 20. The variation of the CFRP-hoop strain with the measured shear force for BEAM 2R-1.

Figure 21. Numerical simulation of the dowel action.

2.3.3. Shear capacity of specimen BEAM 2R-1 based on the observed failure mechanism

Based on the observed shear failure mechanism, which is depicted in figure 19, the shear ca‐
pacity of BEAM 2R-1 will be estimated as will be described below. It is assumed that the
shear is resisted in this case by the following parts.

One closed steel stirrup.

The compressive zone for shear transfer next to the point of load application at the top of the
main shear crack.

Two CFRP-hoops.

The contribution of the bottom side longitudinal reinforcement (dowel action).

The contribution of the compressive zone is found from the relationship: Vc = 0.3 (fc)2/3 (2)1/2

x b. Where fc the concrete compressive strength, x the height of the compressive zone (as
estimated from the flexural behavior), b the width of the beam. This leads to a shear force
equal to Vc = 46.42 kN at the initiation of concrete compressive zone crushing.

The Use of Fiber Reinforced Plastic for The Repair and Strengthening of Existing Reinforced Concrete Structural
Elements Damaged by Earthquakes

http://dx.doi.org/10.5772/51326

81



The contribution of the assumed two CFRP-hoops is equal to Vf = 18234 εf eff [ΚN]. Accord‐
ing to the strain measurements this contribution at the initiation of crushing of the compres‐
sive zone is equal to Vf = 73.54ΚN.

The contribution of the dowel action of the longitudinal reinforcement will be based on the
geometry of this particular failure mechanism which was measured in detail at the laborato‐
ry. For this purpose, a simple numerical simulation of this dowel action was formed, which
is depicted in figure 21. The longitudinal reinforcement is supported by a steel stirrup (left
support) and by the CFRP-hoop (multiple mid-supports). All the supports are simulated by
springs with the corresponding elastic / post-elastic and cross-sectional properties the actual
steel stirrup and CFRP-hoop possess.

Due to the volume of concrete the rotations at the two ends of this dowel action numerical
model were restrained; moreover, the employed simulation provided the capability for the
longitudinal reinforcement to develop plastic hinges with parameters based on the cross-
sectional area and yield stress of the employed longitudinal reinforcement, which were
measured at the laboratory.

The limit state contribution of the dowel action of the longitudinal reinforcement, as result‐
ed from this numerical simulation, was found equal to Vd = 37.67 KN. The contribution of
the steel stirrup ( Vw ) is based on the assumption that its strain is the same as the measured
strain of the neighboring CFRP hoop. The various contributions based on all the above as‐
sumptions are listed in Table 3 together with the corresponding total measured value. As
can be seen a very good comparison is reached between the total estimated shear resistance
and the corresponding measured value. It must be pointed out that the estimated value was
based on the exact observation of the failure mechanism as well as on the measurements of
the CFRP hoop strains. In the same table a predicted shear resistance value is also listed
based on the prediction of the maximum shear resisted by the CFRP-hoops by the software
developed by Triantafillou [33] (maximum predicted Vf value equal to 44KN is found).

Steel Stirrup

Vw [ΚN]

2 CFRP

Hoops

Vf [ΚN]

Dowel action of longitudinal

reinforcement (3Φ20)

Vd [ΚN]

Compressive Zone of

Concrete

Vc [ΚN]

Total estimated shear

resistance

VR [ΚN]

53.94 73.54 37.67 46.42 211.57

Measured total shear resistance 210.9KN Predicted total shear 227.5KN [ref. 33]

Table 3. Shear resistance contributions of the various parts of specimen BEAM 2R-1 at the initiation of the
compressive zone crushing.

The variation of the estimated shear contributions of the CFRP-hoops (Vf), the steel stirrup
(Vw), the dowel action of the longitudinal reinforcement (Vd) as well as the sum of all these
(Vf+Vw+Vd) are plotted in figure 22 together with the measured total shear force (VR) for
specimen BEAM 2R-1. The common basis for the plotted displacements between the estimat‐
ed contributions and the measured values is found from the correspondence of the load and
strain measurements during testing. In addition, in the same figure,  the variation of the
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the steel stirrup ( Vw ) is based on the assumption that its strain is the same as the measured
strain of the neighboring CFRP hoop. The various contributions based on all the above as‐
sumptions are listed in Table 3 together with the corresponding total measured value. As
can be seen a very good comparison is reached between the total estimated shear resistance
and the corresponding measured value. It must be pointed out that the estimated value was
based on the exact observation of the failure mechanism as well as on the measurements of
the CFRP hoop strains. In the same table a predicted shear resistance value is also listed
based on the prediction of the maximum shear resisted by the CFRP-hoops by the software
developed by Triantafillou [33] (maximum predicted Vf value equal to 44KN is found).

Steel Stirrup

Vw [ΚN]

2 CFRP

Hoops

Vf [ΚN]

Dowel action of longitudinal

reinforcement (3Φ20)

Vd [ΚN]

Compressive Zone of

Concrete

Vc [ΚN]

Total estimated shear

resistance

VR [ΚN]

53.94 73.54 37.67 46.42 211.57

Measured total shear resistance 210.9KN Predicted total shear 227.5KN [ref. 33]

Table 3. Shear resistance contributions of the various parts of specimen BEAM 2R-1 at the initiation of the
compressive zone crushing.

The variation of the estimated shear contributions of the CFRP-hoops (Vf), the steel stirrup
(Vw), the dowel action of the longitudinal reinforcement (Vd) as well as the sum of all these
(Vf+Vw+Vd) are plotted in figure 22 together with the measured total shear force (VR) for
specimen BEAM 2R-1. The common basis for the plotted displacements between the estimat‐
ed contributions and the measured values is found from the correspondence of the load and
strain measurements during testing. In addition, in the same figure,  the variation of the
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contribution of the compressive concrete zone is plotted by subtracting from the total meas‐
ured shear force (VR) the contributions of the steel stirrups and the CFRP hoops (Vc=VR-Vw-
Vf). After the formation of the shear cracks this contribution includes the dowel action of the
longitudinal reinforcement. This results in a maximum value Vc = 84.14 ΚN, which is in
agreement  with  predictions  based on formulas  suggested by various  researchers.  More‐
over, it can be seen that the summation of the various contributions is in good agreement
with the total measured shear force if the contribution of the compressive zone is added, after
the formation of the shear cracks and up to the initiation of the crushing of the compres‐
sive zone concrete.

Figure 22. Shear resistance contributions, extracted from the mechanism of shear failure for specimen BEAM 2R-1.

2.4. Concluding observations

a1. The technique of repairing reinforced concrete beam elements by attaching CFRP layers
has been examined in the laboratory. It was found that using CFRP-hoops, spaced at the
areas of the beam that resist the shear forces, was a quite successful repair technique in up‐
grading the shear capacity of beam specimens by inhibiting the shear mode of failure thus
favouring the development of the flexural mode of failure.

b1. The repairing of the examined specimens by attaching GFRP layers to complement the
tensile longitudinal reinforcement together with CFRP confinement of the compressive zone
at these parts of the beam that undergo flexure was again a quite successful technique in up‐
grading the flexural capacity of the beam specimens. However, this must be properly con‐
trolled in order to prohibit the development of the undesired shear mode of failure.

c1. In order to be able to successfully control the shear and flexural capacities and modes of
failure, after the application of CFRP repair schemes, reliable tools are necessary that suc‐
cessfully predict the bearing capacities of the repaired structural elements. It was demon‐
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strated by this work that whereas this is possible for the flexural capacity it is not so
straightforward for the shear capacity unless the basis of the shear capacity estimate is
founded on a realistic failure mechanism that takes into account the realistic contributions of
all the parts that are mobilized through this failure mechanism.

d1. It must be pointed out that the examined repair schemes for upgrading the shear resist‐
ance through CFRP stirrups will not be so easily applied in prototype conditions where the
presence of a reinforced concrete slab, cast monolithically with the upper part of the beam,
must be confronted.

Figure 23. R/C cross-sections with one side longer than the other (h/b>1.5) and CFRP partial confinement.

Figure 24. Bridge Pier compression failure mode.
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3. Partial Confinement

3.1. The use of confinement for upgrading the flexural and shear capacity of columns.

A very common application of externally applied fiber reinforced plastics (FRP) is confining
parts of structural members. This can be easily envisaged for columns with their cross-sec‐
tion approximating a square shape [34]. This is done by wrapping around the structural ele‐
ment one or more that one layers of FRP sheets together with the proper resine in-order to
bond them on the surface of the structural member as well as to bond the FRP sheets be‐
tween themselves. The main points of attention here are the following [35]:

Preparation of the surface of the existing structural member in order to prohibit premature
delamination (debonding) of the attached FRP sheets.

Localized rupture of the FRP jacket due to abrupt change of curvature at the corners, to
buckling of reinforcing bars, or to excessive dilation of concrete.

Proper application of the resin in order to achieve sufficient bond between the FRP sheets
and the surface of the existing structural member.

Proper application of the resin and enough overlapping length of the wrapped layers of the
FRP sheet around the existing member in order to prohibit any unwrapping mode of failure.

The proper wrapping of the FRP multilayer sheet around the existing structural member
(column or beam) introduces a passive confinement in the same way as steel stirrups do on
such concrete members. Whereas the wrapping of FRP sheets around columns or beams of
rectangular shape with width / height ratio no greater than 2 can be easily materialized this
is not so easily applicable in the following cases:

In columns with rectangular cross-sections having a width / height ratio greater than 2. It
will be discussed later on in this section how this difficulty was confronted in the laboratory.

In T- beams whereby the presence of the slab prohibits the wrapping of the FRP sheets
around the cross-section.

Grade Compression failure mode Increase in the compressive capacity

(compared to the unconfined specimens)

Effectiveness of the

partial confinement

1
Of the weak part as without the

partial confinement
Small increase low

2
Of the weak part as without the

partial confinement
Considerable increase Considerable

3
Of both the weak part and the

strong parts
Substantial increase Very effective

Table 4. Characterization of the effectiveness of the partial confinement.
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The beneficial effect of such a confinement on the compressive strength of axially loaded
structural members is well known and will not be repeated here. Moreover, the function of
these externally applied FRP sheets as transverse reinforcement for both columns and beams
is also evident in the same way closed steel stirrups function in reinforced concrete sections.
Acting as external transverse reinforcement FRP sheets fully wrapped around beams or col‐
umns can be utilized to upgrade their shear capacity (figure 5). This has been already dis‐
cussed in the beginning of section 2. Again, for T-beams the presence of the slab prohibits
the formation of closed loop transverse reinforcement by the FRP sheets. If the FRP sheets
are applied as transverse reinforcement in an open loop formation they are susceptible to a
premature delamination type of failure (see figure 4). This will be further discussed in sec‐
tion 6 together with the way this difficulty was confronted in the laboratory.

The upgrading of reinforced concrete (R/C) cross-sections, with one side rather longer than
the other (h/b > 1.5), by partial application of CFRP (Carbon Fiber Reinforcing Plastic) con‐
finement is investigated here (figure 23). This partial application of CFRP confinement is
aimed at the retrofitting of bridge-pier type R/C cross-sections in order to prohibit, up to a
point, the development of premature compressive failure at the base of the pier due to com‐
bined compression and flexure from seismic loads (see figure 24 and [36], [37]). The per‐
formance of such structural elements was studied extensively in the past ([38], [39]). This
type of partial confinement may also be applied to upgrading vertical structural members
with non-accessible sides. Design guidelines for rectangular FRP jackets applied on rectan‐
gular columns have been proposed with the limitation that the cross-sections have aspect ra‐
tio h/b < 1.5 [37]. For higher aspect ratios it is recommended to design a circular or oval
jacket. However, it is expected that for rectangular cross sections with aspect ratios larger
than 1.5 the radius of a circular or rectangular jacket will be too large and will result in inef‐
fectual confinement and will prove costly and impractical. For this reason it is desirable to
investigate alternative schemes for increasing the confinement of rectangular cross-sections
with relatively large aspect ratio without resorting to complete circular or oval jackets. Such
a scheme is studied here using CFRP layers that do not extend all around the cross-section
(figure 23 “partial confinement”).

Figure 25. Initial cross-section with h/b ratio = 2.5. 25b. Test specimens without and with partial CFRP confinement.
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To compensate for the fact that the CFRP layers do not enclose the cross-section entirely, an‐
chorage of these layers must be provided, as shown schematically in figure 23. To this end, a
laboratory investigation was carried out to study the effectiveness of such partial confine‐
ment together with alternative anchorage schemes. As will be explained, this effectiveness
was tested by subjecting the specimens only to compressive loads. Despite this limitation, as
will be demonstrated from the results of this investigation, the most significant aspects of
the critical factors for this “partial confinement” scheme were brought to light.

3.1.1. The formation of test specimens

The initial cross-section, which formed the basis of the tested specimens, is depicted in fig‐
ure 25a with an aspect ratio h/b equal to 2.5. This is a rectangular cross section of a bridge
pier model structure, which was tested both at the laboratory (figure 25a) and at the Volvi-
Greece European Test Site in the framework of the European project Euro-Risk [36]. This
cross section was intentionally designed to develop flexural mode of failure at the base of
the pier; moreover, it was desirable to find ways to retrofit such specimens by prohibiting
premature compression failure at the base by means of partial CFRP confinement. The effec‐
tiveness of the partial CFRP confinement is studied by subjecting the tested specimens only
to pure compressive loads. This type of stress field is expected to develop at the base of such
vertical members under combined vertical loads and seismic actions, where undesired com‐
pression failure may develop. In order to limit the maximum level of compressive loads re‐
quired to bring to failure such a cross-section with the loading arrangements available, the
tested specimens had a cross section (figure 25b) of 200mm by 300mm instead of 200mm by
500mm of the initial cross-section ( figure 25a and figure 25b) for the bridge pier specimens
tested both at the laboratory and at the test site under combined compression and flexure
[36]. Moreover, in order for the tested specimens to form compression failure at the same
part of the cross-section where such failure would develop at the base of the initial bridge
pier model, one part of the tested cross-section was left identical to the initial cross-section
(the one that is marked in figure 25b as weak) whereas the remaining part was strengthened
both with longitudinal and, in particular, with transverse reinforcement (the one marked in
figure 25b as strong).

In this way, with the compression capacity of the weak part being smaller than that of the
strong part, the compression failure was expected to develop at the weak part. This proved
to be correct during the experiments, as will be shown in the following sections. The CFRP
partial confinement was applied at the weak part, as is shown at the right hand side of fig‐
ure 25b. Then, by studying the resulting bearing capacity and mode of failure under com‐
pression of the tested specimens (with or without partial confinement) the effectiveness of
such a repair scheme could be demonstrated and classified as listed in table 4.

3.1.2. Construction of test specimens

Ten identical specimens were constructed and eight of them were used in the current experi‐
mental sequence (see table 5). All specimens were reinforced in the same way and were cast
at the same time with the same mixture aiming for similar plain concrete strength values.
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The reinforcing details are depicted in figure 26. As can be seen, the total height of the speci‐
mens was 1600mm. They had a mid-part height of 580mm that was left to develop the com‐
pression failure (figure 26, part denoted as CROSS SECTION A). The cross section of this
mid-part was the one shown in figure 25b, including the two distinct parts (the weak and
the strong). The two edges of the specimens, with a height of 510mm each, were confined
during the experiment with strong steel brackets covering these parts from all sides thus
prohibiting any compressive failure developing at those two edges (see figure 27).

Figure 26. Reinforcement details common to all specimens.

Virgin Specimens
CFRP

Confinement
Repaired Specimens Plain Concrete Strength (Mpa)

Specimen 1 Test 1 No Test 2 3+(2) CFRP 28.0

Specimen 1a Test 1 3 CFRP layers Test 2 3 GFRP 25.8

Specimen 3 Test 1 No Test 2 3+(2) CFRP 27.6

Specimen 3a Test 1 5 CFRP layers Test 2 5 CFRP 27.6

Specimen 4 Test 1 5 CFRP layers 27.7

Specimen 4a Test 1 5 CFRP layers 27.7

Specimen 5 Test 1 5+(2) CFRP layers

Test 2, 5+2 CFRP

Test 3, 5+2 CFRP

Test 4 7 CFRP

27.6

Specimen 5a Test 1 No
Test 2, 7 CFRP

Test 3 7+4 CFRP
25.8

Table 5. Test specimens with their corresponding concrete strength.
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The partial CFRP confinement was attached only on the three sides of these specimens cov‐
ering the weak part and leaving the fourth side (of the strong part) free without any CFRP
layers (figure 25b). There were 8 virgin specimens, namely 1, 1a, 3, 3a, 4, 4a, 5, and 5a (Table
5). These specimens were tested in their virgin state in which some of them were without
partial CFRP confinement whereas the rest had the partial CFRP confinement applied to
them from the beginning. The second column of table 5 indicates the partial confinement
condition of the virgin specimens. The testing sequence of these virgin specimens is signi‐
fied as Test 1. Most of these specimens were repaired after they had reached their limit state
during their previous test. In all the repaired specimens the CFRP partial confinement was
applied. Throughout these series of experiments the nominal thickness of the employed
CFRP layers was 0.176mm with a given Young’s Modulus E=350GPa. The measured maxi‐
mum axial CFRP strain was approximately 1%.

Figure 27. Specimen with confining steel brackets at the edges and partial CFRP confinement at the mid-part
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This sequential test number of the repaired specimens is signified as Test 2 (for the 1st re‐
pair), Test 3 (for the 2nd repair) etc. (see column 3 of Table 5). In the same column the num‐
ber of CFRP layers used in the partial confinement for the repaired specimens is also
indicated. The total number of specimens, virgin and repaired, was seventeen. In Table 5 the
unconfined concrete compressive stress is also listed, found from cylinders with diameter
150mm and 300mm height; these cylinders were obtained during the casting of each virgin
specimen. The anchorage of the CFRP layers was applied along the two long sides, which
were common to both the weak and the strong parts. The main load that was applied was
axial compression, although in limited specimens the axial compression was combined with
bending, which is not reported here. From the observed behavior, the effectiveness of the
applied partial confinement could be deduced. As shown in table 4, this judgment was
based on the level of the bearing capacity combined with the type of compression failure
that was formed (at the weak or strong part). Moreover, the observed behavior of the vari‐
ous parts of the test specimens, such as the CFRP layers and their anchorage, helped to iden‐
tify the factors that bear an adverse or beneficial influence on these aspects of the behavior.

3.1.3. Critical parameters and their variation:

The following parameters were critical (see results contained in Table 6).

1 st . The type of anchorage of the CFRP layers, 2 nd . The number of the CFRP layers.

The second parameter becomes critical only if the first parameter performs satisfactorily. A
large number of specimens ( 1, 1a, 3, 3a, 4 and 4a) exhibited failure of the anchorage of the
partial confinement thus limiting the effectiveness of the partial confinement to low levels.
Consequently, the increase in the compressive bearing capacity in this case was relatively
modest. The compressive load was monitored by continuous sampling throughout the test.
The “Average Stress at failure” listed in table 6 is found by dividing the compressive load by
the gross cross-sectional area of each specimen. Listed in table 6 are certain particulars of the
anchorage of the CFRP layers. Anchors-1 signifies bolts of 7mm diameter and 60mm length
that do not penetrate the cross-section in its whole width, whereas Anchors-2 signifies bolts
of 10mm diameter that penetrate the whole section (220mm length).For specimens 5 and 5a,
due to the improvement of the anchoring details of the partial confinement, the increase in
the compressive bearing capacity of these specimens was 50% higher than the observed
bearing capacity of similar specimens with no partial CFRP confinement. When the maxi‐
mum compressive bearing capacity achieved with the partial confinement is compared with
the corresponding plain concrete strength value, a 230% increase can be observed. More‐
over, the compressive failure in this case involved both the weak and the strong part thus
improving substantially the effectiveness of the partial confinement and allowing the em‐
ployment of a large number of CFRP layers.
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Specimen No Virgin Repaired

Number

of CFRP

layers

Anchors-1
Anchors-2 +

washers

Average Stress

at failure (Mpa)
Failure Mode

1 Test 1 Yes No No No No
41.12

(146.9%)*
Weak part

1 Test 2 No Yes/ EMACO 3 (+2) Yes yes
41.69

(148.9%)
Bolts

1a Test 1 Yes No 3 Yes
45.78

(177.4%)

Pull out

Anchors-1

3 Test 1 Yes No No No
40.79

(147.7%)
Weak part

3 Test 2 No Yes 3 (+2) Yes Yes
45.78

(165.9%)
anchorage

3a Test 1 Yes No 5 Yes Yes
47.09

(170.6%)
anchorage

3a Test 2 No Yes/ EMACO 5 Yes Yes
42.51

(154.0%)
anchorage

4 Test 1 Yes No 5 No Yes weak
46.60

(168.2%)
anchorage

4a Test 1 Yes No 5 No
Yes

weak

45.53

(164.4%)
anchorage

5 Test 1 Yes No 5 (+2) No Yes strong
53.96

(195.5%)
Steel bracket

5 Test 2 Yes - 5 (+2) No Yes strong
55.26

(200.2%)
Steel bracket

5 Test 3 - Top / EMAKO 5 (+2) No Yes Strong
53.96

(195.5%)
CFRP mid-height

5 Test 4 No Yes/ EMAKO 7 No Yes Strong
58.86

(213.3)
Strong stirrups

5a Test 1

bending
Yes No No No No

40.88

(158.4%)
Weak part

5a Test 2 No Yes 7 No Yes Strong
57.23

(221.8%)
CFRP mid-height

5a Test 3 No Yes 7 +4 No Yes Strong
60.17

(233.2%)
Strong part

Table 6. Summary of test results together with the basic specimen characteristics.* As % of the corresponding plain
concrete strength.

3.1.4. Instrumentation to obtain the average stress-strain behavior

Apart from monitoring the compressive load, the deformations of the mid-part were also
continuously recorded throughout each experiment with displacement measurements taken
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at each side of the cross-section. Eight displacement sensors (two at each side) were em‐
ployed to record the deformations of the mid-part. Although the deformation of this mid-
part was far from uniform, as can be seen from the obtained displacement measurements of
the weak and strong parts (figure 29), the average axial displacement, which was found by
averaging the measured displacement values at all four sides of each specimen, is mostly
used here as an indication of the deformability of each specimen. By dividing this average
axial displacement by the height of the mid-part an average axial strain could also be ob‐
tained in this way. The following discussion of the observed behavior of each specimen is
based on diagrams of average axial stress versus average axial strain found from the previ‐
ously described averaging process. More detailed study on the obtained non-uniform de‐
formability for each specimen will be carried out at a future stage. An additional
measurement that was obtained during the experimental sequence was the axial strain that
developed at the CFRP layers of the partial confinement of the mid-part. These CFRP strain
measurements are an additional indication of the effectiveness of the partial confinement.

Figure 28. a Partial confinement of low effectiveness. b. Partial confinement of low effectiveness.

Figure 29. Specimen 4, Test 1 (5 layers CFRP) Comparison with Specimen 1 Test 1 (no confinement).
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Figure 30. a Virgin Specimen without confinement. b. Failure of anchor bolts. 30c Low effectiveness of partial confine‐
ment. c. Tensile failure of CFRP Layers. Considerable effectiveness of partial confinement.

3.2. Discussion of the results

3.2.1. Partial confinement of low effectiveness

In figures 28a and 28b the obtained behavior of specimen1 (Test 2) with 3 CFRP layers and
specimen 3a (Test 1) with 5 CFRP layers is compared with specimen 1 test 1 (no partial con‐
finement). Specimen 1 test 2 was formed from specimen 1 test 1 by repairing the failed speci‐
men 1 test 1 with special (low shrinkage) concrete as well as with 3 layers of CFRP forming
the partial confinement. This repaired specimen failed in compression with almost the same
capacity as the previously-tested virgin test with no partial confinement, but with larger de‐
formability. The effectiveness of the partial confinement is low and it is due to the failure of
the anchor bolts of the applied confinement. In figure 28b the observed behavior of speci‐
men 3a Test 1 is also included. This is a virgin specimen that had a 5-CFRP layer partial con‐
finement. Despite the increase in the CFRP layers, the observed effectiveness of the partial
confinement is low as was for specimen 1 test 2, again because of the failure of the anchor
bolts. In figure 29 the observed behavior of specimen 4 test 1 is depicted. This was a virgin
specimen with 5 CFRP layers partial confinement. In this case, a certain alteration was ap‐
plied in the anchor bolts, by increasing their length. However, this was not sufficient to im‐
prove accordingly the effectiveness of the partial confinement, which was again linked to
the failure of the anchor bolts. The failed virgin specimen without the partial confinement is
shown in figure 30a whereas figure 30b depicts the failure of the anchor bolts for the “low
effectiveness” partial confinement.
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3.2.2. Partial confinement of considerable effectiveness

In figures 31a and 31b the obtained behavior of specimen 5 (Test 3) with 5 (+2) CFRP layers
is compared to specimen 1 test 1 (no partial confinement). Specimen 5 test 3 was formed by
repairing a previously failed virgin specimen with special (low shrinkage) concrete as well
as with 5 layers of CFRP forming the partial confinement. An additional two (+2) CFRP lay‐
ers were applied at the part of the section where the anchor bolts were placed. This repaired
specimen failed in compression with a modest increase (31%) in its capacity when compared
with the capacity of the virgin unconfined specimen. The effectiveness of the partial confine‐
ment in this case was classified as considerable. This was due to an alteration in the anchor‐
ing of the partial confinement which proved to be relatively successful. The limit state for
this specimen commenced with the tensile failure of the CFRP layers at the central zone and
was accompanied, as expected, by a consequent compressive failure of the neighboring
weak part of the section. This is depicted in figure 30c where the anchor bolts, which were
left intact, are also shown. In figure 31b, the comparison is extended to include specimen 4
(Test 1), in which the partial confinement exhibited low effectiveness due to the failure of
the anchor bolts.

Figure 31. Partial confinement of considerable effectiveness. 31b. Partial confinement of considerable effectiveness.

3.2.3. Very effective partial confinement

In figure 32a, the behavior of specimens 5 (Test 4) and 5a (Test 2) is compared with the be‐
havior of specimens 1 test 1 (with no partial confinement) and 5 (Test 3) discussed before.
Specimens 5 (Test 4) and 5a (Test 2) were formed by repairing previously failed specimens
with partial confinement of 7 layers of CFRP. Moreover, all the anchoring of their partial
confinement was made with bolts going through the whole width of the strong part of the
repaired section (see table 6 and figure 25). As can be seen in figure 32a, a substantial in‐
crease (40%), in the bearing capacity as well as in the deformability, resulted from the descri‐
bed partial confinement for these two specimens. Their behavior was in this way better than
the behavior of specimen 4 (Test 1) which was classified before as one of considerable effec‐
tiveness of the partial confinement. Based in this increased capacity and deformability of
specimens 5 (Test 4) and 5a (Test 2) they were classified as specimens with very effective
partial confinement.
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Figure 32. Very effective partial confinement. 32b. Very effective partial confinement.

Figure 33. Strengthening stirrups - strong part. 33b. Failure of the CFRP layers of the mid-part.

The limit state of specimen 5 (Test 4) was accompanied with the failure of the stirrups of the
strong part whereas the limit state of specimen 5a (Test 2) was accompanied with the tensile
failure of the CFRP layers at the central zone. In figure 32b the observed behavior of speci‐
men 5a (Test 3) is compared with that of specimens 5 (Test 4) and 5a (Test 2) previously dis‐
cussed. Specimen 5a Test 3 had a partial confinement formed by 7 layers of CFRP.
Moreover, the area sustaining the anchor bolts was strengthened by additional four (+4) lay‐
ers of CFRP. Apart from the anchor bolts going through the whole width of the strong part
of its section, the stirrups of this strong part were also strengthened (figure 33a). This time
the increase in the bearing capacity was 46%; the increase in the deformability was also quite
substantial. Thus, the behavior of this specimen is also one with very effective partial con‐
finement. The observed limit state was accompanied with the compressive failure of the
CFRP layers at the mid-part near the steel brackets (figure 33b).
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3.3. Concluding remarks

a2. The undesired compression failure expected to develop in the base of vertical members
with reinforced concrete cross sections having h/b ratio larger than 1.5 under combined vertical
loads and seismic actions is studied through specially formed specimens subjected to uni‐
form compression. The retrofitting of such specimens with partial CFRP confinement is aimed
at prohibiting, up to a point, such compression failure. This type of partial confinement may
also be applied to upgrading vertical structural members with non-accessible sides.

b2.. From the results of the experimental investigation with identical specimens, with or
without this type of partial CFRP confinement, the successful application of such partial
confinement was demonstrated. An increase of almost 50% was observed in the compres‐
sion bearing capacity of some of the tested specimens. Moreover, the deformability of these
specimens was substantially increased, demonstrating the effectiveness of this type of parti‐
al confinement.

c2. It was found from the experimental sequence that critical factors for this increase were the
type of anchorage of the CFRP partial confinement and the number of CFRP layers. Success‐
ful anchoring of the CFRP layers allowed this partial confinement to become effective and to
permit the use of a larger number of CFRP layers. In the present study alternative anchoring
schemes were tried with limitations imposed by the geometry of the model cross-section.
Similar limitations imposed by the geometry and the reinforcement of the cross-section will
also dictate the design of such an anchoring scheme for a prototype cross-section. Further
investigation on the performance of such prototype anchoring arrangements may be necessary.

4. Upgrading the flexural capacity of (R/C) vertical members

4.1. Flexural upgrading

The upgrading of the flexural capacity of reinforced concrete (R/C) vertical members with
externally applied CFRP layers as means of tensile reinforcement is investigated here (see
figure 34 and [4], [6], [11], [16], [22], [34], [40], [41])

The CFRP layers are applied at the two opposite sides of R/C specimens which were con‐
structed for this purpose (figures 35a, 35b). They were designed with such longitudinal and
transverse reinforcements shown in figure 35b that the flexural limit state would prevail.
The specimens were tested to develop the ultimate flexural behavior with the corresponding
damaged region concentrated near their joint with the foundation. These specimens had the
foundation block fixed at the strong reaction frame of the laboratory of Strength of Materials
and Structures of Aristotle University and were subjected to simultaneous constant vertical
load as well as horizontal cyclic imposed displacements approximating thus the seismic ac‐
tions. This loading sequence was applied prior to the application of any CFRP layers and
was repeated again after these CFRP layers were attached to the damaged specimens. The
observed upgrading of the flexural capacity in terms of ultimate overturning moment is pre‐
sented and discussed.
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Figure 34. Flexural Damage

4.1.1. The virgin beam specimen

This specimen is shown in figure 35a with a rectangular cross-section of 200 mm x 500 mm
and height h = 1815mm (from its top to the upper surface of its foundation). 8Φ6 was the
longitudinal reinforcement that extended with no splices and was anchored to the founda‐
tion block and Φ6/100 closed stirrups the transverse reinforcement. The detailing of the
cross-section is shown in figure 35b. The selected longitudinal and transverse reinforcement
together with the loading arrangement, will cause the behavior of this virgin specimen to be
dominated by the flexural rather than the shear mode of failure. More details are given in
references [40] and [41].

Figure 35. a Pier A. b. Cross-section and reinforcing details of Pier A.
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4.1.2. The Loading sequence

The foundation of the specimen was anchored at the strong floor of a reaction frame. The
specimen was then subjected to a simultaneous constant vertical load and a cyclic horizontal
displacement with increasing amplitude in time, utilizing servo-electronically-controlled dy‐
namic actuators. The frequency of this cyclic displacement was in some tests 0.1Hz whereas
in other selected tests it became 1.0Hz. The vertical load was kept constant at 95KN. The
horizontal imposed cyclic displacement was applied in 13 groups of continuously increasing
amplitude. Each group included 3 full cycles of constant amplitude. This time history of the
imposed displacement is depicted in figure 36a. The amplitude in this picture is non-dimen‐
sional and is given as a percentage of the final maximum amplitude of this cyclic loading. In
the experimental sequence the maximum displacement horizontal amplitude was initially
relatively small (2mm); as testing progressed, in subsequent cyclic loading sequences it
reached values of 20mm to 25mm. The imposed displacements were measured at the loca‐
tion of the horizontal actuator which was placed at a height of 1400mm from the top of the
foundation (figure 36b). Figures 36b and 36c depict this experimental set-up. As can be seen
the specimen was placed in the strong reaction frame, having its foundation block, with di‐
mensions in plan 1000mm by 1000mm and 300mm height, fully anchored to the strong floor.
The horizontal and vertical actuators, as part of this strong reaction frame, applied the load‐
ing sequence described above. Instrumentation was provided in order to measure the varia‐
tion of the applied horizontal and vertical loads as well as the most important aspects of the
displacement field that resulted from the application of these loads to the specimen. The
horizontal displacements of the specimens at the top were monitored as well as the displace‐
ments of the specimen at the region near the foundation block in order to identify the flexu‐
ral, and shear deformations as well as the plastic hinge behavior at this part of the specimen.
In figure 36b the two vertical sides of the specimen where the CFRP layers were attached are
indicated together with the region where the anchoring arrangements were placed as part of
the current investigation. Throughout these series of experiments the nominal thickness of
the employed CFRP layers was 0.176mm with a given Young’s Modulus E=350GPa. The
measured maximum axial CFRP strain was approximately 1%. These CFRP layers were
placed at these locations

Figure 36. Imposed horizontal displacement. 36b. Experimental set-up. 36c Pier A placed at the strong reaction frame.
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4.2. Observed Behavior - Results

4.2.1. The behavior of Pier A

The yield stress of the longitudinal reinforcements was equal to 344.8MPa whereas the con‐
crete strength was equal to 21.2MPa. Based on these mechanical characteristics and the
cross-section reinforcing detailing, predictions of the limit-state flexural behavior for this
virgin specimen (without CFRP) were obtained in terms of the M-N interaction. The limit-
state flexural behavior of a specimen with 2 layers of CFRP attached to both vertical sides of
a repaired specimen is also obtained, based on the assumption that the cross-sections under
flexure remain plane even with the attachment of the CFRP layers. The development of
flexural cracks took place as shown in figure 37. At this horizontal cross-section the meas‐
ured flexural behavior of Pier A is depicted in figure 38, which presents the variation of the
resulting bending moment at this cross-section of the specimen against the rotation of the
same cross section,. The rotation was obtained from measurements made by displacement
transducers that were placed at the two sides of the pier monitoring the relative vertical dis‐
placement between the upper part of the specimen and its foundation block. Additional in‐
strumentation was provided to monitor the rocking or the sliding of the foundation block
itself, which proved to be non-significant. The observed maximum bending moment value
compares quite well with the corresponding predictions of the limit-state flexure for this
cross-section. The red line in these plots represents the corresponding envelope curve.

Figure 37. Observed flexural cracks for Pier A.
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Figure 38. The measured flexural response of Pier A in terms of bending moment - plastic rotation.

4.2.2. Repaired specimen Rep-1 Pier A and observed behavior

The damaged Pier A was repaired in a way depicted by figures 39a,b. The resulting speci‐
men is designated as Rep-1 Pier A. Two layers of CFRP were attached at each vertical side of
the pier’s cross-section. This attachment extended to a height of 1100mm from the founda‐
tion surface as well as at the top surface of the foundation block depicted in figure 39b.
Moreover, in order to increase the bond strength between the CFRP layers and the top sur‐
face of the foundation block two double T steel sections were placed at these locations. A
force normal to the bond surface at this location was applied by bolting these double T steel
sections to the foundation block utilizing pre-stressing rods. Due to space limitations no fur‐
ther details are given here.

Figure 39. Specimen Rep-1 Pier A. Specimen 39b Rep-1 Pier A, attachment of CFRP layers. 39c Debonding of the CFRP
layers from the right side of the repaired specimen Rep-1 Pier A.
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4.2.3. Observed Behavior of Specimen Rep-1 Pier A

The loading sequence, described before, was applied to this repaired specimen. During in‐
creasing of the imposed horizontal displacement the debonding of the CFRP layer at the
right side of the pier occurred as depicted in figure 39c. The obtained flexural behavior is
depicted in figure 40 in terms of applied horizontal load against the imposed horizontal dis‐
placement at the top of the pier. If this behavior is compared with the corresponding behav‐
ior of the virgin specimen Pier A, a modest increase in its bearing capacity of approximately
20% can be observed as a result of the applied CFRP repair scheme, despite the debonding
of the CFRP layers. The red line in this figure represents the corresponding envelope curve.

Figure 40. The measured flexural response of Rep-1 Pier A in terms of Horizontal load - Horizontal Displacement.

4.2.4. Repaired specimen Rep-2 Pier A and observed behavior

The damaged Rep-1 Pier A was repaired again in a way which is shown in figures 41a,b.
The CFRP layers that were separated from the concrete at the right side of Rep-1 Pier A were
reattached, both with the appropriate resin and additional 2mm diameter small bolts of
35mm length; these bolts were spaced at regular 50mm intervals along all the height of the
CFRP layer at both sides. Moreover, the edge of the double T steel section neighboring the
location of the CFRP layer at the pier-foundation joint was machined to form a curvature so
that it provided a relatively uniform contact between the steel section and CFRP layers at
this location. The locations of the bolts were first marked and drilled and then the bolts were
applied including the corresponding plastic anchoring inserts. The specimen repaired in this
way is designated as Rep-2 Pier A.
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Figure 41. a The repair of specimen Rep-1 Pier A. b. The repair of specimen Rep-1 Pier A. c. Fracture of CFRP for speci‐
men Rep-2 Pier A.

4.2.5. Observed Behavior of Specimen Rep-2 Pier A

The loading sequence, described in section 2, was also applied for this repaired specimen.
During the increasing of the imposed horizontal displacement the fracture of the CFRP lay‐
ers at the right side of the pier occurred as depicted in figure 41c. This fracture occurred at
the location where the pier joins the foundation block. Figure 42a presents the variation of
the measured horizontal load versus the horizontal displacement, whereas the resulting
bending moment against the plastic hinge rotation is plotted in figure 42b. The plastic hinge
which was formed during testing specimen Rep-1 was not repaired in any other way, but
with the means described before. The fracture of the CFRP layer depicted in figure 41c took
place at the same cross section. As was mentioned before the plastic rotation was measured
by displacement transducers that were placed at the two sides of the pier. Because of the dis‐
location of one of these transducers the rotation angle after that was not monitored. This is
noted at the bottom left hand side of figure 42b. Despite this lack of rotation measurements
after the dislocation, the bending moment capacity remains approximately at the same lev‐
els, as deduced from the variation of the horizontal load (figures 42a and 43a). The effective‐
ness of the applied repair schemes for specimens Rep-1 and Rep-2 can be seen in figures 43a
and 43b in terms of envelope curves. In figure 43a the comparison is made in terms of hori‐
zontal load – horizontal displacement whereas in figure 43b this is done in terms of bending
moment-rotation. As can be seen, the effectiveness of the CFRP layers is inhibited by the de‐
bonding of the CFRP layers; thus although a considerable increase is achieved in the bearing
capacity, this is not sustained in terms of displacement because of the premature debonding
of the CFRP. The improvement of the bonding with the use of the employed bolting scheme
for Rep-2 resulted in an increase of the bearing capacity both in terms of load and displace‐
ment and resulted in the fracture of the CFRP.
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Figure 42. The measured flexural response of Rep-2 Pier A in terms of horizontal load - horizontal Displacement. 42b.
The measured flexural response of Rep-2 Pier A in terms of bending moment - plastic rotation.

Figure 43. a Comparison of flexural response of repaired Rep-2 Pier A with repaired specimen Rep-1 Pier A and virgin
specimen Pier A in terms of Horizontal load – Horizontal displacements. b. Comparison of flexural response of repaired
Rep-2 Pier A with virgin specimen Pier A in terms of bending moment - plastic rotation.

From figure 43b the effectiveness of the repair scheme utilized in specimen Rep-2 Pier A can
be deduced compared with the virgin specimen Pier A in terms of bending moment - plastic
hinge rotation. The achieved increase in bending moment is almost 50% and the flexural be‐
havior in terms of rotation is satisfactory up to the fracture of the CFRP layer at the joint
between the pier and the foundation. Comparing the maximum value of the bending mo‐
ment (83KNm) that was resisted by specimen Rep-2 Pier A with the one predicted
(130KNm), as an ultimate bending moment that the cross-section reinforced by the applied
CFRP layers can ideally resist, it can be concluded that the fracture of the CFRP did not al‐
low this ideally maximum bending moment value to be reached. One reason for this is the
way the anchoring of the CFRP layers at the foundation block is achieved with the utiliza‐
tion of the double T steel sections described before. Despite the machining of the edge of
these double T steel sections the development of high stress levels concentrated at the CFRP
layers at these locations is the cause of the observed CFRP fracture. Moreover, such an an‐
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choring scheme is quite impractical for prototype conditions. For these reasons a different
anchoring scheme was investigated in order to address both these shortcomings that were
found to be critical in the repair schemes investigated so far. This is presented next in a sum‐
mary form.

4.2.6. Repaired specimen Rep-3 Pier A and observed behavior

Figure 44a depicts the outline of this anchoring scheme and figure 44b depicts the applica‐
tion of this anchoring scheme for repair specimen Rep-3 Pier A, whereby the CFRP layers
are folded around a cylinder that is anchored to the foundation [40]. Moreover, in order to
avoid the separation (detachment) of the CFRP layers from the sides of the specimen, as ob‐
served in specimen Rep-1, the bolting scheme that was used in specimen Rep-3 was further
improved by using bolts and washers of larger size (due to space limitations no details are
given here). In addition, to avoid the development of shear failure at the bottom part of the
pier, three horizontal CFRP closed hoops were attached in this region of the specimen (see
figures 44c, 44d and [40], [41], [42]).

Figure 44. a New anchoring device. b. New anchoring device. c. Specimen Rep-3 Pier A. Figure d. Specimen Rep-3 Pier
A. Figure e. Partial fracture of CFRP layers at the cylindrical part of anchoring device
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Figure 45. Comparison of flexural response of repaired specimens Rep-3, Rep-2, Rep-1 and virgin specimen. 45b.
Comparison of flexural response of repaired Rep-3, Rep-2 and virgin specimens.

4.2.7. Observed Behavior of Specimen Rep-3 Pier A

The loading sequence, described before, was also applied for this repaired specimen. During
increasing of the imposed horizontal displacement the partial fracture of the CFRP layer at
the right side of the pier occurred as depicted in figure 44e. This fracture occurred at the lo‐
cation where the CFRP layers are folded around the cylindrical part of the anchoring device
of figures 44a,b. In figures 45a and 45b the measured flexural behavior in terms of horizontal
load-horizontal displacement and bending moment-rotation envelope curve diagrams for
repaired specimen Rep-1, Rep-2 and Rep-3 is compared with the coresponding flexural be‐
havior of the virgin specimen Pier A. Due to space limitations the measured full cyclic re‐
sponse for specimen Rep-3 is not included in this presentation. The following observations
can be made on the basis of these diagrams. a) The horizontal load and maximum bending
moment bearing capacity of the latest repair scheme, namely specimen Rep-3, exhibits an in‐
crease of almost 100% when compared with the corresponding bearing capacity of the virgin
specimen. b) When this comparison is made between the latest repair scheme Rep-3 and re‐
pair scheme Rep-2 the increase is of the order of 25%. Moreover, the new anchoring scheme
does not cause an abrupt fracture of the CFRP at the anchoring device. This is reflected in
figures 45a and 45b by the fact that the obtained response of specimen Rep-3 extends to rela‐
tively large displacement and rotation values. c) A reduction in the initial stiffness appears
to be present in specimen Rep-3 when its obtained cyclic response in terms of the envelope
curve of figures 45a,b is compared to the corresponding curves of specimen Rep-2 and the
virgin specimen. This must be attributed to the fact that most parts of specimen Rep-3 have
been subjected to three full loading sequences except the new parts of the CFRP. d) Rep-1
corresponds to the least effective repair scheme due to the debonding of the CFRP layers.

4.3. Concluding Observations

a3. The upgrading of the flexural behavior of vertical R/C structural elements was investi‐
gated utilizing the possibility of attaching longitudinal CFRP layers that can be stretched de‐
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veloping tensile forces externally at the opposite sides of these elements. Critical aspects for
their satisfactory performance are the bonding of the CFRP layers as well as the effective
transfer of the tensile forces to the foundation block.

b3. The bonding of the CFRP layers at the sides can be improved by bolting schemes that, in
this way, increase the cooperation between the CFRP layers and the concrete part.

c3. The transfer of the tensile forces that develop at the CFRP layers to the foundation is a
difficult technical problem. Two schemes were tried. The 2nd scheme is more practical and
was successful in mobilizing sufficiently the available capacity of the applied CFRP layers in
such a way that it resulted in approximately 100% increase in the flexural capacity when
compared to the initial flexural capacity of the virgin specimen before the application of the
CFRP layers.

d3. The applicability of such an anchoring system must be validated in a more general way
before final practical conclusions can be reached.

e3. Such an upgrading of the flexural capacity may lead to the appearance of the shear mode of
failure. However, the shear capacity can be increased with relative ease by closed CFRP hoops.

5. Relevant code provisions - Emphasis in the application of FRP strips
for shear strengthening

During the last fifteen years numerous researchers ([12], [18], [29], [34]) have proposed dif‐
ferent approaches for predicting the behavior of FRPs when they are used for strengthening
structural members. Several design guidelines and code provisions adopted some of the
proposed approaches. More specifically, the approach of Triantafillou and Khalifa [33] has
been adopted by the American Code ACI 440 [11] whereas the model of Chen and Teng
([18], [25]) is utilized in the Greek Code of Interventions [6]. Eurocode 8 part 3 ([7]) follows
the guidelines of FIB [8]. In the following paragraphs the aforementioned three Codes are
discussed with particular emphasis being given to the application of FRP strips for shear
strengthening. All codes recommend a limit-state tensile force that a cross-section (AFRP) of
an FRP sheet can sustain. This limit-state tensile force is obtained through equation 2:

V FRP =
AFRP ⋅ εFRP ⋅ EFRP

φ (2)

Where: VFRP: Limit-state tensile force of the FRP strip, φ: safety factor, AFRP: cross section area
of a strip of FRP

εFRP: developed axial strains on the FRP strip, EFRP: modulus of elasticity of the FRP strip

The various codes recommend the application of Equation 2 by defining various values for
the safety factor (φ) and the limit-state axial strain value (εFRP). These values vary according
to the application depending on whether the predicted FRP contribution is for shear, flexure
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or confinement. In doing so, the basic factors that are varied among the Codes are the safety
factor and the allowable developed strain on FRP. Table 7 presents the maximum allowable
εFRP values and the recommended safety factor (φ) values according to ACI 440, Eurocode
part 3, and the Greek Code for structural interventions, when anchoring is used in the trans‐
fer of FRP strip forces.

Code
Max allowable εFRP

φ
Flexure Shear

ACI 440 [11] 0.9 ε* nom 0.4 % 1.24 - 1.47

Eurocode 8 (part3) 7 - 0.6 % 1.5

Greek Code of Interventions 6 ε* nom / 2 < 1.5% ε* nom / 2 < 1.5% 1.25

Table 7. Maximum allowable developed strains εFRP and proposed safety factors φ when anchoring is used.Where: ε*

nom: max strain from manufacturer

The allowable limit-state axial strains (εFRP) value defined by the various codes also depend
upon the way the FRP sheets are attached upon the structural elements in need of strength‐
ening. According to all code provisions, there are two basic ways of attaching FRP sheets on
structural elements. First, they can be attached using an anchoring device or they can be
fully wrapped around the structural element. Secondly, they can simply be attached on the
surface of the structural element through an organic or inorganic matrix in an open loop U-
shaped without any anchoring. When the simple attachment is used without anchoring the
debonding mode of failure prevails, whereas when FRP sheets are combined with an an‐
choring device or when they are fully wrapped around a column or a beam, fracture of
FRP’s occurs. The debonding mode of failure poses a limitation to the FRP axial strains and
stresses. This limitation is reflected in all three Codes through a factor (usually designated as
kv), that takes values less than 1. This reduction factor depends on the recommended value
of the attachment FRP length (effective attachment length). Table 8 lists the basic formulae
included in the various codes for calculating this effective attachment length. The most im‐
portant factor in calculating the effective attachment length is the determination of bond
strength, which is not easily obtained since it depends on the actual concrete tensile strength
and the state of the surface where the FRP is attached; both these parameters can easily vary
even for the same structural element.

When the attachment of FRP sheets is combined with an anchoring device a more reliable
transfer of forces can be achieved thus resulting in an equally reliable design of the relevant
strengthening scheme. Moreover, since the prevailing mode of failure is the fracture of the
FRP’s, when anchoring of the FRP strips is used, the exploitation of the material of the FRP
sheets is enhanced by reaching higher values of axial strains than for the cases governed by
the debonding mode of failure. Under all circumstances the maximum allowable strains
should not exceed the value presented in table 7. All codes demand the use of a safe anchor‐
ing device that would allow the fracture of FRP sheets without proposing any calculations
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for the safe design of these anchoring devices. In any case, equation (3) describes this condi‐
tion for the bearing capacity of a permissible anchoring device

Code Effective Length (Le)

ACI 440 [11] L e =
23300

(ntf Ef )0.58

where

n: number of FRP layers

tf: thickness of FRP

Ef: Modulus of elasticity

Eurocode 8 (part3)

[7]
L e =

Ef ⋅ tf

4⋅τmax

where

Ef: Modulus of elasticity

tf: thickness of FRP

τmax: bond strength

Greek Code of Interventions

[6] L e =
Ejtj

2 f ctm

where

Ej: Modulus of elasticity

tj: thickness of FRP

fctm:tensile concrete strength

Table 8. Calculation of effective length. Where VFRP: total force received by FRP, Vanchoring device: total strength of the
anchoring device.

V FRP ≤Vanchoring device (3)

6. Special study for anchoring FRP strips

In this section results from a recent research effort conducted at the Laboratory of Strength
of Materials and Structures of Aristotle University will be briefly presented and discussed
([13], [42]). This research aimed to investigate the effectiveness of a specific FRP strip an‐
choring device by utilising a number of small concrete prismatic specimens, that can house
such an FRP strip with sufficient width and length. In all, twelve (12) specimens were inves‐
tigated. For six specimens no surface preparation of the concrete specimen was applied
when attaching the FRP layers, whereas six other specimens had their surface treated ac‐
cording to construction guidelines. CFRP layers were attached to all specimens ([28], [43]).
The use of the anchoring device was utilised on three (3) specimens with treatment prepara‐
tion and on three specimens without such treatment. All the concrete prisms were fabricated
using the same concrete mix and the same internal reinforcement, which was used to pro‐
hibit any accidental failure. The measured cylinder strength of the concrete was equal to 22
MPa. The properties of the used CFRP are listed in Table 9, as given by the manufactures.
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Material Type / Name
Modulus of

Elasticity (GPa)

Thickness of Layer

(mm)
Ultimate strain

CFRP SikaWrap 230 C/45 234 0.131 0.018

Table 9. Properties of the used FRP sheets.

Figure 46. Experimental Set-up.

The loading arrangement is depicted in figure 46, whereby the tensile force is directly ap‐
plied in the axis of symmetry at the right part of the FRP strips that forms an open hoop at
this location; the other two sides of the FRP strip are bonded in a symmetric way on the top
and bottom side of the concrete prism, as shown in this figure. When anchors were em‐
ployed they were added at these locations (ends of the FRP strips). Despite the symmetry of
this test set-up, instrumentation was provided that was able to record symmetric as well as
asymmetric response of the specimen, especially during the initiation and propagation of
the debonding process. During testing, the applied load is measured together with the longi‐
tudinal (axial) strains at four different locations of the external surface of the FRP strip, as
indicated in figure 46 (s.g.1 to s.g.4), in order to calculate the stress field that develops at the
FRP layer before and during the debonding.

Moreover, the relative longitudinal displacement between the concrete prism and the FRP
surface is also monitored using four displacement transducers that are properly attached to
the specimen, as indicated in this figure, in order to record the initiation and propagation of
the debonding of the FRP. The used anchoring device was developed at the Laboratory of
Strength of Materials and Structures of Aristotle University of Thessaloniki in Greece and it
is patented with patent number WO2011073696 [42]. Figure 47 presents some details of this
device. The tested specimens with their details are listed in table 10 together with their code
names. The first letter C in the code name denotes a carbon fiber reinforcing polymer strip.
(CFRP). The type of surface preparation is denoted by the second letter of the code name (S
for smooth surface, R for rough surface; the type of anchor is denoted by the third letter of
the code name (N for no anchor and P for patented anchoring device). Moreover, the num‐

The Use of Fiber Reinforced Plastic for The Repair and Strengthening of Existing Reinforced Concrete Structural
Elements Damaged by Earthquakes

http://dx.doi.org/10.5772/51326

109



ber of layers of these strips is denoted by the fourth character of the code name (1 for one
layer and 2 for two layers). The tests were conducted using a 1000 kN capacity hydraulic
piston. The measurements of load, displacements and strains were recorded using an auto‐
matic data acquisition system.

Figure 47. Patented Anchoring Device (WO2011073696).

Spec. Name
Material

Type

Number of

Layers

Surface

Type
Anchor Type

No. of

specimens
Bolt Type

CSN1 CFRP 1 smooth no 3 no

CRN1 CFRP 1 rough no 3 no

CSP2 CFRP 2 smooth patented 3 2XHUS by Hilti

CRP2 CFRP 2 rough patented 3 2XHUS by Hilti

Table 10. Details of Specimens.

Spec.

Name

Anchor

Type

Max

Load

(kN)

Failure

Mechanism

Load at

Debondi

ng (kN)

Max

Strain

(μStrain)

s.g.1

Max Strain

(μStrain) s.g.

3

Material

Exploitation

Me

Load from

Strain

(kN)

CSN1 no 27.9 debonding 27.9 5400 5400 0.30* 32.5

CRN1 no 42.7 debonding 42.7 6335 7215 0.38* 40.8

CSP2h patented 112.8 CFRP fracture 30 9810 8320 0.50 109.2

CRP2h patented 103.0 CFRP fracture 40 7220 9330 0.46 99.7

Table 11. Summary of experimental results. * Specimens with only one CFRP layer. If for these specimens a second
CFRP layer was added without anchor, due to the debonding failure, no increase in the maximum load and maximum
strain can be achieved. Consequently, in such a case the exploitation ratio value would be half the values listed in this
table.
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Experimental Results and Discussion: The summary of the experimental results is listed in
table 11. In this table, the observed failure mechanism is listed together with the correspond‐
ing value of the ultimate measured load as well as the value of the load recorded at the ini‐
tiation of debonding. Moreover, the maximum strain values measured by the strain gauges
at locations 1 and 3 on the FRP strip surface are also listed. The average value of these maxi‐
mum FRP strains was utilised to calculate indirectly the load sustained by the FRP strips
taking into account their total cross-sectional area and the value of the Young’s modulus,
listed in table 10. Finally, the material exploitation indicator (Me) is given in the same table
as the ratio of the maximum measured strain by the ultimate strain value provided by the
manufacturer (Table 10).

For specimens CSN1 having non-prepared surfaces, an average ultimate load was found equal
to 27.9 kN. The equivalent ultimate load value when prepared contact surfaces were used,
specimens CRN1 and SRN1, was 41 kN. Thus, the proper preparation of the contact surface
resulted in a 46% increase of the ultimate load. This increase that is attributed to the surface
preparation was observed when no anchoring device was utilized. The employed surface
preparation needs at least twice as much time as when no surface preparation is made.

When an anchoring device is employed, it can be seen that preparation of the concrete con‐
tact surface is of no significance (see the ultimate load values of the anchored specimens of
table 11 and those of debonding). In all tested cases the ultimate load is greater than the load
at debonding. Thus, when using an effective anchoring device, the cost of properly treating
the contact surface can be avoided.

The load at debonding for those specimens whose surfaces were not specially treated had a
value approximately equal to 30 kN with small deviations. Similarly, the load at debonding
for those specimens whose surfaces were specially treated had a value approximately equal
to 40kN with small deviations. When an anchoring device is utilized the ultimate capacity
increases from 28 kN to 112.8 kN for the set of specimens strengthened with CFRP. This rep‐
resents a fourfold increase in the value of ultimate load.

Finally, when the patented anchoring device was applied for specimens CSP2h, CRP2h, a
significant increase in the bearing capacity was observed. This time the performance of the
anchoring device was very satisfactory and the observed failure was that of the fracture of
the FRP strips for all these specimens. Figure 6 depicts such a failure mode for specimen
SSP2b (see also table 11).

In order to discuss the observed behavior in terms of exploitation of the high strength of the
FRP materials the following procedure was used. As already mentioned, a material exploita‐
tion indicator was found (Me) as the ratio of the maximum measured strain values (average
of the two sides, Table 3) for each specimen over the ultimate strain values as they are meas‐
ured for the used FRP materials (see table 9). These material exploitation indicator values
are also listed in Table 11, having ideally as an upper limit the value of 1. As can be seen in
this table, the highest Me value during the present experimental sequence reaches the value
1 and this was achieved by the specimen that utilises the patented anchoring device together
with two layers of CFRP strips. As expected, debonding of the FRP strips or failure of the
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anchoring device results in relatively low values of the material exploitation indicator Me.
(0,60 and 0,79) This research effort is in progress experimenting with various alternative an‐
choring details.

Figure 48. Detail of the anchoring device and the fracture of the CFRP strip when such an anchoring device is em‐
ployed.

6.1. Concluding Observations

a4. Proper preparation of the contact surface between the FRP strips and the concrete face
resulted in a 46% increase of the ultimate load. This increase that is attributed to the surface
preparation was observed when no anchoring device was utilized. The employed surface
preparation needs at least twice as much time as when no surface preparation is done.

b4. When an anchoring device is employed, it can be seen that preparation of the concrete
contact surface is of no significance. With the proper anchoring device the ultimate capacity
increases four times.

c4. It is important to properly detail the anchoring device in order to drive the mode of fail‐
ure to the fracture of the FRP strip rather than the failure of the anchor thus exploiting the
high tensile strength FRP potential.

d4. The highest value of the FRP material exploitation indicator was achieved in the speci‐
men that utilises the anchoring device patented by Aristotle University together with two
layers of CFRP strips.

e4. As expected, debonding of the FRP strips or failure of the anchoring device results in rel‐
atively low values of the material exploitation indicator Me. This research effort is in prog‐
ress experimenting with various alternative anchoring details.

7. Basic qualification tests for fiber reinforcing polymers (FRP) sheets to
be used in dealing with earthquake structural damage.

In what follows, a brief description is given of basic qualification tests to be performed with
FRP sheets used in repair / strengthening schemes of R/C structural elements in the frame‐
work of earthquake structural damage. As already discussed in sections 5 and 6, the main
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critical parameters for such use of FRP sheets are: a) the modulus of elasticity, b) the maxi‐
mum axial strain and c) the effective thickness of these sheets. These properties are usually
provided as technical specification data by the manufacturers of these materials. Moreover,
the manufacturers of the FRP sheets for this type of application also provide technical infor‐
mation on the organic or inorganic matrices that are compatible with the relevant FRP sheets
and the type of material surface of the structural element to which these sheets are to be ex‐
ternally applied. Finally, the technical information of the manufacturers as well as the rele‐
vant code guidelines include preparatory actions which must be taken before the FRP sheets
are applied, such as concrete surface preparation, rounding of corners and proper applica‐
tion of the matrices together with the FRP sheets prohibiting the formation of any air pock‐
ets. In case the tensile characteristics of the FRP sheets must be confirmed, specimens of the
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7.1. Bond Strength between CFRP layers and Concrete Substrate.

Another property of interest is the bond strength between the FRP sheets and its matrix with
the surface of the structural member, especially when the FRP sheets are not accompanied
by the appropriate anchoring, as discussed in the preceding sections. There are certain bond
strength tests aiming to insure that the debonding mode of failure does not occur between
the matrix and the FRP sheet (e.g. European Standard EN ISO 1542: 1999). However, when
designing for the debonding limit-state use is made of the tensile strength of the concrete
substrate instead of this bond strength. A special investigation was performed at the Labora‐
tory of Strength of Materials and Structures of Aristotle University aiming at measuring di‐
rectly this bond strength of the employed CFRP sheets attached with the named above
epoxy resine to the concrete substrate. Figure 49a depicts this simple test aimed at measur‐
ing the bond strength between the employed CFRP layers and the concrete surface (ref. [40],
[41]). Figure 49b depicts the obtained results together with a best-fit linear variation of the
bond strength (τ) versus the applied normal stress (σεγκ). As expected, a modest increase can
be obtained in the bond strength (τ) between the CFRP layers and the concrete surface if a
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normal stress (σεγκ) increase is applied at the bond surface. This was partly made use of in
the various anchoring schemes employed in sections 2, 3 and 4.

Figure 49. a Test for estimating the bond between CFRP layers and concrete surface and b obtained results.

7.2. Cost estimates

From a comparative study of data dealing with typical cases of repair and strengthening of
R/C structural elements with conventional methods (jacketing with gunite or cast-in-place
R/C concrete) versus CFRP based strengthening schemes the following constitute the aver‐
age findings. The cost of a fully wrapped CFRP strengthening scheme when compared to a
cast-in-place jacketing, represents an increase of approximately 20% to 30%. However, when
a jacketing strengthening scheme with gunite (shotcrete) is applied instead of FRP’s the cost
increase is of the order of 30% to 40%. If the CFRP repair / strengthening solution does not
include full wrapping the above cost increase is expected to be reduced.

8. Conclusions

1. This presentation dealt with repair and strengthening schemes of earthquake damaged
reinforced concrete (R/C) structural elements utilizing externally attached fiber reinforc‐
ing plastics (FRP’s). Such strengthening schemes were studied when applied to slabs,
beams and vertical structural members. The success of such an upgrading scheme was
discussed together with its limitations on the basis of a series of relevant experimental
results.

2. One of the main limitations results from the way the tensile forces which develop on
these FRP sheets can be transferred. When the transfer of these forces relies solely on
the interface between the FRP sheet and the external surface of the reinforced concrete
structural elements, the delaminating (debonding) mode of failure of these sheets oc‐
curs, due to the relatively low value of either the ultimate bond stress at this interface or
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the relatively low value of the tensile strength of the underlying concrete volume. This
mode of failure is quite common and it occurs in many applications well before the cor‐
responding FRP sheets develop tensile axial strains in the neighborhood of values men‐
tioned before as design limit axial strains (approximately of the order of 1%).

3. Alternative ways of transferring these tensile forces, apart from the simple attachment,
in order to enhance the exploitation of the FRP material potential have been also pre‐
sented and discussed based on experimental evidence from ongoing research at Aristo‐
tle University.
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1. Introduction

Reinforced concrete structures are, frequently, submitted to interventions aiming to restore
or increase their original load capacity. According to Garden & Hollaway [1], the choice be‐
tween upgrading and rebuilding is based on factors specific to each individual case, but cer‐
tain issues are considered in every case. These are the length of time during which the
structure will be out of service or providing a reduced service, relative costs upgrading and
rebuilding in terms of labor, materials and plant, and disruption of other facilities.

Several post-strengthening techniques were developed in the last decades. Most of them
are  based  on  the  addiction  of  a  structural  element  to  the  external  face  of  the  element
to  be  post-strengthened.

According to Täljsten [2], the method of post-strengthening existing structures with steel
plates bonded to the structure with epoxy adhesive was originated in France, in the nineteen
sixties, when L’Hermite (1967) and Bresson (1971) carried out tests on post-strengthened
concrete beams. Additionally, Dussek (1974) reported the use of this post-strengthening
method in South Africa in the middle 60’s. In both cases the post-strengthening was success‐
ful and the load bearing capacity was increased. These first investigations in France and
South Africa inspired future research in Switzerland (1974), Germany (1980), United King‐
dom (1980), Japan (1981) and Belgium (1982). The idea of post-strengthen existing reinforced
concrete structures with bonded steel was improved due to the development of synthetic
adhesives, based on epoxy resins, suitable to ensure good adhesion and chemical resistance
to aggressive agents.
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In the last decades, non-corrosive, low-weight and high-resistant materials started to be devel‐
oped and applied on the construction of new buildings, aiming to produce durable structures.
These materials, called Fiber Reinforced Polymers (FRP), started to be investigated in the mid‐
dle 80´s at EMPA (Swiss Federal Laboratories for Materials Testing and Research), in Switzer‐
land. At that time, the carbon fiber was elected as the most suitable for post-strengthening
applications due to its low-weight, high tensile strength, high modulus of elasticity and resist‐
ance to corrosion. Since then, many structures were post-strengthened with FRP in Japan, Eu‐
rope, Canada and United States and nowadays the use of FRP is growing worldwide.

Most of FRP post-strengthening systems used nowadays consist of carbon fibers embedded
in epoxy matrices and provide high modulus of elasticity and tensile strength. For bridge
repair, carbon fiber is the material best suited in most cases, because the fiber is alkaline-re‐
sistant and does not suffer stress corrosion, two very important arguments for such applica‐
tions. Actually, there are many reasons that make carbon fibers one of the most attractive
alternatives for post-strengthening concrete structures. Considering all reinforcing fiber ma‐
terials used to produce FRP, the carbon fibers have the highest specific modulus and specific
strength that provide a great stiffness to the system, being an ideal choice to be applied in
structures sensitive to weight and deflection. Compared with steel, carbon fibers can be 5
times lighter and present a tensile strength 8 to 10 times higher.

The main impediment to the massive use of CFRP (Carbon Fiber Reinforced Polymers) re‐
gards to the high cost of the carbon fibers. Meier, in 2001 [3], pointed out that the functional‐
ity and the mechanical properties of CFRP should be better explored, due to its relatively
high cost. Indeed, the use of only 10%-15% of the tensile strength of the CFRP, as it happens
in some bonded post-strengthening systems, is not economically viable.

This chapter aims to analyze the efficiency of prestressed CFRP strips used to post-strength‐
en reinforced concrete beams, by means of cyclic and static loading tests, as an alternative to
better use the tensile strength of these materials.

2. Reinforced concrete elements post-strengthened with prestressed FRP
strips

The aim in prestressing concrete beams may be, according to Garden and Mays [4], either to
increase the serviceability capacity of the structural system of which the beams form a part
or to extend its ultimate limit state.

According to El-Hacha [5], FRP are well suited to prestressing applications because of their
high strength-to-weight ratio that provides high prestressing forces, without increase on the
self-weight of the post-strengthened structure. The prestressing technique may improve the
serviceability of a structural element and delay the onset of cracking. When prestressed FRP
are used, just a small part of the ultimate strain capacity of the material is used to prestress
the FRP, the remaining strain capacity is available to support external loads and also to en‐
sure safety against failure modes associated to peeling-off at the border of flexural cracks
and at the ends of the post-strengthening.
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Several FRP prestressing systems are currently available consisting of rods, strands, tendons
or cables of FRP. However, in some cases, it may be advantageous to bond FRP sheets or
strips onto the structural element surface in a prestressed state. According to fib Bulletin 14
[6], prestressing the FRP prior to bonding has the following advantages:

• Provides stiffer behavior as at early stages most of the concrete is in compression and
therefore contributing to the moment of resistance. The neutral axis remains at a lower
level in the prestressed case if compared to the unstressed one, resulting in greater struc‐
tural efficiency.

• Crack formation in the shear span is delayed and the cracks, when they appear, are more
finely distributed and narrower. Thus, serviceability and durability are improved, due to
reduced cracking.

• The same level of strengthening is achieved with smaller areas of stressed FRP, compared
to unstressed ones.

• Prestressing significantly increases the applied load at which the internal steel reinforce‐
ment begins to yield if compared to an unstressed structural member.

On the other hand, prestressing FRP systems are more expensive than the non-prestressing
ones, due to the greater number of operations and the equipment that is required to pre‐
stress the FRP.

2.1. Losses of prestressing force

Prestressed FRP bonded to concrete structures are sujected to prestress losses, as it happens
in any prestressing system. Such prestress losses may be instantaneous, due to immediate
elastic deformation of concrete, or time dependent, due to creep and shrinkage of concrete
and relaxation of the FRP.

Immediate elastic deformation of the concrete may reach 2% to 3%, according to fib Bulletin 14
[6], and happens when the prestress force is transferred into the concrete beam. If prestress is
applied by reacting against the structural member there will be no loss. It happens because if
the prestressing device if fixed on the structural element that will be post-strengthened, a com‐
pensation occurs: as the FRP is being stressed, the concrete is being compressed. However, FRP
elements that have already been prestressed will experience a loss of prestress due to the short‐
ening of the beam upon the prestressing of subsequent FRP elements. In such cases it is neces‐
sary to determine the average loss of prestress per FRP element.

Time dependent losses, due to creep and shrinkage of concrete, according to the fib Bulletin
14 [6], reach about 10% to 20% and are similar to the ones of conventional prestressing.

Prestressing losses due to relaxation of FRP depends, according to ACI 440.4R-04 [7], on the
characteristics of the FRP composite. The document also informs that losses due to relaxa‐
tion of fibers may be neglected when CFRP are used, since the relaxation of carbon fibers is
very low. Losses of 0,6% to 1,2% must be considered due to the relaxation of the polymer
and losses of 1% to 2% must be considered due to the straightening of fibers.
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Results of a research program developed by Triantafillou et al. [8] indicate that, when pre‐
fabricated CFRP are used, prestress losses of 10% must be considered, due to the instan‐
taneous and time dependent losses at the concrete and adhesive and also due to the
relaxation of the CFRP.

Garden and Mays [4] consider that prestressed FRP also suffer prestress losses due to the
shear transferred through the adhesive and into the concrete by the FRP tension. This shear
action is sufficient to fracture the concrete even at low prestress levels so it is necessary to
install anchorages at the ends of the FRP element to resist this action.

2.2. Maximum prestressing force

Figure 1(a), by Triantafillou et al. [8], shows the premature failure of a concrete beam post-
strengthened with a CFRP strip, without any anchorage system, immediately after the com‐
plete release of the prestressing force. Horizontal shear cracks propagated from both ends of
the CFRP strip through the concrete layer and stopped at a certain length. Figure 1 (b)
shows that this failure mode may be prevented if anchorage systems are used at the ends of
the strips. The authors suggest that the maximum prestressing force that avoids the need of
anchorage systems provide very low prestressing levels, 15% to 20%, depending on the
cross section of the CFRP strip.

Figure 1. (a) Premature failure of a prestressed CFRP strip without anchorage; (b) Action of an anchorage system (Tri‐
antafillou et al. [8]).

Thus, the addition of anchors at the end of the prestressed FRP sheets or strips reduces the
shear deformation that occurs within the resin or adhesive layer upon releasing the pre‐
stressing force and reducing the shear stresses transferred to the base of the concrete section.
Thereby, anchorage systems minimize the possibility of premature failures (El-Hacha [5]).

According to El-Hacha et al. [9], prestressing levels of at least 25% of the FRP tensile
strength may be necessary to achieve a significant improvement in terms of the structural
stiffness and load carrying capacity.

Meier [10] suggests that a prestress level as high as 50% of the CFRP strength might be nec‐
essary to increase the ultimate strength by delaying the premature failure. Experimental re‐
sults presented by Deuring [11] showed that increasing the level of prestress in the CFRP
from 50% to 75% reduced the strength of the beam because the highly prestressed laminates
had little strain capacity remaining and the CFRP presented premature failure.
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It is important to have in mind that, when post-strengthening is prestressed the modulus of
elasticity of the FRP is of great significance, since the FRP element needs to be stiffer to hold
up a significant loading that, before the post-strengtnening, was made only by the steel rein‐
forcement (El-Hacha, [5]).

2.3. Prestressing techniques

Various approaches to prestress FRP have been proposed by researches and used experi‐
mentally. These methods are based on directly or indirectly prestress the FRP prior to bond‐
ing and are described bellow.

2.3.1. Cambered beam prestressing technique

In this method, developed by Ehsani & Saadatmanesh [11], no tension is directly applied to
the fibers, but the FRP sheets are indirectly prestressed by cambering the beam to be post-
strengthened before bonding them to the bottom face of the concrete beam.

The beam is first deflected upward by means of hydraulic jacks, as one can see in Figure 2 (a).
The beam is then held in the deflected position until the adhesive is completely cured. After the
cure of the adhesive, the FRP is completely bonded to the lower face of the beam and the jacks
may be removed, as showed in Figure 2 (b). Once the jacks are removed, the beam will deflect
downward and tensile stresses will be induced in the lower face of the beam.

Figure 2. Sequence of prestressing procedures: (a) Camber by jacking; (b) Remove jacks when epoxy is cured (Ehsani &
Saadatmanesh [11]).

The level of prestress will depend on the length of the beam and the degree of camber in‐
duced in the beam. According to Ehsani & Saadatmanesh [11], the level of prestress in this
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method is not high and since the highest prestress will be present at the midspan of the
beam, anchorage systems are not required.

According to El-Hacha [5], in field applications, the effort required to camber the bridge
near midspan is extensive relative to the low prestressing force induced in the FRP.

2.3.2. FRP prestressed against the strengthened element

In this prestressing system, developed at Queen’s University and Royal Military College of
Canada and presented by Wight et al. [12], the sheets are tensioned by reacting directly on
the beam. The prestressed sheets are bonded to the lower face of the beam and the ends of
the sheets are attached to the beam by a mechanical anchorage system. Multiple layers of
prestressed sheets may be applied to the beams in successive layers, when required, due to
the limits on the tensile capacity of individual sheets or due to the need to limit the load at
an anchorage location.

In this process, the beams are inverted to receive the prestressing system. The mechanical
prestressing and anchorage system used for the reinforced concrete beams are shown in Fig‐
ure 3. According to Wight et al. [12] the mechanical anchorage system consists of steel roller
anchors bonded to the sheets and steel anchor assemblies fixed to the beam. The roller an‐
chors that grip the sheet consists of two stainless-steel rollers bonded to each end of the
sheet. Prior to prestressing operations, the sheet is wrapped and bonded round the roller. To
prestress the sheets, the roller at one end of the FRP sheet is fixed to the beam and the roller
at the other end is movable. During prestressing, the movable roller is attached by steel pre‐
stressing strands to a hydraulic jack that reacted against the beam. The prestress is applied
to the sheet, and the sliding roller is then attached, in its extended position, to a second per‐
manent anchorage assembly. Subsequent layers may be added to the beam, using the same
technique, until the desired thickness of FRP is achieved. The authors suggest that a weight
perpendicular to the beam surface may be used to bring the sheet into contact with the beam
surface.

El-Hacha at al. [9] used this technique to post-strengthen damaged concrete beams under se‐
vere environmental conditions. Results presented by the authors suggest that keeping the
mechanical anchorage system in place prevented failures associated with high shear stresses
at the ends of the sheets. Anchorages also prevented tensile fracture in the concrete cover
thickness upon transfer of sheet prestress into the concrete. The prestressing system used to
post-strengthen the beams improved the serviceability, controlling the formation of new
cracks, delaying the formation of new cracks and limiting deflections in the beams tested.
Furthermore, the prestressed CFRP sheets contributed to the load carrying capacity of the
beams and significantly redistributed the stress from the internal steel reinforcement to the
CFRP sheet.

2.3.3. Technique of prestressing FRP prior to bonding

In this method, studied by Triantafillou & Deskovic [13, 14], Deuring [15], Quantril & Holl‐
away [16] and Garden & Mays [4], the FRP sheet is first pretensioned and applied on the
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tensile face of the beam as one can see in Figure 4 (a) and (b). Aluminium tabs are epoxy
bonded on both faces of the FRP to provide stress distribution in the end regions and then
each end of the FRP is sandwiched between two predrilled steel plates bolted on at each
end. The system is loaded into a prestressing frame. A vacuum bag technique may be neces‐
sary to support the external FRP during bonding.

Figure 3. Prestressing system (Wight et al. [12]).

Figure 4. Sequence of prestressing procedures: (a) Pretensioning of the strip; (b) Application of the pretensioned strip
on the tensile face of the beam; (c) Cutting of the sheet to transform it into a prestressing element; (d) Placement of
the steel bolts; (e) End damps are removed (Garden & Mays [4]).
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After the adhesive is fully cured, steel clamps are installed at each end of the beam to ensure
adequate anchorage and the two ends of the FRP are cut. Then the sheet is transformed into
a prestressing element as showed in Figure 4 (c).

In  the  next  step,  showed in  Figure  4(d)  holes  are  drilled  through the  FRP and the  ad‐
hesive  into  the  concrete  beam to  receive  steel  bolts  that  are  bonded into  the  holes  and
allowed to  cure.

Figure 4 (e) shows the last stage of the procedure, when the end clamps are removed and
the FRP is cut through at each end. Then, the bolted steel endplates will play the role of the
anchorage system.

Quantril & Hollaway [16] noted that cracking under the action of a given external load was
found to be much less extensive and less developed than for an identical non-prestressed
specimen. Besides that, prestressing produced significant increases in the load which causes
yield of the internal steel over a non-prestressed specimen. Gains may be still larger if FRP
action can be maintained past steel yielding to loads approaching failure. Applying the pre‐
stress prior to bonding also affects the mode of failure of the specimen, reducing the amount
of shear cracking which could initiate failure in the shear spans. The greater the level of pre‐
stress, the better is the confinement effect on the development of shear cracking what in‐
creases the failure load for cases governed by shear failure. Results also suggest the levels of
ductility and stiffness may be increased as well as the maximum strains in the FRP at a giv‐
en load level. Despite all the advantages presented by the authors, field application of this
technique would probably require methods and procedures adaptations due to working re‐
strictions such as the overhead position and limited access of most structural elements.

According to Garden & Mays [4] the level of prestress that can be applied is limited by the
tensile strength of the FRP and should not precede either yielding of the internal steel or
compressive failure of the concrete to ensure adequate ductility. Results showed by the au‐
thors suggest that the level of prestress may also be limited by the strength of the plate and
anchorages, by the horizontal shear strength of the adhesive-FRP interface and by the bot‐
tom layers of the concrete.

One potential benefit of this technique is the reduction of FRP material associated costs since
the same strength levels can be reached with reduced area fraction (Triantafillou & Deskovic
[14]). According to Triantafillou et al. [8] the method can also lend itself to prefabrication be‐
cause of its simplicity and the important properties offered by FRP materials.

2.3.4. Prestressing method developed by Stoecklin & Meier [17]

Stoecklin & Meier [17] developped, at EMPA (Swiss Federal Laboratories for Material Test‐
ing and Research) a method to apply prestressed FRP strips to concrete structures. In this
method, the FRP strip is first prestressed then bonded at the beam that will receive the post-
strengthening. Since it is very complicated to grab and prestress the FRP strip, due to its ani‐
sotropic behavior, a prestressing device was designed, as one can see in Figure 5. The
prestressing device consists of two wheels which are connected to a beam of the required
length, as shown in Figure.
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Figure 5. Prestressing device developed by Stoecklin & Meier [17]: (a) Placement of the prestressing device under the
beam; (b) Two ways of prestressing a CFRP strip.

The FRP strip (1) is wrapped around the wheels (2) and clamped at its ends (3) as shown in
Figure 5 (b). The strip can be prestressed by rotating one or both wheels (5a) or displace the
wheels (5b). As one can see in Figure 5(a), the prestressing device with the prestressed FRP
strip is temporarily mounted to the structure and can be pressed against the structure with a
constant pressure by means of an air-cushion (5) between the FRP strip and the beam.
(Stoecklin & Meier [17]).

In a new version of the prestressing device developed by Stoecklin & Meier [17], two sepa‐
rate prestressing units at each end of the strip are directly mounted to the structure, what
means that the FRP strip is prestressed against the structure, as shown in Figure 6.

Figure 6. New version of the prestressing device developed by Stoecklin & Meier (Meier [10]).

To overcome anchorage problems at the ends of the FRP strips, the prestressing force can be
reduced gradually from the mid-span to both ends of the FRP strips.

As described by Meier et al. [18], gradual anchoring is achieved by first bonding a fully pre‐
tensioned section in the middle of the FRP strip at mid-span. A system of electric heating
may be used to speed up curing of the adhesive in the bonded section within the pot life of
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the adhesive. After curing the central part of the FRP strip at mid-span, the prestressing
force is slightly reduced and another section is bonded at each side of the strip also using the
electric heating system to speed up curing the adhesive.

This process is repeated in several stages until the entire length of the strip is bonded and
the prestressed level at the ends of the strips has been reduced to a low level, as one can see
in Figure 7. In this way, anchorages are not required at the end of the prestressed strip.

Figure 7. Gradual anchorage of prestressed CFRP strips (Stoecklin & Meier [17]).

In the prestressing method developed by Stoecklin & Meier [17] the strip is prestressed be‐
fore the application at the beam. In such case, prestressing is applied by reacting against the
structural member, since the prestressing device is mounted to the structure.

When the first FRP strip is prestressed, using the device developed by Stoecklin and Meier
[17], imediate losses of prestress due to elastic deformation of the concrete, that happen
when the prestress force is released, can be neglected, since prestressing is applied by react‐
ing against the structural member. However, strips that have already been prestressed will
experience a loss of prestress due to the shortening of the beam upon the prestressing of
subsequent FRP strips.

2.4. Failure Modes of reinforced concrete beams post-strengthened with prestressed FRP
submitted to static loading

According to Hollaway [19], the anisotropic behavior of the composite materials leads to a
complex rupture mechanism that may be characterized by extensive damages on the compo‐
site material when submitted to static and cyclic loading. The level of damage, however, de‐
pends on the properties of the composite material and on the applied loading.

Failure modes of reinforced concrete structures post-strengthened with FRP include crush‐
ing of concrete, yielding of steel reinforcement or tensile failure at the FRP.

Teng et al. [20] report that failure modes of reinforced concrete beams post-strengthened
with FRP can be broadly classified into two types: those associated with high interfacial
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stresses near the ends of the bonded FRP and those induced by a flexural or flexural-shear
crack away from the ends, which is also referred to as intermediate crack-induced debond‐
ing. Thus premature failures, in general, are associated to:

• High interfacial stresses near to the ends of the bonded FRP, also called peeling-off.

• Flexural or flexural-shear crack away from the ends, as shown in Figure 8.

Figure 8. Rupture of FRP close to a flexural crack tip.

Concrete structures post-strengthened with prestressed FRP also show premature failures as
described by Teng et al. [20]. However, in prestressed systems, the high strength of the FRP
used to post-strengthen structures is much better used, and, depending on the configuration
of the post.-strengthening, tensile failure of the FRP may be achieved.

Garden and Hollaway [1] presented, in 1998, a specific study regarding the failure modes of
reinforced concrete beams post-strengthened with prestressed FRP, with prestressing levels
ranging from 25% to 50% of the FRP strength. Results showed that a high prestress level was
required to enable the ultimate capacity of strip to be reached, before shear displacement
reached its critical value.

According to Garden and Mays [4], the level of prestress that can be applied will be limited
by the tensile strength of the FRP. Tensile failure of the FRP should not precede either yield‐
ing of steel reinforcement or crushing of concrete, to ensure adequate ductility. Results of
the experimental program showed that the level of prestress may also have to be limited by
the strength of the anchorage devices, by the horizontal shear strength of the adhesive/FRP
interface and by the bottom layers of concrete.

2.5. Failure of post-strengthened beams submitted to cyclic loading

Fatigue may be defined as a permanent and progressive damage process that induces grad‐
ual and cumulative crack growth and might, ultimately, result in the complete fracture of
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the elements subjected to cyclic loads, if the stress variation and the number of load cycles
are large enough. This term was established by the first researchers of the theme due to its
nature: a progressive damage process caused by cyclic loads, difficult to observe, that
changes the ultimate capacity of the material (Meneghetti et al. [21]).

The usual fatigue failure mechanism for post-strengthened RC beams, when subjected to cy‐
clic loads, is marked by the rupture of one of the steel rebars, followed by a stress redistribu‐
tion that overloads the remaining bars.
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loading, since a typical reinforced concrete highway bridge deck with a design life of 40
years may experience a minimum of 58x108 loading cycles of varying intensities.

3. Experimental analysis of reinforced concrete beams post-strengthened
with prestressed FRP

3.1. Description of specimens

Aiming to analyze the behavior of concrete beams post-strengthened with prestressed CFRP
strips under static loading three beams were tested: VT, VFC_NP_01 VFC_PE_01 (Table 1).
Regarding the cyclic loading tests two beams were tested: VFC_PC_01 and VFC_PC_02 (Ta‐
ble 2). Stress levels applied at beam VFC_PC_01 were 50% and 80% of the yielding stress
observed at beam VFC_PE_01, tested under static loading. Stress levels applied at beam
VFC_PC_02 were more reasonable, 50% and 60% of the yielding stress observed at beam
VFC_PE_01.

Beam Post-strengthening Prestressing level

VT - -

VFC_NP_01 Two CFRP non-prestressed strips -

VFC_PE_01 Two CFRP prestressed strips 35% of εfu

Table 1. Description of experimental program – static loading.

Beam Post-strengthening Test
Prestressing level

applied on the strips

Stress range of

fatigue loading

VFC_PC_01 Two CFRP prestressed

strips

Bending cyclic

loading
35% of εfu

50% to 80%

VFC_PC_02 50% to 60%

Table 2. Description of experimental program – cyclic loading.

3.2. Reinforced concrete beams

The reinforced concrete beams were rectangular, 6500mm long, 1000mm wide, and 220mm
deep. All beams were reinforced with seven bottom 15mm steel bars (ρ = 0.0041). The shear
reinforcement consisted of 8mm steel stirrups spaced each 90mm (11.17cm²/m). Geometry
and reinforcement details for the beam are shown in Figure 10.

Aggregates used to produce the concrete were the ones available in the Switzerland region
and the cement was the Portland CEM I 42.5 (95% of clinquer, and 5% of other components),
equivalent to the Brazilian CPI. The average compressive stress (cube strength) of the con‐
crete, after 28 days, was 44MPa.
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Figure 10. Geometry and reinforcement details of tested beams.

Carbodur S 512

Strip

Thickness (mm) 1.2

Width (mm) 50

Tensile Strength (MPa) 2,800

Ultimate Strain (o/oo) 17

Young’s Modulus (MPa) 165,000

Temperature Resistance (ºC) 150

Fiber Volumetric Content (%) 68

Density (g/cm3) 1.60

Sikadur®-30

Resin

Sikadur®-30LP

Resin

Components 3Part A:1Part B 2Part A:1Part B

Pot life at 25ºC (min) - 60

Pot life at 35ºC (min) 40 -

Pot life at 55ºC (min) - 30

Tg (ºC) 62 107

Young’s Modulus (MPa) 12,800 10,000

Table 3. Post-strengthening system characteristics.

The 8mm steel bars had average yield stress, yield strain, ultimate stress and modulus of
elasticity of 554MPa, 2.51º/oo, 662MPa and 220 Gpa, as indicated by tensile tests. The 12mm
steel bars had average values of: 436MPa, 1.98º/oo, 688MPa e 215 GPa.
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3.3. Post-strengthening system

Sika® Carbodur (Carbodur S 512 and Sikadur®-30) was the CFRP system used to post-
strengthen the beams. However, Sikadur®-30LP adhesive was used to bond the prestressed
strips to the concrete, due to its extended pot life. Table 3 shows the characteristics of the
strips and adhesives, provided by manufacturer.

3.4. Post-strengthening procedure

The application of Sika® Carbodur system demands a surface preparation for the concrete
and the strip. The concrete surface must be clean and free from grasses and oil, dry and have
no loose particles. Considering the application of prestressed strips, after concrete and strip
surface preparation, the strip is clamped, prestressed and covered with Sikadur®-30LP ad‐
hesive. Then, thermocouples are settled at the strip aiming to control the temperature ap‐
plied to accelerate the cure of the adhesive. Figure 11 shows the application of epoxy
adhesive on the strip and the procedure to clamp the strip on the prestressing device.

A gradual anchorage system was applied: after the cure of the adhesive at the middle part of
the beam, the prestressing force was marginally reduced and the following areas were bond‐
ed. The force was reduced further and the adjacent areas were bonded. This procedure was
repeated until there was no remaining prestressing force at the ends of the strip. With the
gradual reduction, the level of prestress applied at the ends of the strip is very low or close
to zero, eliminating the need of additional anchorage systems.

The maximum prestressing force applied to prestress the strip was 60kN, at mid-span. Then,
prestressing force was gradually reduced, to 48kN, 36kN, 24kN, 12kN and, finally, zero, at
the ends.

Figure 11. (a) Application of epoxy adhesive; (b) e (c) Procedure to clamp the strip on the prestressing device.
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3.5. Test Procedure

The experimental program was developed at EMPA – Switzerland. Loading was applied ac‐
cording to a six point bending test scheme: simple supported beam and four vertical loads,
spaced by 12000mm, symmetrically applied along the 6000mm span. Load was applied by
two 100kN hydraulic jacks. During the tests, values of deflection at mid-span and specific
strain at steel, concrete and FRP were continuously recorded by a computer controlled data
acquisition system.

3.6. Behavior of post-strengthened beams tested under static loading

3.6.1. Loads and failure modes

Table 4 shows that the flexural capacity of beam VFC_NP_01, post-strengthened with two
non-prestressed CFRP strips, increased 27% when compared to the control beam. On the
other hand, post-strengthening of beam VFC_PE_01, two prestressed CFRP strips, increased
62.41% the load bearing capacity of the beam.

Beam Post-strengthening Ultimate load Failure Mode

VT - 100.14kN
Yielding of steel followed by concrete

crushing

VFC_NP_01
Two 1.2mm x 50mm non-

prestressed strips

127.25kN
Premature failure (peeling-off)

VFC_PE_01
Two 1.2mm x 50mm

prestressed strips

162.41kN
Premature failure (peeling-off)

Table 4. Ultimate Loads and failure modes of post-strengthened beams tested under static loading.

Figure 12. Beam VFC_NP_01: (a) During test; (b) After premature failure of strips.

Results of beams VFC_NP_01 and VFC_PE_01 can be explained by the principles of pre‐
stressing. When the prestressing force applied on the CFRP strips is released, compressive
stresses are induced on the concrete. Such compressive stresses delay the concrete cracking
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and the yielding of the steel reinforcement. Thus, the load bearing capacity of the post-
strengthened element is increased.

Premature failures (peeling-off) of beams VFC_NP_01 and VFC_PE_01 occurred due to the
high interfacial stresses near to the ends of strips. Peeling-off failures are catastrophic and
happen without any previous advice. Figure 12 shows two CFRP strips of beam VFC_NP_01
after peeling-off. Both strips are completely detached from the beam; however, strips do not
present any damage, once the failure occurred at the concrete/adhesive interface.

3.6.2. Displacements at mid-span

Figure 13 shows that all post-strengthened beams present similar behavior regarding stiff‐
ness until concrete cracking. Results indicate that in such cases the action of the post-
strengthening begins just when the structural element is already cracked.

Figure 13. Load vs Displacement response of the beams tested under static loading.

Beam VFC_NP_01 post-strengthened with non-prestressed strips and the control beam,
showed no significant difference regarding stiffness. However, beam VFC_PE_01 showed a
stiffer behavior, when compared to beans control and VFC_NP_01, due to the increase of the
cracking load and the later yielding of the reinforcement steel.

Control beam and beam VFC_NP_01, post-strengthened with non-prestressed CFRP strips
present similar values of loading and displacement at mid-span at concrete cracking, due to
the fact that the post-strengthening begins to act just after concrete cracking.

Cracking load of beam VFC_PE_01 was 57% higher than the ones of control beam and
beamVFC_NP_01. Differences at the first stage of the loading versus displacement response
at mid-span happen because prestressing leads to the development of compressive stresses
at the bottom face of the beam. When non-prestressed strips are applied, the bottom face of
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the beam is already tensioned at the beginning of the loading process. Thus, when post-
strengthening is prestressed, the loading needed to crack the concrete is significantly higher.

Differences  regarding  yielding  of  the  reinforcement  steel  were  significant.  Increasing  of
22% for beam VFC_NP_01 and 45% for beam VFC_PE_01,  related to control  beam, was
observed.

3.6.3. Anchorage system

The gradual anchorage system worked properly and allowed the use of 83% of the tensile
strength of the strips. Advantages of the gradual anchorage include the fact that the same
device is used to prestress the strip and to gradually reduce the prestress load from the mid-
span to the ends of the strip. The result is a prestressed CFRP strip without any external an‐
chorage systems.

Figure 14. Beam VFC_PC_01 after failure.

3.7. Behavior of post-strengthened beams tested under cyclic loading

3.7.1. Beam VFC_PC_01

Beam VFC_PC_01 was submitted to stress levels of 50% and 80% of the yielding stress ob‐
served at beam VFC_PE_01, tested under static loading. Maximum and minimum applied
loads were, respectively, 80kN and 40kN, which, added to the self weight, 28 kN, resulted
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applied loads of 108kN and 68kN (66% and 42% of the ultimate capacity of beam
VFC_PE_01). Aiming to produce the first cracks, beam VFC_PC_01 was first pre-loaded up
to108kN. Then, cyclic loading was applied at a frequency of 4Hz.

Figure 15. Failure of post-strengthening strips: (a) Next to a flexural crack; (b) Distant from flexural cracks.

Figure 16. Fatigue failure of steel rebars.

When 282,000 cycles were reached, a crack of about 2.2mm was observed, approximately at
mid-span, reaching about 90% of the cross-section. After 331,300 cycles the machine auto‐
matically stopped, when the deflection limit was reached. It was not observed any sign of
apparent failure at the strips. Larger displacement limits were settled and the test was re‐
started. However, the post-strengthening failed before the maximum load of 108kN was
reached. When the first strip debonded, the sudden release of the pre-tensioning force
caused a compressive failure at the CFRP, as a secondary failure (Figure 14). The secondary
failure occurred in a region that was damaged due to the presence of the flexural crack
showed in Figure 14, which reached about 90% of the cross-section.
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Figure 15 shows one of the CFRP strips after the failure of the post-strengthened beam.
Flexural  crack  showed in  Figure  14  induced  the  identification  of  a  steel  rebar  broken
due  to  fatigue.  After  the  test,  the  concrete  was  removed from the  bottom of  the  beam
and  all  steel  rebars  were  inspected.  Figure  16  confirms  the  existence  of  more  steel  re‐
bars  broken  also  due  to  fatigue.

Figures 17 and 18 show strains in the concrete and in the CFRP strips, obtained by deforme‐
ters, which gauge points were placed along the bottom of the beam. Measurements were
made during pre-loading, after 30,000 cycles, and after 100,000 cycles, with the beam sub‐
jected to the maximum load (108kN). It is shown that the measurements made in the CFRP
strips allowed the construction of well defined curves. However, due to the crack growing
between the gauge points, this behavior could not be observed in the measurements made
in the concrete. Nevertheless all obtained responses followed an expected pattern.

Figure 17. CFRP and concrete strains of beam VFC_PC_01, submitted to 108kN, during pre-loading.

Figure 18. CFRP and concrete strains of beam VFC_PC_01, submitted to 108kN after (a) 30,000 cycles and (b) 100,000
cycles.
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Strains in the CFRP strips, at mid-span, during pre-loading, varied from 2.00º/oo up to
2.50º/oo. At the end of 30,000 cycles, strains increased to levels that varied from 2.50º/oo up
to 3.00º/oo. From 30,000 cycles up to 100,000 cycles, it was not observed any significant var‐
iation in the strains. Strains measured, added to the strain applied to prestress each strip
(5.95º/oo), give for each strip a total strain of of 8.45º/oo and 8.95º/oo. It is also noted that, at
mid-span, where most of the cracks could be found, strains measured in the concrete and in
the FRP are quite different. It happens because the FRP strip acts as a belt, blocking the con‐
crete crack opening. Therefore, it can be observed that several points along to the beam are
subjected to different strains. Such points can, eventually, be related to the occurrence of
premature failures. Strains at a distance of 1,2 m from both beam ends, out of the loading
region, are not greater than 1.50°/oo, however, these values increased about 100% from pre‐
loading up to 100,000 cycles.

Figure 19. CFRP strains of strip 01 (a) and 02 (b) of beam VFC_PC_01 during cyclic loading.

Figure 20. Cracks at mid-span of beam VFC_PC_01 after 100,000 cycles.
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Figure 19 shows the strains in the CFRP strips measured during pre-loading, after 30,000 cy‐
cles and after 100,000 cycles. Significant variations were not observed in the range from
30,000 to 100,000 cycles. However, strains increased about 0.50º/oo from the pre-loading up
to 10,000 cycles. Figure 19 also shows that up to 100,000 cycles the behavior of both strips is
similar. However, some variations can be observed at mid-span, due to the high cracking.

The strategy adopted to monitor the crack growing at mid-span of beam VFC_PC_01 can be
observed at Figure 20. Results of crack openings and the respective position from the left
end of the beam are shown in Figure 21.

Figure 21. Cracks at mid-span of beam VFC_PC_01 after 100,000 cycles.

Figure 22. 2,2mm width crack at mid-span of beam VFC_PC_01 after post-strengthening failure.
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A high concentration of cracks can be observed at the mid-span of beam VFC_PC_01, be‐
tween the four loading points. Figure 21 shows the crack openings at mid-span between the
two central loading points (signaled on the figure by two vertical arrows). It is noteworthy
that, before 100,000 cycles, crack openings did not reached 0.05mm.

The highest crack opening after 100,000 cycles, named D, was 0.4mm, located 254cm from
the left side of the beam. However, apparently the post-strengthening failed due to a 2.2mm
crack opening, named I, after 331,300 cycles. It is important to notice that, after 100,000 cy‐
cles, this crack opening was about 0.3mm (Figure 22).

The decision of testing beam VFC_PC_01 under a high stress variation led to the fatigue fail‐
ure before 5,000,000 cycles, that was considered the pattern of infinite fatigue life. Stress lev‐
els applied to the beam VFC_PC_02, however, are more consistent with the ones usually
found in real structures. Results of beamVFC_PC_02 will allow a more detailed analysis of
the CFRP prestressing technique used, as well as of the gradual anchorage system.

3.7.2. Beam VFC_PC_02

Beam VFC_PC_02 was submitted to stress levels of 50% and 60% of the yielding stress ob‐
served at beam VFC_PE_01, tested under static loading. Maximum and minimum applied
loads were, respectively, 50kN and 40kN, which, added to the self weight of 28 kN, resulted
in applied loads of 78kN and 68kN (48% and 42% of the ultimate capacity of VFC_PE_01).
Aiming to produce the first cracks, beam VFC_PC_02 was pre-loaded up to78kN. Then, cy‐
clic loading was applied at a frequency of 4Hz.

Figure 23. Beams VFC_PC_01 and VFC_PC_02: (a) Displacement at mid-span vs number of cycles (b) Concrete and
CFRP strains vs number of cycles.

Figure 23 (a) shows that vertical displacements at mid-span, for beam VFC_PC_02, meas‐
ured with the beam subjected to the maximum load (78kN) varied 12.70mm from preload‐
ing up to 1,000,000 cycles. From this point, up to the end of the test, vertical displacements
increased just 1.49mm. Data of beam VFC_PC_01 showed a large increase in the vertical dis‐
placements at mid-span after 100,000 cycles, probably due to the fatigue failure of the steel
rebars. Strains in the concrete and in the CFRP strips (Figure 23 (b)) behave similarly to the
displacements at mid-span, where most of the variations occurred before 1,000,000 cycles,
and, after that, showed stability up to 5,000,000 cycles. Beam VFV_PC_01 also showed a sim‐
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ilar behavior between strains and vertical displacements at mid-span, however, with a sig‐
nificant increasing after 100,000 cycles, probably due to the fatigue failure of the steel rebars.

Figures 24 to 26 show the strains in concrete and in CFRP strips, obtained by deformeters,
which gauge points were placed along the bottom of the beam. Measurements were made
during pre-loading, after 30,000 cycles, after 100,000 cycles, after 1,000,000 cycles and after
5,000,000 cycles, with the beam subjected to the maximum load (78kN).

Figure 24. CFRP and concrete strains of beam VFC_PC_02, submitted to 78kN, during pre-loading.

Figure 25. CFRP and concrete strains of beam VFC_PC_02, submitted to 78kN after (a) 30,000 cycles and (b) 100,000
cycles.

It can be noticed that the strains obtained by deformeters, placed along the bottom of the
beam VFC_PC_02, varied from the pre-loading up to 1,000,000, tending to stabilize after
5,000,000, cycles. Portions located between the loading points (1,2 m to 4,8 m from the beam
end) clearly show the presence of cracks in the concrete. From the pre-loading up to 30,000
cycles, it was not observed any significant variation in the strains along the gradual anchor‐
age zone (1.2m from the both beam ends). Strains increased after 100,000 cycles, and, after
5,000,000 cycles, the level of strains of the beginning of the test could be observed just along
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5,000,000 cycles, the level of strains of the beginning of the test could be observed just along
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the first 0.6m from both beam ends. Figures 24 to 26 show that strains in the anchorage
zones of beam VFC_PC_01 were higher than the ones of beam VFC_PC_02.

Figure 26. CFRP and concrete strains of beam VFC_PC_02, submitted to 78kN after (a) 1.000.000 cycles and (b)
5.000.000 cycles.

Data of Figures 24 to 26 show that strains in the CFRP strips, between the two central load‐
ing points, placed at 2.4m and 3.6m from the beam ends, measured at pre-loading, varied
from 1.00 º/oo up to 1.50º/oo. After 30,000 cycles strains increased up to 2.00 º/oo and no sig‐
nificant variation were observed from 30,000 cycles up to 100,000 cycles. Measurements after
1,000,000 and 5,000,000 cycles registered a maximum strain of 2.11º/oo. Such strain, added to
the strain applied to prestress each strip (5.95º/oo), give for each strip a total strain of of
8.06º/oo. Strains in the strips of beam VFC_PC_02 were smaller to the ones of beam
VFC_PC_02, since, for the second beam, the maximum load and the difference between the
maximum and the minimum load were smaller. Results of beam VFC_PC_02 indicate that,
up to 5,000,00 cycles, it was not observed any damage on the post-strengthening system,
due to the application of the cyclic loading.

Figure 27 (a) shows the strains in the CFRP strips, measured from the pre-loading up to
5,000,000 cycles. The most significant variations occurred up to 1,000,000 cycles. Strains in
the CFRP strips varied about 0.85º/oo from the pre-loading up to 5,000,000 cycles. The great‐
est differences regarding strains were found at 1.8m, 2.8m and 4.6m from the left side of the
beam (Figure 27 (a)), and at 2.6m from the left side of the beam (Figure 27 (b)).

Results indicate the existence of a kind of progressive strain at the anchorage regions, which
can, ocassionally, generate adherence problems regarding long-term fatigue. Such effect
should be better investigated, however, the long time demanded to realize fatigue tests,
sometimes, inhibits this initiative.

Crack growing at mid-span of beam VFC_PC_01 can be observed at Figure 28, which shows
the results of all crack opening measurements made, from pre-loading up to 5,000,000 cy‐
cles. Figure 28 shows the results of crack openings and the respective position from the left
side of the beam, at mid-span, between the two central loading points (signaled on the fig‐
ure by two vertical arrows).
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Figure 27. CFRP strains of strip 01 (a) and 02 (b) of beam VFC_PC_02 during cyclic loading.

First cracks at mid-span appeared during pre-loading, reaching less than 0.15mm. From this
point up to 100,000 cycle, crack openings increased, but did not exceed 0.20mm. After
1,000,000 cycles the maximum crack opening was 0.22mm, and after 5,000,000, this value
was not exceeded. Cracking at the gradual anchorage regions appeared just after 100,000 cy‐
cles, however, the maximum cracking opening observed was 0.05mm. From 100,000 up to
5,000,000 cycles, the maximum crack opening measured at these regions was 0.10mm. Re‐
sults of crack openings obtained from beams VFC_PC_01 and VFC_PC_02 cannot be com‐
pared directly, due to the difference regarding the maximum and minimum loads applied to
generate the cyclic loading. As the maximum load applied on the beam VFC_PC_01 (108kN)
was higher than the one applied on the beam VFC_PC_02 (78kN), beam VFC_PC_01
showed higher values of crack openings once pre-loading. Values of crack openings ob‐
tained after 5,000,000 cycles, for beam VFC_PC_02, were reached by beam VFC_PC_01 after
just 282,000 cycles.

4. Conclusions

4.1. Post-strengthened beams tested under static loading

Results obtained with the development of the research program allowed the investigation of
changes on the behavior of post-strengthened elements due to prestressing. The increasing
on the load bearing capacity of the beam post-strengthened with prestressed strips, higher
than the one of the beam post-strengthened with non-prestressed strips, highlights the effi‐
ciency of the prestressing technique. All post-strengthened beams showed vertical displace‐
ments at mid-span lower then the ones of the control beam. However, the stiffer behavior
showed by all post-strengthened beams was evidenced only after concrete cracking. Due to
the increasing of the concrete cracking load and the later yielding of the reinforcement steel,
the beam post-strengthened with prestressed CFRP strips showed a stiffer behavior when
compared to the one post-strengthened with non-prestressed CFRP strips. Gradual anchor‐
age worked properly, dismissed the use of any external anchorage system and allowed the
use of 83% of the tensile strength of the strip.
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Figure 28. Cracking at mid-span of beam VFC_PC_2 during test.

4.2. Post-strengthened beams tested under cyclic loading

Results of the reinforced concrete beams tested under cyclic loading show that when these
structures are post-strengthened with prestressed CFRP strips, damages that occur due to
fatigue are mainly related to the level of stress at the steel rebars. Experimental results
showed that the damage, which led to the rupture of the steel rebars, is related to the level
of stress during loading, and, that it is not related to the type of post-strengthening. Tests
showed that an increasing of 20% in the maximum stress of the steel rebars significantly re‐
duced the fatigue life time of the post-strengthened element, decreasing about 15 times the
number of cycles up to failure. These results emphasize the importance of proceeding the
monitoring of structures that are usually submitted to cyclic loading, such as highway and
railway bridges. In some cases, when these structures were designed to support traffic loads
smaller to the ones that they are submitted nowadays, the use of post-strengthening may in‐
crease their lifetime, since the use of post-strengthening may lead to a reduction in the stress
level of the steel rebars.
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Chapter 5

Hybrid FRP Sheet – PP Fiber Rope Strengthening of
Concrete Members

Theodoros C. Rousakis

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51425

1. Introduction

Fiber Reinforced Polymer (FRP) reinforcements are extensively used in the strengthening of
existing concrete members. FRP sheets consisting of epoxy resins and carbon, glass, aramide
etc. fibers can serve reliably as flexural, shear or confinement reinforcement. Adequate ex‐
ternal confinement of concrete by elastic materials leads to far higher effectiveness in
strength and strain enhancement of concrete under compression than common steel, since
the steel yields. However the use of impregnating resin in FRPs results in a composite mate‐
rial that resists relatively low working temperature. It also requires suitable environmental
conditions during impregnation

Significant recent research efforts focus on the overcoming of such disadvantages relative to
the use of polymers. The substitution of the organic resins by inorganic cement based bind‐
ers seems a viable option ([1] among else). The inorganic mortar serves as a matrix that in‐
teracts with the grid reinforcement that consists of textiles. Textile reinforced mortars (TRM)
have been already used as confining or shear reinforcement successfully.

A few investigations deal with rope reinforcements made of aramide or vinylon fibers.
Those ropes are used as external strengthening or internal shear reinforcement. They com‐
bine easy handling and low sensitivity to local damage of fibers due to bending or small cor‐
ner radius or scratching or stress concentrations [2]. Furthermore, there is no need for
impregnating resins or binders especially in external confinement applications of ropes. Pol‐
ypropylene is an ultra high deformability material, recognized as an effective mass rein‐
forcement in concrete. Peled [3] uses polypropylene tubes to confine concrete. However the
provided lateral confinement was low and the effects on concrete were limited. Numerous
researches look into the response of concrete columns wrapped by carbon FRP sheets of

© 2013 Rousakis; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Rousakis; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



high modulus of elasticity [4, 5, 6, 7 & 8 among else]. FRP confined concrete may present a
considerable strength and strain enhancement. However the efficiency of the wraps is limit‐
ed by the low deformability of the FRP. Confinement with materials of different modulus of
elasticity and of the same lateral rigidity (El) will provide higher axial strain ductility to con‐
crete according to their deformability [9]. Thus, materials of very low elastic modulus which
have high strain at failure may provide considerable confinement of concrete.

Considering the advantages of composite ropes for structural applications, an experimen‐
tal research program is presented that investigates the use of fiber ropes as external con‐
fining reinforcement on standard concrete cylinders already confined by glass FRP jackets.
The ropes are mechanically anchored through steel collars, avoiding the use of impregnat‐
ing resins.

2. Resin impregnated fiber sheet and textile reinforced mortar confining
techniques

In columns confined by fiber reinforced sheets impregnated by polymers (fiber reinforced
polymers, FRP) an abrupt fracture of the confining reinforcement is usually observed after a
certain level of imposed lateral deformations. Figure 1 presents the experimental results of a
large experimental program involving high elastic modulus carbon FRP sheet confinement
of concrete [4], [9]. In figure 1 the ultimate axial strains range among 0.4% and 2.4% for the
specific tests. After the FRP fracture an explosive failure and a rather precipitous drop of the
bearing load takes place. The higher the elastic modulus of the FRP jacket, the lower its
strain at failure and the lower the axial strain at failure of confined concrete for identical
confining rigidity. More recent experimental efforts concern large deformability FRP confin‐
ing materials made of PET that may present a fracture at far higher levels of concrete axial
strains up to 8.5% [10].

Textile Reinforced Mortar (TRMs) jackets are a reliable alternative to FRP jackets with compa‐
rable strength and ductility enhancement while they present a higher resistance to elevated
temperature [1]. The TRM confinement presents a more gradual failure due to progressive
fracture of individual fiber bundles that lead to softening stress-strain behaviour.

Both  techniques  involve  the  use  of  reinforcements  working  inside  a  matrix.  The  epoxy
resin or mortar matrix have to be cured for a certain period of time and under control‐
led  environmental  conditions  in  order  to  bear  the  final  redesign  loads.  The  following
sections  present  a  novel  strengthening  technique  utilizing  the  advantages  of  the  fiber
rope reinforcements.
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Figure 1. Axial stress versus axial and lateral strain curves of 45 concrete cylinders confined by high-E-modulus carbon FRP
sheets under monotonic or cyclic loading. Five concrete strengths and three different volumetric rations are presented.

3. Resin or mortar free PPFR & VFR confinement

In the first part of the experimental program, the vinylon and polypropylene fiber ropes confine
standard concrete cylinders (150 mm diameter and 300 mm height) in three different confine‐
ment volumetric ratios. The vinylon fiber rope (VFR) is a three-stranded Z-twisted one with
12.66 mm2 structural area. Its modulus of elasticity is 15.9 GPa and 4.6% tensile failure strain
[2]. Two different polypropylene ropes are used in the research (manufactured by Thrace
Plastic Co. S.A.). The first rope is braided, having eight strands (bPPFR) and a very low E-
modulus of 2250 MPa. The tensile failure strain is 18%. The structural area of the bPPFR is
21.25 mm2. The second polypropylene fiber rope is a two-stranded Z-twisted one (tPPFR) with
a structural area of 12.09 mm2. Its E-modulus is 1991 MPa and shows 20.35% tensile failure
strain. The application is resin-free. Thus, a mechanical anchoring of the rope is applied without
the use of impregnating resin. The application of one or multiple rope layers follows a care‐
ful wrapping by hand, yet exerting an adequate and continuous tension on the rope. The
wrapping process is acceptable only if the confinement is tight enough. Loose wrapping reduces
significantly the efficiency of FR wrapping. However thorough wrapping by hand and suita‐
ble mechanical anchorage may provide an efficient lateral restriction to concrete. The applica‐
tions of the two different types of PPFR with different knitting and overall structural diameter
reveal no difference in the structural behaviour. The braided multi-strand rope leaves high‐
er percentage of gaps among multiple rope layers than the twisted two-strand rope of half
structural area. In addition, the tPPFRs require lower hand force during application in order
to achieve an adequate continuous tension. Yet, the braided multi-strand rope provides sim‐
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ilar structural effectiveness with the twisted two-strand rope. The concrete strength of the
specimens during the tests was 15.56 MPa. Figure 2a presents a concrete column confined by
vinylon fiber ropes.

The testing includes monotonic and cyclic axial loading of the columns. The research assess‐
es the effectiveness of rope composite reinforcements considering the whole axial stress ver‐
sus axial and lateral strain behaviour, as well as the failure values resulting from monotonic
or cyclic compressive loading of concrete cylinders. The results are shown in figures 3& 4.
Confinement of concrete through fiber ropes leads to substantial upgrade of concrete strain
at failure reaching values of 13% strain (around 39 strain ductility). The strength enhance‐
ment reached a number of 6.6 times that of plain concrete. Those measured values are re‐
corded from specimen confined by VFR that could not be tested up to failure due to loading
machine limitations. Similar is the case with the PPFR confined specimens which reach axial
strain ductility of 35.5. All PPFR confined specimens and the heavy VFR confined columns
present a failure mode that involves the extensive disintegration of concrete and no fracture
of the confining reinforcement occurs. The concrete core disintegrates uniformly up to the
point that the transverse restriction by the FR surpasses the transverse rigidity of the con‐
crete. After that point, full unloading of the concrete core does not lead to equilibrium with
the external confinement and thus to stable remaining (plastic) axial and lateral strains. On
the contrary, the extensively and uniformly cracked core squeezes under the external lateral
pressure and the plastic axial and lateral strains of the previous cycle reduce significantly.
The specimen lengthens in the axial direction and may become higher than its original
height. That unique behaviour of concrete reveals a remarkable efficiency of rope reinforce‐
ments to redistribute lateral restriction. That type of concrete response is referred as a
“spring-like” behaviour (Figure 2b). Moreover, PPFR show a very low sensitivity to local
damage. Both ropes can be easily coupled through simple knots or simple steel chucks.
Thus, both ropes can be easily reused even if fractured. More details on the first part of the
experiments can be found in [11].

Figure 2. Measurement of lateral deformation on concrete and on FR of specimen VinL1v2 (a). Specimen bPPL1p1
after failure of the concrete core during full decompression (b). Adapted from [11].
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“spring-like” behaviour (Figure 2b). Moreover, PPFR show a very low sensitivity to local
damage. Both ropes can be easily coupled through simple knots or simple steel chucks.
Thus, both ropes can be easily reused even if fractured. More details on the first part of the
experiments can be found in [11].

Figure 2. Measurement of lateral deformation on concrete and on FR of specimen VinL1v2 (a). Specimen bPPL1p1
after failure of the concrete core during full decompression (b). Adapted from [11].
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Figure 3. Comparative stress –strain diagrams of PPFR confined concrete. Adapted from [11].

Figure 4. Comparative stress –strain diagrams of VFR confined concrete. Adapted from [11].

Since the majority of specimens could not be tested up to the fracture of the FR, the assess‐
ment of the structural behaviour of the columns utilizes the provided lateral rigidity of the
confinement El = 0.5 ke ρFR EFR, where EFR is the modulus of elasticity of the FR, ρFR is the
volumetric ratio and ke is the effectiveness coefficient due to spiral clear spacing s’ that is ke =
1-s’/2d where d is the section diameter. Thus, the confinement aims at achieving a limited load
drop (lower than 20%) from fcc1 to fcc2 (see Figures 3 and 4) upon full activation of the FR (or
no drop at all). Then an ever increasing bearing load response up to failure occurs (stress fcu).
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The unique “spring – like” behaviour of concrete at ultimate offers experimental evidence
that further support the earlier findings on the requirement of further elaboration and devel‐
opment of experimental data on plastic deformations and more sophisticated modeling ap‐
proaches sensitive to the path-dependent deformation evolution of confined concrete [5, 12,
13, 14 among else]. Finite element analyses may prove necessary in order to model and gen‐
erate reliably the geometric nonlinearities and material interactions [12, 15 among others].
The response of confined concrete depends on the mode of loading and on the evolution of
axial to lateral stresses during loading and unloading as well. The fiber rope confinement
application reveals that the redistribution capacity and minimum sensitivity of the rope re‐
inforcement homogenizes the cracks developed inside the concrete core and the response of
the member as whole. Thus, the utilization of the concrete deformability under triaxial com‐
pression is rather optimized when vinylon or polypropylene FR materials are used. High
deformability materials present low modulus of elasticity and thus the required structural
thickness is high. Fiber ropes (FR) can provide a solution and at the same time exclude the
use of impregnation resins.

4. Hybrid FRP and FR Confinement

This part of the experimental study concerns the utilization of the unique, ductile behaviour
of concrete confined by high deformability elastic materials. Such materials may ensure the
reserve of the strain ductility of the concrete under compression, often required due to an
overloading in the critical region of a member caused by extreme seismic excitations. In col‐
umns confined by FRP sheets an abrupt fracture of the confining reinforcement is usually
observed after a certain level of imposed lateral deformations (Figure 1). According to the
first part of the experimental research, high deformability elastic confining materials can
maintain the integrity of low strength concrete to a remarkable strain level even higher than
10% while presenting ever increasing axial load capacity (rather hardening behaviour).
Thus, the study further investigates the confining effects of hybrid glass FRP – polypropy‐
lene (PP) fiber rope (FR) external confinement. The tests include concrete cylinders in two
series with concrete qualities of C16 and C20 under repeated axial compression cycles of in‐
creasing displacement similar to the first part of the experimental study. The specimens are
confined externally with only one layer of glass FRP sheet and adequate FR confinement in
different volumetric ratios. Herein the presentation is limited to the beneficial effects of the
dual action of the glass FRP and PPFR.

The whole experimental program includes 21 specimens of two different concrete strengths,
C16 batch with average concrete strength of 25.1 MPa and C20 with concrete strength of 33.7
MPa. Three specimens in each batch are confined by 5 layers of tPPFR to examine the effi‐
ciency of FR confinement in columns with varying concrete strength. Another two columns
in each batch are confined by 1 layer of glass FRP (GFRP). The glass FRP is of S&P G90/10
type (S&P—Sintecno 1999 [16]) with 300 mm width. Details on the application requirements
of the sheet FRP on non-circular columns as well can be found in [7]. The glass sheet has
structural thickness of 0.154 mm per layer, tensile modulus of elasticity of 73 GPa and strain
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at failure equal to 0.028 (after impregnation and curing). Finally, two columns in each batch
are confined by both 1 layer of GFRP sheet and 3 layers of PP fiber ropes. Those four col‐
umns are constructed in four phases. At first, the external surface of the cylinders is treated
with an epoxy paste (P103, Sintecno) in order to fill the undesirable pores and cavities. The
full hardening of the paste may require up to 15 hours. After at least 6 hours a layer of the
two-component primer S2W resin (Sintecno) is applied on the external surface of the col‐
umn. The primer resin is left to harden at least 1 hour. After the curing of the primer resin
the application of the glass sheet follows with the use of the two-component impregnating
resin S2WV (Sintecno). An overlap of 150 mm of the sheet layer prevents anchorage debond‐
ing failure. Full development of the impregnating resin capacity may require up to 7 days.
After the hardening of the second resin, the 3 layers of the Z-twisted, two-strand polypropy‐
lene fiber rope (tPPFR) are applied by hand. The continuous rope may include several ropes
reused or not, connected with simple knots if necessary. The FRs are anchored mechanically
through steel collars that simply tighten and thus exert an adequate pressure on the ropes
against the concrete surface. Thus the anchorage of the ropes is performed mainly by fric‐
tion. That set up is necessary given the small size of the standard cylinders. In real size con‐
crete components, the anchorage of the rope may be easily constructed outside the region of
the expected damage by simply tighten the rope itself with a simple knot or with a suitable
steel collar. In concrete specimens confined exclusively by PPFR no special treatment of the
external concrete surface is necessary. Consequently, the application of the FR confinement
may be directly applied and operating since it may involve zero materials’ curing time. Con‐
sidering the high performance of the rope against local concrete damage and stress redistrib‐
ution, the FR may be applied on any concrete surface even after severe cracking of the
concrete core. However, in confinement applications, large concave surfaces in the external
surface should be avoided since they reduce the effectiveness. The following paragraphs
present the experimental results of the columns with the dual action of the glass FRP and
PPFR confinement.

The typical test setup is presented in Figure 5. Axial and lateral deformations are measured
through four displacement meters (linear variable displacement transducers –LVDTs). An
advanced laser meter measures the deformation of the rope on the outer surface. The col‐
umns are subjected to multiple close compression – decompression – recompression cycles
of increasing deformations.

Figures 6 and 7 present the specimen of C16 concrete quality confined by 1 layer of GFRP
and 3 layers of tPPFR after the end of the test. It should be mentioned that no tPPFR fracture
occurs. After the first fracture of GFRP the axial load drops gradually as it is bared mainly
by the tPPFR confinement while the GFRP jacket merely contributes through the interface
friction with the adjacent PPFR. At successive cycles of compression the load stabilizes un‐
der the PPFR confining action and rises again. During those cycles multiple fractures of the
GFRP sheet may develop. Such multiple FRP fractures may be evidenced after the removal
of the FR (Figures 6 and 7). Those multiple fractures are characteristic of hybrid confinement
and reveal a further utilization of the GFRP sheet as surface reinforcement. All the tests of
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specimens with hybrid confinement ended prematurely due to loading machine capacity re‐

strictions or after steel collars dislocation and concrete unstable behaviour.

Figure 5. Test setup of specimens confined by 1 layer of GFRP and 3 layers of tPPFR material.

Figure 6. Specimen of C16 concrete confined by 1 layer of GFRP and 3 layers of tPPFR material after the removal of the
fiber rope. The GFRP sheet jacket is fractured in two opposite positions. View of the fracture near the overlap region.
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Figure 7. Specimen of C16 concrete confined by 1 layer of GFRP and 3 layers of tPPFR material after the removal of the
fiber rope. View of the GFRP fracture far from the overlap region.

Since the PPFR confined column present no rope fracture, the remaining response mile‐
stones are discussed. The first milestone involves specimens with hybrid confinement that
present axial load regaining after the GFRP fracture. The second milestone concerns the fur‐
ther development of axial load equal to the one during first GFRP fracture. The second mile‐
stone clearly reveals the efficiency and the effects of the rope confinement.

Figure 8 shows the typical structural response of axial stress versus strain for the GFRP con‐
fined specimen of C16 concrete batch, the respective column with 5 layers of tPPFR and the
one with hybrid confinement by 1 layer of GFRP and 3 layers of tPPFR. The confinement
with 5 layers of PPFR is designed in order to ensure the controlled temporary load drop
upon full activation of the PPFR confinement. The lateral rigidity of the PPFR confinement is
around 300 MPa. The confinement by 1 layer of GFRP provides a lateral rigidity of around
150 MPa. Thus, the hybrid confinement is designed in order to provide a combined lateral
rigidity almost equivalent to that of 5 layers of tPPFR. The GFRP jacket and 3 layers of PPFR
correspond to a lateral rigidity of around 340 MPa.

The experimental evidence show that the 3 layers of PPFR lead to further utilization of the
GFRP jacket. The fracture of the GFRP occurs at higher axial load and axial strain in hybrid
confinement. After the fracture of the GFRP, the outer PPFR confinement results in a tempo‐
rary and smooth load drop while the GFRP confined specimen presents an abrupt failure.
The PPFR confinement can bear the abrupt energy release after the fracture of the FRP and
redistributes the resulting uneven lateral pressure through the friction between the FR and
sheet confinement. The removed rope presents no fracture or even limited local individual
fibers’ damage after the end of the test. The load is stabilized under the restrictive action of
the PPFR and a load regaining occurs (see the hybrid glass FRP-PPFR confinement in Figure
8). Proper design of hybrid confinement by FRP sheets and high deformability FR as the out‐
ermost reinforcement, utilizes fully the confining effects of the FRP sheet up to its fracture.
Then adequate FR ensures further increased strain ductility of concrete which withstands al‐
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so high axial loads and avoids an abrupt load capacity loss. The axial load capacity loss in
FRP or in steel stirrup confinement occurring after the fracture of those materials may be re‐
placed by a smooth softening, followed by a hardening behaviour of no “detected failure”
for practical applications in structural concrete members.

Figure 8. Axial stress versus axial strain curves for concrete specimens confined by 1 layer of glass FRP sheet, by 5 lay‐
ers of PP rope or by hybrid FRP and 3 layers of PP rope reinforcement.

The temporary load drop can be controlled within desirable levels. As depicted in Figure 8,
three layers of PPFR can lead to a minimum axial load before regaining that is higher than
the strength of plain concrete.

As mentioned above, the fracture of the GFRP occurs at higher load and strain than the
specimen without external PPFR strengthening because of the dual confinement effect and
twofold El. Figure 8 depicts that the confining effects of GFRP and PPFR confinement are
different. The hybrid confinement presents significantly higher load enhancement than the 5
layers of PPFR – with almost equal confinement rigidity – at the same strain levels until the
fracture of the GFRP jacket.

Concerning the deformability of concrete, the glass FRP confined column fails at around
1.3% axial strain as the sheet fractures abruptly. On the other hand, an adequate additional
quantity of PP fiber rope can provide a hardening stress-strain response of concrete includ‐
ing a temporary load drop with softening behaviour. The deformability goes beyond 5.5%,
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while no abrupt failure occurs as the PPFR does not fracture. The loading is ended early in
all tests due to concrete unstable behaviour or steel collars dislocation.

5. Fiber rope confinement modeling and design

The available confinement models predict the stress-strain behaviour or the ultimate stress
and strain values of concrete at the fracture of the confining means. Since the case of hybrid
GFRP and PPFR confinement does not include the fracture of the PPFR for the recorded
tests, this approach need to be reconsidered. In this section two significant recent existing
models are used to predict the stress and strain values at the characteristic point of the frac‐
ture of the GFRP sheet due to dual hybrid confinement.

In  their  study,  Teng  et  al.  (2009)  [17]  propose  empirical  relations  for  the  strength  and
strain of FRP confined columns that recognize the confinement stiffness and the FRP ten‐
sile to concrete compressive strain ratio as significant parameters. The strength is predict‐
ed by the relation:

f cc
f co

=1 + 3.50⋅ (ρκ −0.01)⋅ρε, whenρκ ≥0.01

f cc
f co

=1, whenρκ <0.01
, ρκ =

2⋅Εj ⋅ tj
f co
εco

⋅d
, ρε =

ε je
εco

, εj =0.586⋅ε fu

The strain at failure is given by the relation:

εcc
εco

=1, 75 + 6, 50⋅ρκ0,80 ⋅ρε1,45, ρκ =
2⋅ΕFRP ⋅ t

f co
εco

⋅ D
, ρε =

εFRP
εco

In the research by Rousakis et al. (2012) [18], a strength model is proposed that identifies the
normalized axial rigidity of the confining means (ρfEf /fco) as a significant parameter. The lat‐
eral strain at failure of concrete is found strongly dependent on the modulus of elasticity of
its reinforcing fibers (Ef) and on the confinement effectiveness coefficient (k1). The model has
the following form (see also [9], [5] and [6]):

fcc / fco = 1 + k1(fle / fco) =1 + k1(0.5ρfEfεje / fco) =1 + (ρfEf / fco)( 0.5 k1εje),

that is

fcc / fco =1 + (ρfEf / fco)(αEf10−6 / Efμ  + β)

with ρf = 4tf / d and Efμ = 10 MPa (for units’ compliance). For FRP sheet wraps α= -0.336 and
β= 0.0223. For FRP tube encased concrete α= -0.2300 and β= 0.0195.

The above models are applied to the experimental results of GFRP confined columns and of
columns with dual GFRP-PPFR confinement. Figures 9 and 10 present the predictions of

Hybrid FRP Sheet – PP Fiber Rope Strengthening of Concrete Members
http://dx.doi.org/10.5772/51425

159



strength and strain at failure of the two models. The absolute error of the predictions for
both strength and strain is less than 7.1% for the columns with hybrid confinement.

Figure 9. Normalized bearing stress fcc1 at first drop of the load to the plain concrete strength versus lateral rigidity of
the confinement for 1 layer of glass FRP sheet or by hybrid FRP and 3 layers of PP rope reinforcement for C16 and C20
concrete batches.

Figure 10. Normalized strain at first drop of the load to the plain concrete strain versus lateral rigidity of the confine‐
ment for 1 layer of glass FRP sheet or by hybrid FRP and 3 layers of PP rope reinforcement for C16 and C20 con‐
crete batches.
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6. Conclusions

The research presents a novel hybrid confining technique that involves FRP jacketing and
fiber ropes mechanically anchored through steel collars. Fiber rope confinement is a “direct‐
ly applied and operating” strengthening technique. The additional polypropylene fiber rope
confinement may enhance the axial stress and strain of concrete prior to FRP fracture. It also
restricts the lateral strain of concrete. After the fracture of the FRP, the PPFR restricts the
abrupt load drop and stabilizes the concrete softening response up to load regaining and re-
hardening. PPFR withstands the abrupt energy release and the multiple fractures of the FRP
jacket throughout the loading. No new load drop or PPFR fracture or local PP fiber damage
occurs up to axial strains equal to 5.5%. That hybrid technique can enhance remarkably the
performance of lightly FRP confined columns that are expected to present abrupt failures
during an event of overloading due to seismic excitations.

The redistribution of stress and strain of the rope is feasible because, as mentioned above,
the polypropylene fiber rope (PPFR) is not used with resin. The PPFR is applied after the
full curing of the common FRP sheets impregnated by resins. Thus the PPFR is bond free
when wrapped around the FRP jacket.

In hybrid confining schemes the PPFR is not in conduct with concrete. Thus the concrete is
protected by the FRP sheet. The PPFR (if fully wrapped) is expected to provide some protec‐
tion for the FRP sheet. However no investigations exist on this mater so far. The polypropy‐
lene is already used widely as mass fiber reinforcement inside concrete. Thus, even if in direct
conduct with concrete, the PPFR exhibits no alkalinity related degradation. On the other hand
exposure to UV light or high temperatures should degrade the PPFR. Thus a UV light protect‐
ing and fire-resistant finishing mortar is required as in common FRPs applications.
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Circular and Square Concrete Columns Externally
Confined by CFRP Composite: Experimental
Investigation and Effective Strength Models
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Additional information is available at the end of the chapter
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1. Introduction

The use of fiber reinforced polymers (FRP) jackets as an external mean to strengthen existing
RC columns has emerged in recent years with very promising results [1-13], among others.
Several studies on the performance of FRP wrapped columns have been conducted, using
both experimental and analytical approaches. Such strengthening technique has proved to
be very effective in enhancing their ductility and axial load capacity. However, the majority
of such studies have focused on the performance of columns of circular cross section. The
data available for columns of square or rectangular cross sections have increased over recent
years but are still limited. This field remains in its developmental stages and more testing
and analysis are needed to explore its capabilities, limitations, and design applicability. This
study deals with a series of tests on circular and square plain concrete (PC) and reinforced
concrete (RC) columns strengthened with carbon fiber reinforced polymer (CFRP) sheets.
According to the obtained test results, FRP-confined specimens’ failure occurs before the
FRP reached their ultimate strain capacities. So the failure occurs prematurely and the cir‐
cumferential failure strain was lower than the ultimate strain obtained from standard tensile
testing of the FRP composite. In existing models for FRP-confined concrete, it is commonly
assumed that the FRP ruptures when the hoop stress in the FRP jacket reaches its tensile
strength from either flat coupon tests which is herein referred to as the FRP material tensile
strength. This phenomenon considerably affects the accuracy of the existing models for FRP-
confined concrete. On the basis of the effective lateral confining pressure of composite jacket
and the effective circumferential FRP failure strain a new equations were proposed to pre‐
dict the strength of FRP-confined concrete and corresponding strain for each of the cross sec‐
tion geometry used, circular and square. The predictions of the proposed equations are
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shown to agree well with test data. The specimen notations are as follows. The first letter
refers to section shape: C for circular and S for square. The next two letters indicate the type
of concrete: PC for plain concrete and RC for reinforced concrete, followed by the concrete
mixture: I for normal strength (26 MPa), II for medium strength (50 MPa) and III for high
strength (62 MPa). The last letters specifies the number of CFRP layers (0L, 1L and 3L), fol‐
lowed by the number of specimen.

2. Observed Behaviour of FRP Confined Concrete

2.1. FRP-Confined Concrete in Circular Columns

The confinement action exerted by the FRP on the concrete core is of the passive type, that
is, it arises as a result of the lateral expansion of concrete under axial load. As the axial stress
increases, the corresponding lateral strain increases and the confining device develops a ten‐
sile hoop stress balanced by a uniform radial pressure which reacts against the concrete lat‐
eral expansion [14,15]. When an FRP confined cylinder is subject to axial compression, the
concrete expands laterally and this expansion is restrained by the FRP. The confining action
of the FRP composite for circular concrete columns is shown in Figure 1.

Figure 1. Confinement action of FRP jacket in circular sections

For circular columns, the concrete is subject to uniform confinement, and the maximum con‐
fining pressure provided by FRP composite is related to the amount and strength of FRP
and the diameter of the confined concrete core. The maximum value of the confinement
pressure that the FRP can exert is attained when the circumferential strain in the FRP reach‐
es its ultimate strain and the fibers rupture leading to brittle failure of the cylinder. This con‐
fining pressure is given by:

f l =
2t frpE frpε fu

d =
2t frp f frp

d =
ρ frp f frp

2
(1)
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Where fl is the lateral confining pressure, Efrp is the elastic modulus of the FRP composite, εfu

is the ultimate FRP tensile strain, ffrp is the ultimate tensile strength of the FRP composite, tfrp

is the total thickness of the FRP, d is the diameter of the concrete cylinder, and ρfrp is the FRP
volumetric ratio given by the following equation for fully wrapped circular cross section:

ρ frp =
π d t frp

π d 2 / 4
=

4t frp
d (2)

2.2. FRP-Confined Concrete in Square Columns

A square column with rounded corners is shown in Figure 2. To improve the effectiveness
of FRP confinement, corner rounding is generally recommended. Due to the presence of in‐
ternal steel reinforcement, the corner radius Rc is generally limited to small values. Existing
studies on steel confined concrete [16-18] have led to the simple proposition that the con‐
crete in a square section is confined by the transverse reinforcement through arching ac‐
tions, and only the concrete contained by the four second-degree parabolas as shown in
Figure 2a is fully confined while the confinement to the rest is negligible. These parabolas
intersect the edges at 45°. While there are differences between steel and FRP in providing
confinement, the observation that only part of the section is well confined is obviously also
valid in the case of FRP confinement. Youssef et al. (2007) [19] showed that confining square
concrete members with FRP materials tends to produce confining stress concentrated
around the corners of such members, as shown in Figure 2b. The reduced effectiveness of an
FRP jacket for a square section than for a circular section has been confirmed by experimen‐
tal results [2,20]. Despite this reduced effectiveness, an FRP-confined square concrete col‐
umn generally also fails by FRP rupture [9,20]. In Equation (1), d is replaced by the diagonal
length of the square section. For a square section with rounded corners, d can be written as:

d = 2b −2Rc( 2−1) (3)

Figure 2. Confinement action of FRP composite in square sections
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3. Different Behaviour Between Steel and FRP Composite

It is well known that concrete expands laterally before failure. If the lateral expansion is pre‐
vented, a substantial concrete strength and deformation enhancements may be gained.
Thus, the expected enhancement in the axial load capacity of the columns wrapped with
FRP may be due to two factors; first: the confinement effect of the externally bonded trans‐
verse fibers, and second: the direct contribution of longitudinally aligned fibers. Different
behaviour between steel and FRP composite was observed due to the stress-strain relation‐
ship of each material shown in Figure 3. Fiber-reinforced polymer is linear elastic up to final
brittle rupture when subject to tension while steel has an elastic-plastic region [21]. This is a
very important property in terms of structural use of FRP composite. A part from illustrat‐
ing typical strength differences between these materials, these curves give a clear contrast
between the brittle behaviour of FRP composite and the ductile behaviour of steel. Steel con‐
finement is based on the same mechanics of FRP. However, a fundamental difference is due
to the stress-strain behaviour of steel, which after the initial linearly elastic phase displays
the yielding plateau. Therefore, after reaching the maximum value corresponding to the
yielding stress, the confinement pressure remains constant (neglecting strain hardening).

Figure 3. Typical FRP and mild-steel stress-strain curves [21]

4. Experimental Program

4.1. Materials Properties

Concrete mixtures : Three concrete mixtures were used to achieve the desired range of uncon‐
fined concrete strength (26, 50 and 62 MPa), as shown in Table 1. Mixtures were prepared in
the laboratory using a mechanical mixer and were used to cast the concrete specimens
which were wrapped with CFRP sheets after drying.
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CFRP composites : The carbon-fiber fabric used in this study were the SikaWrap-230C/45
product, a unidirectional wrap. The resin system that was used to bond the carbon fabrics
over the specimens in this work was the epoxy resin made of two-parts, resin and hardener.
The mixing ratio of the two components by weight was 4:1. SikaWrap-230C/45 was field
laminated using Sikadur-330 epoxy to form a carbon fiber reinforced polymer wrap (CFRP)
used to strengthen the concrete specimens. The mechanical properties, including the modu‐
lus and the tensile strength of the CFRP composite, were obtained through tensile testing of
flat coupons. The tensile tests were conducted essentially following the NF EN ISO 527-(1, 2
and 5) recommendations. The tensile specimen configuration is represented in Figure 3a. All
of the tests coupons were allowed to cure in the laboratory environment for at least 7 days.
Prior to the testing, aluminum plates were glued to the ends of the coupons to avoid prema‐
ture failure of the coupon ends, which were clamped in the jaws of the testing machine. The
tests were carried out under displacement control at a rate of 1mm/min. The longitudinal
strains were measured using strain gages at mid-length of the test coupon. The load and
strain readings were taken using a data logging system and were stored in a computer.
Main mechanical properties obtained from the average values of the tested coupons are
summarized below:

- Thickness (per ply) : 1 mm

- Modulus Efrp : 34 GPa

- Tensile strength ffrp : 450 MPa

- Ultimate strain εfu : 14 ‰

Note that the tensile strength was defined based on the cross-sectional area of the coupons,
while the elastic modulus was calculated from the stress-strain response.

4.2. Fabrication of Test Specimens

The experimental program was carried out on: 1) cylindrical specimens with a diameter of
160 mm and a height of 320 mm; 2) short columns specimens with a square cross section of
140x140 mm and a height of 280 mm. For all RC specimens the diameter of longitudinal and
transverse reinforcing steel bars were respectively 12 mm and 8 mm. The longitudinal steel
ratio was constant for all specimens and equal to 2.25%.The yield strength of the longitudi‐
nal and transversal reinforcement was 500 MPa and 235 MPa; respectively. The specimen
notations are as follows. The first letter refers to section shape: C for circular and S for
square. The next two letters indicate the type of concrete: PC for plain concrete and RC for
reinforced concrete, followed by the concrete mixture: I for normal strength (26 MPa), II for
medium strength (50 MPa) and III for high strength (62 MPa). The last letters specifies the
number of CFRP layers (0L, 1L and 3L), followed by the number of specimen. Specimens in‐
volved in the experimental work are indicated in Table 1.
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Specimen

designation

Concrete

mixture

Nominal

dimensions [mm]

Number of

CFRP layers

Number of

specimens

Unconfined concrete

strength [MPa]

CPCI.0L 0 2

CPCI.1L 1 1

CPCI.3L I Ø160 x 320 3 1

CRCI.0L 0 2

CRCI.1L 1 2

CRCI.3L 3 2 26

SPCI.0L 0 2

SPCI.1L 1 1

SPCI.3L I 140x140x280 3 1

SRCI.0L 0 2

SRCI.1L 1 2

SRCI.3L 3 2

CPCII.0L 0 2

CPCII.1L 1 1

CPCII.3L II Ø160 x 320 3 1

CRCII.0L 0 2

CRCII.1L 1 2

CRCII.3L 3 2 50

SPCII.0L 0 2

SPCII.1L 1 1

SPCII.3L II 140x140x280 3 1

SRCII.0L 0 2

SRCII.1L 1 2

SRCII.3L 3 2

CPCIII.0L 0 2

CPCIII.1L 1 1

CPCIII.3L III Ø160 x 320 3 1

CRCIII.0L 0 2

CRCIII.1L 1 2

CRCIII.3L 3 2 62

SPCIII.0L 0 2

SPCIII.1L 1 1

SPCIII.3L III 140x140x280 3 1

SRCIII.0L 0 2

SRCIII.1L 1 2

SRCIII.3L 3 2

Table 1. Details of test specimens
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4.3. Fiber-Reinforced Polymer Wrapping

After 28 days of curing, the FRP jackets were applied to the specimens by hand lay-up of
CFRP Wrap with an epoxy resin. The resin system used in this work was made of two parts,
namely, resin and hardener. The components were thoroughly mixed with a mechanical agi‐
tator for at least 3 min. The concrete cylinders were cleaned and completely dried before the
resin was applied. The mixed Sikadur-330 epoxy resin was directly applied onto the sub‐
strate at a rate of 0,7 kg/m2. The fabric was carefully placed into the resin with gloved hands
and smooth out any irregularities or air pockets using a plastic laminating roller. The roller
was continuously used until the resin was reflected on the surface of the fabric, an indication
of fully wetting. After the application of the first wrap of the CFRP, a second layer of resin at
a rate of 0,5 kg/m2 was applied on the surface of the first layer to allow the impregnation of
the second layer of the CFRP, The third layer is made in the same way. Finally, a layer of
resin was applied on the surface of wrapped cylinders. This system is a passive type in that
tensile stress in the FRP is gradually developed as the concrete dilates. This expansion is
confined by the FRP jacket, which is loaded in tension in the hoop direction. Each layer was
wrapped around the cylinder with an overlap of ¼ of the perimeter to avoid sliding or de‐
bonding of fibers during tests and to ensure the development of full composite strength
(Figure 4). The wrapped cylinder specimens were left at room temperature for 1 week for
the epoxy to harden adequately before testing.

Figure 4. Wrapped cylinder specimens

4.4. Test Procedures

Specimens were loaded under a monotonic uni-axial compression load up to failure. The com‐
pressive load was applied at a rate corresponding to 0,24 MPa/s and was recorded with an
automatic data acquisition system. Axial and lateral strains were measured using apprecia‐
ble extensometer. The instrumentation included one radial linear variable differential trans‐
ducers (LVDTs) placed in the form of a hoop at the mid-height of the specimens. Measurement
devices also included three vertical LVDTs to measure the average axial strains. Prior to test‐
ing, all CFRP-wrapped cylinders, as well as the plain concrete cylinders, were capped with
sulfur mortar at both ends.The test setup for the cylinders is as shown in Figure 5.
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Figure 5. Test set-up

5. Test Results and Discussion

5.1. Overall Behavior

Compression behavior of the CFRP wrapped specimens was mostly similar in each series in
terms of stress-strain curves and failure modes of the columns. From the average experi‐
mental results reported in Table 2, it can be seen that the increase in strength and axial strain
varied according to the unconfined concrete strength, the cross section shape and the
amount of confinement provided by CFRP (expressed in number of layers).

The test results described in Table 2 indicate that CFRP-confinemnt can significantly en‐
hance the ultimate strengths and strains of both plain- and RC-columns. As observed for
normal-strength RC specimens (26Mpa) with circular and square cross-sections, the average
increase in strength were in the order of 69% and 22% over its unconfined concrete strength
for columns with 1 layer, 141% and 46% for columns with 3 layers of CFRP jackets, respec‐
tively, while the respective values for medium-strength concrete (50 MPa) were 33% and
17% for 1 layer, 72% and 30% for 3 layers of CFRP jackets. Regarding high-strength concrete
specimens (62 MPa) with circular and square cross-sections, f’cc, increased on average 20%
and 17% for 1 layer, 50% and 24% for CFRP jackets of 3 layers, respectively.

The axial strains corresponding to CFRP-confined columns (εcc), for the normal-strength RC
specimens with circular and square cross-sections, were on average 4.06 and 1.41 times that
of unconfined concrete (εco) for 1 layer, 6.09 and 1.95 times for 3 layers of CFRP jackets, re‐
spectively, while the respective values for medium-strength concrete were 2.76 and 1.32
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times for 1 layer, 4.49 and 1.69 times for 3 layers. For high-strength concrete specimens with
circular and square cross-sections, εcc, increased 1.39 and 1.03 times for 1 layer, 2.29 and 1.37
times for CFRP jackets of 3 layers, respectively.

Figure 6 shows the increase in compressive strength versus the unconfined concrete strength
fco for plain and RC columns confined with one and three layers of CFRP wrap. It is evident
that as the unconfined concrete strength increases, the confinement effectiveness decreases.
The FRP-wrapped cylinders with the least fco (26 MPa) show the maximum increases in con‐
fined strength f’cc. Figure 7 shows the effect of fco on the peak strain εcc of the confined con‐
crete. Test results clearly showed that the confinement effectiveness reduces with an
increase in the unconfined concrete strength for both circular and square columns and
strength enhancement was more significant for circular columns than for square ones. This
is due to the concentration of stresses at the corner of the square section and consequently to
the lower confining pressure and smaller effective confined concrete core area.

Compared to the FRP-confinement-effectiveness, the confinement provided by the mini‐
mum transverse reinforcing steel required by Eurocode 2 led to a limited enhancement in
both compressive strength and axial strain with respect to plain concrete specimens. With
the exception of SRCI.0L specimens, where its presence contributed to a significant increase
in the prism load carrying capacity and ductility as shown in Figures 6 and 7.

Figure 6. Effect of unconfined strength of concrete on peak stresses
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Concrete

mixture

Specimen

Code

f'co

[MPa]

f’cc

[MPa]

f’cc/f’co εcc

[‰]

εcc/ εco εh,rup

[‰]

εh,rup/ εho

CPCI.0L 25.93 1.00 2.73 1.00 1.77 1.00

CPCI.1L 25.93 39.63 1.52 12.78 4.68 13.12 7.41

CPCI.3L 66.14 2.55 15.16 5.55 13.18 7.44

I (26MPa) CRCI.0L 29.51 1.00 3.77 1.00 4.95 1.00

CRCI.1L 29.51 49.88 1.69 15.34 4.06 13.15 2.65

CRCI.3L 71.35 2.41 22.98 6.09 13.24 2.67

CPCII.0L   49.46 1.00 1.69 1.00 1.33 1.00

CPCII.1L 49.46 52.75 1.06 2.52 1.49 2.90 2.18

CPCII.3L 82.91 1.67 7.27 4.30 13.15 9.88

II (50MPa) CRCII.0L 58.24 1.00 3.02 1.00 5.05 1.00

CRCII.1L 58.24 77.51 1.33 8.36 2.76 13.16 2.60

CRCII.3L 100.41 1.72 13.58 4.49 13.18 2.61

CPCIII.0L   61.81 1.00 2.64 1.00 2.40 1.00

CPCIII.1L 61.81 62.68 1.01 3.04 1.15 2.46 1.02

CPCIII.3L 93.19 1.50 9.80 3.71 12.89 5.37

III (62MPa) CRCIII.0L 63.01 1.00 2.69 1.00 4.90 1.00

CRCIII.1L 63.01 76.21 1.20 3.75 1.39 5.20 1.06

CRCIII.3L 94.81 1.50 6.18 2.29 5.62 1.14

SPCI.0L 24.77 1.00 2.17 1.00 3.62 1.00

SPCI.1L 24.77 27.66 1.11 5.58 2.57 12.23 3.37

SPCI.3L 32.03 1.29 6.05 2.78 13.23 3.65

I (26MPa) SRCI.0L 33.59 1.00 4.29 1.00 9.38 1.00

SRCI.1L 33.59 41.02 1.22 6.08 1.41 11.58 1.23

SRCI.3L 49.12 1.46 8.40 1.95 14.38 1.53

SPCII.0L 48.53 1.00 3.38 1.00 3.83 1.00

SPCII.1L 48.53 52.52 1.08 4.03 1.19 7.34 1.91

SPCII.3L 58.25 1.20 6.72 1.98 9.88 2.57

II (50MPa) SRCII.0L 52.82 1.00 4.07 1.00 7.50 1.00

SRCII.1L 52.82 62.04 1.17 5.41 1.32 8.56 1.14

SRCII.3L 69.09 1.30 6.89 1.69 10.83 1.44

SPCIII.0L 59.53 1.00 3.56 1.00 3.89 1.00

SPCIII.1L 59.53 61.30 1.02 3.69 1.03 3.97 1.02

SPCIII.3L 70.35 1.18 4.94 1.38 6.69 1.71

III (62MPa) SRCIII.0L 63.79 1.00 3.75 1.00 5.71 1.00

SRCIII.1L 63.79 74.84 1.17 3.87 1.03 5.74 1.01

SRCIII.3L 79.59 1.24 5.14 1.37 7.96 1.39

Table 2. Mean-values of experimental results of CFRP-wrapped specimens
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Concrete
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[MPa]

f’cc/f’co εcc

[‰]
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[‰]
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5.2. Stress-Strain Response

Representative stress-strain curves for each series of tested CFRP-wrapped specimens are re‐
ported in Figure 8 for normal-strength concrete (26 MPa), Figure 9 for medium-strength con‐
crete (50 MPa) and in Figure 10 for high-strength concrete (62 MPa). These figures give the
axial stress versus the axial and lateral strains for circular and square specimens with zero,
one and three layers of CFRP wrap. It can be clearly noticed that both the stress and strain at
failure for the confined specimens were higher than those for unconfned ones. These figures
shows also how the ductility of the concrete specimens was affected by the increase of the
degree of confinement.

Figure 7. Effect of unconfined strength of concrete on peak strains

The obtained stress-strain curves which characterize the CFRP confined concrete are mostly
bilinear. The first zone is essentially a linear response governed by the stiffness of the uncon‐
fined concrete, which indicates that no confinement is activated in the CFRP wraps since the
lateral strains in the concrete are very small. The strengthening effect of the CFRP layers be‐
gins only after the concrete has reached the peak strength of the unconfined concrete: trans‐
versal strains in the concrete activate the FRP jacket. In this region little increases of load
produce large lateral expansions, and consequently a higher confining pressure. In the case
of circular sections the section is fully confined, therefore the second slope is positive, show‐
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ing the capacity of confining pressure to limit the effects of the deteriorated concrete core,
which allows reaching higher stresses. With this type of stress-strain curves (the increasing
type), both the compressive strength and the ultimate strain are reached at the same point
and are significantly enhanced. Instead in the cases of square sections (sharp edges) with a
small amount of FRP, the peak stress is similar to that of unconfined concrete, indicating the
fact that the confining action is mostly limited at the corners, producing a confining pressure
not sufficient to overcome the effect of concrete degradation. Otherwise with low levels of
confinement (one CFRP layer), the second part of the bilinear curve shifts from strain hard‐
ening to a flat plateau, and eventually to a sudden strain softening with a drastically re‐
duced ductility.

From the trends shown in Figures 8, 9 and 10, it is clear that, unlike normal strength con‐
crete, in medium- to high- strength concrete, confining the specimens with one CFRP layer
does not significantly change the stress-strain behavior of confined concrete from that of un‐
confined concrete except for a limited increase in compressive strength. In that case the
stress-strain curve terminates at a stress f’cu (stress in concrete at the ultimate strain) < f’co, the
specimen is said to be insufficiently confined. Such case should not be allowed in design.

Figure 8. Experimental stress strain curves of normal-strength concrete specimens (26 MPa)
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Figure 9. Experimental stress strain curves of medium-strength concrete specimens (50 MPa)

5.3. Failure Modes

Figure 11 illustrate the failure modes for circular and square columns wrapped with CFRP
sheets. All the CFRP-wrapped cylinders failed by the rupture of the FRP jacket due to hoop
tension. The CFRP-confined specimens failed in a sudden and explosive manner and were
only preceded by some snapping sounds. Many hoop sections formed as the CFRP rup‐
tured. These hoops were either concentrated in the central zone of the specimen or distribut‐
ed over the entire height. The wider the hoop, the greater the section of concrete that
remained attached to the inside faces of the delaminated CFRP. Regarding confined concrete
prisms, failure initiated at or near a corner, because of the high stress concentration at these
locations. Collapse occured almost without advance warning by sudden rupture of the com‐
posite wrap. For all confined specimens, delamination was not observed at the overlap loca‐
tion of the jacket, which confirmed the adequate stress transfer over the splice.
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Figure 10. Experimental stress strain curves of high-strength concrete specimens (62 MPa)

Figure 11. Typical failure modes for the tested specimens
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6. Model of FRP-Confined Concrete

6.1. Circular Columns

6.1.1. Compressive Strength of FRP-Confined Concrete

Various models for confinement of concrete with FRP have been developed. The majority of
these models were performed on plain concrete specimens’ tests. A limited number of tests
have been reported in the literature on the axial compressive strength and strain of rein‐
forced-concrete specimens confined with FRP. Most of the existing strength models for FRP-
confined concrete adopted the concept of Richart et al. (1929) [22], in which the strength at
failure for concrete confined by hydrostatic fluid pressure takes the following form:

f 'cc = f 'co + k1. f l (4)

Where f’cc and f’co are the compressive strength of confined and the unconfined concrete re‐
spectively, fl is the lateral confining pressure and k1 is the confinement effectiveness coeffi‐
cient. In applying their model to steel-confined concrete, Richart et al. (1929) [22] assumed
that k1 is a constant equal to 4.1. However, several studies revealed that existing models for
the axial compressive strength of steel-confined concrete are unconservative and cannot be
used for FRP-confined concrete (see: [6,21,23-27]; among others). Many authors have raised
towards the steel-based confinement models the objection that they do not account for the
profound difference in uniaxial tensile stress-strain behavior between steel and FRP. Ac‐
cording to these authors, while the assumption of constant confining pressure is still realistic
in the case of steel confinement in the yield phase, it cannot be extended to FRP materials
which do not exhibit any yielding and therefore apply on the concrete core a continuously
increasing inward pressure. However, a number of strength models have been proposed
specifically for FRP-confined concrete which employ Equation (4) with modified expres‐
sions for k1 (e.g. [6,7,23-25,27-36]). Most of these models used a constant value for k1 (be‐
tween 2 and 3.5) indicating that the experimental data available in the literature show a
linear relationship between the strength of confined concrete f’cc and the lateral confining
pressure fl ([7,29,31-37]). Other researchers expressed k1 in nonlinear form in terms of fl/f’co or
fl [6,23-25,27,28,30].

FRP Circumferential Failure Strain

According to the obtained test results, cylinder failure occurs before the FRP reached their
ultimate strain capacities εfu. So the failure occurs prematurely and the circumferential fail‐
ure strain was lower than the ultimate strain obtained from standard tensile testing of the
FRP composite. This phenomenon considerably affects the accuracy of the existing models
for FRP-confined concrete. Referring to Table 3, for example, the rupture of the low-
strength-cylinder IRCC.2.3L corresponded to a maximum composite extension (circumfer‐
ential failure strain) εh,rup of 12.42 ‰ which is lower than the ultimate composite strain εfu (14
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‰) as it represent about 88 % of it. This reduction in the strain of the FRP composites can be
attributed to several causes as reported in related literature [6,33,38]:

- The curved shape of the composite wrap or misalignment of fibers may reduce the FRP
axial strength;

- Near failure the concrete is internally cracked resulting in non-homogeneous deforma‐
tions. Due to this non-homogeneous deformations and high loads applied on the cracked
concrete, local stress concentrations may occur in the FRP reinforcement.

Concrete

mixture

Specimen code εfu (‰) εh.rup. (‰) εh.rup. /εfu

CRCI.1L.1 14 13.15 0.939

CRCI.1L.2 14 13.16 0.940

I (26 MPa) CRCI.3L.1 14 14.06 1.004

CRCI.3L.2 14 12.42 0.887

CPCI.1L.1 14 13.12 0.937

CPCI.3L.1 14 13.18 0.941

CRCII.1L.1 14 13.17 0.940

CRCII.1L.2 14 13.16 0.940

II (50 MPa) CRCII.3L.1 14 13.20 0.942

CRCII.3L.2 14 13.17 0.940

CPCII.1L.1 14 2.90 0.207

CPCII.3L.1 14 13.15 0.939

CRCIII.1L.1 14 7.79 0.556

CRCIII.1L.2 14 2.61 0.186

III (62 MPa) CRCIII.3L.1 14 4.10 0.292

CRCIII.3L.2 14 7.15 0.510

CPCIII.1L.1 14 2.46 0.175

CPCIII.3L.1 14 12.89 0.920

Table 3. Average hoop rupture strain ratios (circular specimens)

Effective FRP Strain Coefficient

In existing models for FRP-confined concrete, it is commonly assumed that the FRP ruptures
when the hoop stress in the FRP jacket reaches its tensile strength from either flat coupon
tests which is herein referred to as the FRP material tensile strength. This assumption is the
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basis for calculating the maximum confining pressure fl (the confining pressure reached
when the FRP ruptures) given by Equation (1). The confinement ratio of an FRP-confined
specimen is defined as the ratio of the maximum confining pressure to the unconfined con‐
crete strength (fl/f’co).

However, experimental results show that, the FRP material tensile strength was not reached
at the rupture of FRP in FRP-confined concrete. Table 4 provides the average ratios between
the measured circumferential strain at FRP rupture (εh,rup) and the ultimate tensile strain of
the FRP material (εfu). It is seen that, when all circular specimens of the present study are
considered together, the average ratio (εh,rup/εfu) has a value closer to 0.73 and is referred to,
in this paper, as the effective FRP strain coefficient η. Thus, the maximum confining pres‐
sure given by Equation (1) can be considered as a nominal value. The effective maximum
lateral confining pressure is given by:

f l ,eff =
2t frpE frpεh ,rup

d =
2t frpE frpη ε fu

d =η f l
(5)

Table 3 indicates that the assumption that the FRP ruptures when the stress in the jacket
reaches the FRP material tensile strength is invalid for concrete confined by FRP wraps.

Proposed Equation

A simple equation is proposed to predict the peak strength of FRP-confined concrete of dif‐
ferent unconfined strengths based on regression of test data reported in Table 4. Figure 12
shows the relation between actual confinement ratio fl,eff/ f’co and the strengthening ratio f’cc/
f’co for the cylinders of the test series. It can be seen that, strengthening ratio is proportional
to the volumetric ratio and the strength of FRP (in terms of effective lateral confining pres‐
sure fl,eff) and is inversely proportional to unconfined concrete strength. Therefore the rela‐
tionship may be approximated by a linear function. The trend line of these test data can be
closely approximated using the following equation:

f 'cc
f 'co

=1 + 2.20
f l ,eff
f 'co

(6)

Using a reduction factor η of 0.73 with the replacement of fl,eff by fl into Equation (6) the ulti‐
mate axial compressive strength of FRP-confined concrete takes the form:

f 'cc
f 'co

=1 + 1.60
f l

f 'co
(7)

Figure 13 is a plot of the strengthening ratio f’cc/ f’co against the confinement ratio fl /f’co. The
trend line of this figure shows a much greater average confinement effectiveness coefficient
k1. This can be attributed to the effect of the effective lateral confining pressure.
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Specimen

code

f'co

(Mpa)

tcfrp

(mm)

Ecfrp

(Gpa)

εfu

(‰)

εh.rup.

(‰)

fl / f'co fl.eff / f'co f'cc / f'co εco

(‰)

εcc / εco

CRCI.1L.1 29.51 1 34 14 13.15 0.201 0.189 1.714 3.77 4.225

CRCI.1L.2 29.51 1 34 14 13.16 0.201 0.189 1.666 3.77 3.912

CRCI.3L.1 29.51 3 34 14 14.06 0.604 0.607 2.400 3.77 5.893

CRCI.3L.2 29.51 3 34 14 12.42 0.604 0.536 2.435 3.77 6.297

CPCI.1L.1 25.93 1 34 14 13.12 0.229 0.215 1.528 2.73 4.681

CPCI.3L.1 25.93 3 34 14 13.18 0.688 0.648 2.550 2.73 5.553

CRCII.1L.1 58.24 1 34 14 13.17 0.102 0.096 1.302 3.02 2.440

CRCII.1L.2 58.24 1 34 14 13.16 0.102 0.096 1.359 3.02 3.096

CRCII.3L.1 58.24 3 34 14 13.20 0.306 0.288 1.742 3.02 4.543

CRCII.3L.2 58.24 3 34 14 13.17 0.306 0.288 1.705 3.02 4.450

CPCII.1L.1 49.46 1 34 14 2.90 0.120 0.024 1.066 1.69 1.491

CPCII.3L.1 49.46 3 34 14 13.15 0.360 0.338 1.676 1.69 4.301

CRCIII.1L.1 63.01 1 34 14 7.79 0.094 0.052 1.237 2.69 1.706

CRCIII.1L.2 63.01 1 34 14 2.61 0.094 0.017 1.181 2.69 1.081

CRCIII.3L.1 63.01 3 34 14 4.10 0.283 0.082 1.506 2.69 1.438

CRCIII.3L.2 63.01 3 34 14 7.15 0.283 0.144 1.503 2.69 3.156

CPCIII.1L.1 61.81 1 34 14 2.46 0.096 0.016 1.014 2.64 1.151

CPCIII.3L.1 61.81 3 34 14 12.89 0.288 0.265 1.507 2.64 3.711

Table 4. Data and results of CFRP wrapped cylinders

Figure 12. Strengthening ratio vs. actual confinement ratio
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Figure 13. Strengthening ratio vs. confinement ratio

6.1.2. Axial Strain of FRP-Confined Concrete

Early investigation showed that for steel confined concrete, the axial compressive strain εcc

at the peak axial stress can be related to the lateral confining pressure [22] by:

εcc =εco(1 + k2
f l

f 'co
) (8)

Where εco is the axial strain of the unconfined concrete at its peak stress and k2 is the strain
enhancement coefficient. Richart et al. (1929) [22] suggested k2 = 5 k1 for steel-confined con‐
crete. For FRP-confined concrete, many studies suggested that ultimate axial strain can also
be related to the lateral confining pressure (e.g. [3,6,15,28,33,36,37,39]). In literature, some
methods for predicting the ultimate strain of FRP-confined concrete cylinders have been
proposed. Existing models can be classified into three categories as follows:

(a) Steel-based confined models (e.g. [1, 40]), Saadatmanesh et al. (1994) [1] assumed that:

εcc
εco

= 1+ 5( f 'cc
f 'co

−1) (9)

where εco is the strain in peak stress of unconfined concrete and εcc is axial strain at peak
stress of the FRP-confined concrete.

(b) Empirical or analytical models (e.g. [10,21,24,29,30,36,39,41]), Teng et al. (2002) [21] pro‐
posed:

- For CFRP wrapped concrete:

εcc
εco

= 2+ 15( f l
f 'co

) (10)
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- For design use:

εcc
εco

= 1.75+ 10( f l
f 'co

) (11)

(c) Recently, some models for predicting the axial stress and strain of FRP-confined concrete
were suggested based on numerical method or plasticity analysis (e.g. [42,46]), whereas
these models are often not suitable for direct use in design.

Proposed Equation

Figure 14 shows the relation between the strain enhancement ratio and the actual confine‐
ment ratio of the present test data. A linear relationship clearly exists. This diagram indi‐
cates that the axial strain of FRP-confined concrete can be related linearly to the actual
confinement ratio. Based on regression of test data reported in Table 5, the axial strain of
CFRP-wrapped concrete can be approximated by the following expression:

εcc
εco

= 2+ 7.6( f l ,eff
f 'co

) (12)

Replacing fl,eff by fl into Equation (12) the axial strain of FRP-confined concrete takes the
form:

εcc
εco

= 2+ 5.55( f l
f 'co

) (13)

Given that εcc for concrete sufficiently confined by FRP is the ultimate strain εcu.

Figure 14. Strain enhancement ratio vs. actual confinement ratio
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Figure 15. Strengthening ratio vs. confinement ratio and strain enhancement ratio vs. confinement ratio for the test
results of this work

6.1.3. Validation of the Proposed Model

Using above model, the compressive strength and axial strain of FRP-confined specimens
collected from other studies [6,36,47,48] were predicted as shown in Tables 5 and 6 which
clearly exhibits excellent agreement between the experimental and predicted results. The
present model is more accurate in predcting the compressive strength but less accurate in
predicting the axial strain.

In Figure 15 the strengthening ratio-confinement ratio and the strain enhancement ratio-
confinement ratio plots for the test results of this work (circular and square specimens) are
shown, together with their respective linear regressions. From these Figures, it can be seen
that the the axial confined compressive strength and the corresponding axial strain, approxi‐
mately, increase linearly with the increase in confining lateral pressure for all types of sec‐
tion geometry. There is also a great distinction between the tendency of the results obtained
for circular columns and those for square ones.
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Specimen code FRP

Type

f'co

(Mpa)

Efrp

(Gpa)

εfu

(‰)

tfrp

(mm)

d

(mm)

fl

(Mpa)

k1 f'cc.theo,

(Mpa)

f'cc,exp,

(Mpa)

f'cc.theo./

f'cc.exp.

Matthys et al. (2005) [6]

k2 CFRP 32 198 11.9 0.585 400 6.891 1.6 43.027 54.30 0.792

k8 HFRP 32 120 9.6 0.492 400 2.833 1.6 36.534 44.40 0.822

Ilki et al. (2003) [47]

CYL-5-1 CFRP 6.2 230 15 0.825 150 37.950 1.6 66.920 87.70 0.763

CYL-5-2 CFRP 6.2 230 15 0.825 150 37.950 1.6 66.920 82.70 0.809

Lam et al. (2006) [48]

CI-M1 CFRP 41.1 250 15.2 0.165 152 8.250 1.6 54.300 52.60 1.032

CI-M3 CFRP 41.1 250 15.2 0.165 152 8.250 1.6 54.300 55.40 0.980

CII-M3 CFRP 38.9 247 15.2 0.33 152 16.302 1.6 64.983 65.80 0.987

Jiang et Teng (2007) [36]

36 CFRP 38 240.7 15 1.02 152 48.456 1.6 115.530 129 0.895

39 CFRP 38 240.7 15 1.36 152 64.608 1.6 141.374 158.5 0.891

40 CFRP 37.7 260 15 0.11 152 5.644 1.6 46.731 48.50 0.963

41 CFRP 37.7 260 15 0.11 152 5.644 1.6 46.731 50.30 0.929

42 CFRP 44.2 260 15 0.11 152 5.644 1.6 53.231 48.10 1.106

43 CFRP 44.2 260 15 0.11 152 5.644 1.6 53.231 51.10 1.041

45 CFRP 44.2 260 15 0.22 152 11.289 1.6 62.263 62.90 0.989

46 CFRP 47.6 250.5 15 0.33 152 16.315 1.6 73.704 82.70 0.891

Average: 0.926

Standard deviation: 0.101

Coefficient of variation (%): 10.90

Table 5. Comparison of experimental and predicted results: compressive strength
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Specimen

code

FRP

type

εco εcc,exp k2 εcc, theo εcc,theo / εcc,exp

Matthys et al. (2005) [6]

k2 CFRP 0.00280 0.0111 5.55 0.0089 0.806

 k8 HFRP 0.00280 0.0059 5.55 0.0069 1.182

Ilki et al. (2003) [47]

CYL-5-1 CFRP 0.00196 0.0910 5.55 0.0707 0.777

 CYL-5-2 CFRP 0.00203 0.0940 5.55 0.0730 0.777

Lam et al. (2006) [48]

CI-M1 CFRP 0.00256 0.0090 5.55 0.0079 0.885

CI-M3 CFRP 0.00256 0.0111 5.55 0.0079 0.718

 CII-M3 CFRP 0.00256 0.0125 5.55 0.0110 0.885

Jiang et Teng (2007) [36]

36 CFRP 0.00217 0.0279 5.55 0.0196 0.704

39 CFRP 0.00217 0.0354 5.55 0.0248 0.700

40 CFRP 0.00275 0.0089 5.55 0.0077 0.869

41 CFRP 0.00275 0.0091 5.55 0.0077 0.851

42 CFRP 0.00260 0.0069 5.55 0.0070 1.019

43 CFRP 0.00260 0.0088 5.55 0.0070 0.793

45 CFRP 0.00260 0.0102 5.55 0.0088 0.866

 46 CFRP 0.00279 0.0130 5.55 0.0108 0.834

Average: 0.845

Standard deviation: 0.125

Coefficient of variation (%): 14.80

Table 6. Comparison of experimental and predicted results: axial strain

6.2. Square Columns

6.2.1. Compressive Strength

The effective Lateral Confining Pressure

The effective lateral confining pressure f’ l can be defined as a function of the shape through
the use of a confinement effectiveness coefficient k e as:

 f ’l  =ke  f l (14)
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were fl is the lateral confining pressure provided by an FRP jacket and can be evaluated us‐
ing Equation (1), with the columns diameter d replaced by the diagonal length of the square
section. fl now becomes an equivalent confining pressure provided by the FRP jacket to an
equivalent circular columns. On the other hand, the effective FRP strain coefficient η’ is de‐
fined as the ratio of the FRP tensile hoop strain at rupture in the square column tests (εh,rup)
to the ultimate tensile strain from FRP tensile coupon tests (εfu):

η ' =
εh ,rup
ε fu

(15)

The effective FRP strain coefficient represents the degree of participation of the FRP jacket,
and the friction between concrete and FRP laminate. Type bond, geometry, FRP jacket thick‐
ness, and type of resin affect the effective FRP strain coefficient. From the experimental re‐
sults (Table 7), η’ was 68 % on average for square bonded jackets.

Specimen

code

f'co

(Mpa)

tcfrp

(mm)

Ecfrp

(Gpa)

εfu

(‰)

εh,rup

(‰)

d

(mm)

fl / f'co fl,eff / f'co f'cc / f'co εco

(‰)

εcc / εco

SRCI.1L.1 33.59 1 34 14 10.28 197.989 0.097 0.105 1.2051 4.29 1.249

SRCI.1L.2 33.59 1 34 14 12.88 197.989 0.097 0.131 1.2373 4.29 1.585

SRCI.3L.1 33.59 3 34 14 13.47 197.989 0.292 0.413 1.4534 4.29 2.093

SRCI.3L.2 33.59 3 34 14 15.30 197.989 0.292 0.469 1.4713 4.29 1.825

SPCI.1L.1 24.77 1 34 14 12.23 197.989 0.132 0.169 1.1167 2.17 2.571

SPCI.3L.1 24.77 3 34 14 13.23 197.989 0.396 0.550 1.2931 2.17 2.788

SRCII.1L.1 52.82 1 34 14 7.60 197.989 0.061 0.049 1.2009 4.07 1.066

SRCII.1L.2 52.82 1 34 14 9.53 197.989 0.061 0.061 1.1484 4.07 1.594

SRCII.3L.1 52.82 3 34 14 11.56 197.989 0.185 0.225 1.2755 4.07 1.909

SRCII.3L.2 52.82 3 34 14 10.11 197.989 0.185 0.197 1.3406 4.07 1.476

SPCII.1L.1 48.53 1 34 14 7.34 197.989 0.067 0.051 1.0822 3.38 1.192

SPCII.3L.1 48.53 3 34 14 9.88 197.989 0.202 0.209 1.2003 3.38 1.988

SRCIII.1L.1 63.79 1 34 14 5.78 197.989 0.051 0.031 1.1422 3.75 1.026

SRCIII.1L.2 63.79 1 34 14 5.71 197.989 0.051 0.030 1.2043 3.75 1.037

SRCIII.3L.1 63.79 3 34 14 7.16 197.989 0.153 0.115 1.2475 3.75 1.338

SRCIII.3L.2 63.79 3 34 14 8.76 197.989 0.153 0.141 1.2478 3.75 1.402

SPCIII.1L.1 59.53 1 34 14 3.97 197.989 0.054 0.022 1.0297 3.56 1.036

SPCIII.3L.1 59.53 3 34 14 6.69 197.989 0.164 0.115 1.1818 3.56 1.387

Table 7. Data and results of CFRP confined square concrete specimens
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Based on these observations, the effective equivalent lateral confining pressure f l for square
section, is given by:

-For square section:

f l =
2t frpE frpεh ,rup

2b
=

2t frpE frpη 'ε fu

2b
(16)

-For square section with round corners:

f l =
2t frpE frpεh ,rup

2b −2Rc ( 2−1) =
2t frpE frpη 'ε fu

2b −2Rc ( 2−1) (17)

Confinement Effectiveness Coefficient “k e ”

For the determination of the effectiveness factor ke it can be assumed that, in the case of a
circular cross-section, the entire concrete core is effectively confined, while, for the square
section there is a reduction in the effectively confined core that can be assumed, analogously
with the case of concrete core confined by transverse steel stirrups [17], in the form of a sec‐
ond-degree parabola with an initial tangent slope of 45°. For a square section wrapped with
FRP (Figure 16) and with corners rounded with a radius Rc, the parabolic arching action is
again assumed for the concrete core where the confining pressure is fully developed. Unlike
a circular section, for which the concrete core is fully confined, a large part of the cross-sec‐
tion remains unconfined. Based on this observation, it is possible to obtain the area of un‐
confined concrete Au, as follows:

Figure 16. Effectivelly confined core for square sections
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- For square section:

Au =4( b 2

6 )=
2b 2

3
(18)

- For square section with round corners:

Au =4( b'2
6 )=

2b'2
3

(19)

The confinement effectiveness coefficient ke is given by the ratio of the effective confinement
area Ae to the total area of concrete enclosed by the FRP jacket, Ac, as follows:

ke =
Ae
Ac

=
(Ac − Au)

Ac
=1−

Au
(Ag − As)

=1−
Au

Ag(1−ρsc)
(20)

Where Ag is the gross area of column section, and ρsc is the cross-sectional area ratio of longi‐
tudinal steel.

By substituting the expression (18) or (19) into (20), the confinement effectiveness coefficient
ke is therefore given by:

- For square section:

ke =1−
2b 2

3Ag (1−ρsc)
(21)

- For square section with round corners:

ke =1−
2b'2

3Ag (1−ρsc)
(22)

Proposed Equation

Base on the linear equation previously proposed by Richart et al. (1929) [22] for uniformly
confined concrete, the proposed model employs similar approach with several modifica‐
tions accounting for the effect of the shape, effective FRP strain and effective confinement.
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The compressive strength of a square FRP-confined concrete column is proposed to be a
simple modification of Equation (7) by the introduction of a confinement effectiveness coef‐
ficient denoted ke. Thus,

f 'cc
f 'co

=1 + k1ke
f l

f 'co
(23)

Where kefl /f’co is the effective confinement ratio. The coefficient k1 was taken as 1.60, which
was suggested for uniformly confined concrete. Considering the known values of the prod‐
uct of the parameters k1 and ke as found from expression (23) for the tested columns of this
work, the values of ke were deduced, and were on average equal to 0.36. Finally, the equa‐
tion proposed for the confined concrete strength is:

f 'cc = f 'co + 0.58 f l (24)

6.2.2. Axial Strain at Peak Stress

Similarly to the compressive strength, the axial strain at peak stress is proposed to be given
by the following equation in which a different confinement effectiveness coefficient, ke2, is
introduced:

εcc
εco

= 2+ k2ke2( f l
f 'co

) (25)

In Equation (25), fl is the confining pressure in an equivalent circular column given by Equa‐
tion (16) for square section, while k2 = 5.55 and ke2 = 0,72. The equation proposed for the axial
strain is:

εcc =εco 2 + 4( f l
f 'co

) (26)

6.2.3. Comparison Between Proposed Model and Existing Test Data

Tables 8 and 9 show comparisons between the predictions of the proposed model and the
experimental results collected from other studies [49,50,51,52] for the compressive strength
and the axial strain at peak stress of FRP-confined concrete in square sections. Clearly, the
present model is more accurate in predicting the compressive strength but less accurate in
predicting the axial strain. Accurate predictions of the axial strain are an issue that will re‐
quire a great deal of further research.
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 Specimen

code

FRP

type

f'co

(Mpa)

tfrp

(mm)

Efrp

(Gpa)

εfu

(‰)

b

(mm)

Rc

(mm)

d

(mm)

fl

(Mpa)

f'cc

(Mpa)

f'cc .théo f'cc. théo /

f'cc.exp

Demers and Neale (1994) [49]

- CFRP 32.3 0.9 25 15.2 152 5 210.818 2.206 34.1 33.579 0.984

- CFRP 42.2 0.9 25 15.2 152 5 210.818 2.206 45.99 43.479 0.945

- CFRP 42.2 0.9 25 15.2 152 5 210.818 2.206 45.7 43.479 0.951

Lam and Teng (2003b) [51]

S1R15 CFRP 33.7 0.165 257 17.58 150 15 199.705 5.076 35 36.644 1.046

S2R15 CFRP 33.7 0.33 257 17.58 150 15 199.705 10.15 50.4 39.589 0.785

Rochette (1996) [50]

2B CFRP 42 0.9 82.7 15 152 5 210.818 7.202 39.4 46.177 1.172

2D1 CFRP 42 0.9 82.7 15 152 25 194.249 7.816 42.1 46.533 1.105

2D2 CFRP 42 0.9 82.7 15 152 25 194.249 7.816 44.1 46.533 1.055

2G1 CFRP 42 0.9 82.7 15 152 38 183.480 8.275 47.3 46.799 0.989

2G2 CFRP 42 0.9 82.7 15 152 38 183.480 8.275 50.4 46.799 0.928

2C CFRP 43.9 1.5 82.7 15 152 5 210.818 12.003 44.1 50.862 1.153

2E CFRP 43.9 1.2 82.7 15 152 25 194.249 10.422 50.8 49.944 0.983

6A AFRP 43 1.26 13.6 16.9 152 5 210.818 1.868 50.8 44.083 0.867

6D AFRP 43 5.04 13.6 16.9 152 5 210.818 7.472 54.3 47.334 0.871

6E AFRP 43 1.26 13.6 16.9 152 25 194.249 2.027 51.2 44.175 0.862

6F AFRP 43 2.52 13.6 16.9 152 25 194.249 4.055 51.2 45.351 0.885

6G AFRP 43 3.78 13.6 16.9 152 25 194.249 6.082 53.2 46.527 0.874

6H AFRP 43 5.04 13.6 16.9 152 25 194.249 8.110 55.2 47.703 0.864

6I AFRP 43 2.52 13.6 16.9 152 38 183.480 4.293 50.9 45.490 0.893

6J AFRP 43 3.78 13.6 16.9 152 38 183.480 6.439 52.7 46.735 0.886

Benzaid (2010) [52]

P300-R0-1P1 GFRP 54.8 1.04 23.8 21.2 100 0 141.421 5.046 54.50 57.726 1.059

P300-R0-1P2 GFRP 54.8 1.04 23.8 21.2 100 0 141.421 5.046 56.60 57.726 1.019

P300-R0-1P3 GFRP 54.8 1.04 23.8 21.2 100 0 141.421 5.046 57.20 57.726 1.009

P300-R8-1P1 GFRP 54.8 1.04 23.8 21.2 100 8 134.793 5.294 58.85 57.870 0.983

P300-R16-1P1 GFRP 54.8 1.04 23.8 21.2 100 16 128.166 5.568 60.56 58.029 0.958

Average: 0.966

Standard deviation: 0.097

Coefficient of variation (%): 10.04

Table 8. Performance of proposed model: compressive strength
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P300-R0-1P2 GFRP 54.8 1.04 23.8 21.2 100 0 141.421 5.046 56.60 57.726 1.019

P300-R0-1P3 GFRP 54.8 1.04 23.8 21.2 100 0 141.421 5.046 57.20 57.726 1.009

P300-R8-1P1 GFRP 54.8 1.04 23.8 21.2 100 8 134.793 5.294 58.85 57.870 0.983

P300-R16-1P1 GFRP 54.8 1.04 23.8 21.2 100 16 128.166 5.568 60.56 58.029 0.958

Average: 0.966

Standard deviation: 0.097

Coefficient of variation (%): 10.04

Table 8. Performance of proposed model: compressive strength
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Specimen

code

FRP type εco εcc ,exp k2 ke2 εcc,theo εcc,theo / εcc,exp

Demers and Neale (1994) [49]

1 CFRP 0.002 0.004 4 0.0045 1.136

2 CFRP 0.002 0.0035 4 0.0044 1.262

3 CFRP 0.002 0.0035 4 0.0044 1.262

Lam and Teng (2003b) [51]

S1R15 CFRP 0.001989 0.004495 4 0.0051 1.151

S2R15 CFRP 0.002 0.0087 4 0.0064 0.736

Rochette (1996) [50]

2B CFRP 0.003 0.0069 4 0.0080 1.167

2D1 CFRP 0.003 0.0094 4 0.0082 0.875

2D2 CFRP 0.003 0.0089 4 0.0082 0.925

2G1 CFRP 0.003 0.0108 4 0.0083 0.774

2G2 CFRP 0.003 0.0116 4 0.0083 0.721

2C CFRP 0.003 0.0102 4 0.0092 0.909

2E CFRP 0.003 0.0135 4 0.0088 0.655

6A AFRP 0.003 0.0106 4 0.0065 0.615

6D AFRP 0.003 0.0124 4 0.0080 0.652

6E AFRP 0.003 0.0079 4 0.0065 0.831

6F AFRP 0.003 0.0097 4 0.0071 0.735

6G AFRP 0.003 0.011 4 0.0076 0.699

6H AFRP 0.003 0.0126 4 0.0082 0.655

6I AFRP 0.003 0.0096 4 0.0071 0.749

6J AFRP 0.003 0.0118 4 0.0077 0.660

Benzaid (2010) [52]

P300-R0-1P1 GFRP 0.0025 0.0088 4 0.0059 0.672

P300-R0-1P2 GFRP 0.0025 0.0090 4 0.0059 0.657

P300-R0-1P3 GFRP 0.0025 0.0098 4 0.0059 0.604

P300-R8-1P1 GFRP 0.0025 0.0091 4 0.0059 0.655

P300-R16-1P1 GFRP 0.0025 0.0098 4 0.0060 0.613

Average: 0.815

Standard deviation: 0.214

Coefficient of variation (%): 26.30

Table 9. Performance of proposed model: axial strain
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7. Conclusions

The results of this investigation have confirmed previous observations on the efficiency of
confining FRP wraps. More specifically, the following concluding remarks can be made.

• It is evident that in all cases the presence of external CFRP jackets increased the mechani‐
cal properties of PC and RC specimens, in different amount according to the number of
composite layers, the concrete properties and the cross-section shape.

• The failure of CFRP wrapped specimens occurred in a sudden and ‘explosive’ way pre‐
ceded by typical creeping sounds. For cylindrical specimens, the fiber rupture starts mainly
in their central zone, then propagates towards other sections. Regarding confined concrete
prisms, failure initiated at or near a corner, because of the high stress concentration at these
locations,

• CFRP strengthened specimens showed a typical bilinear trend with a transition zone. On
overall, both ultimate compressive strength and ultimate strain are reached at the same
point and are variably enhanced depending on the effect of other parameters.

• The efficiency of the CFRP confinement is higher for circular than for square sections, as
expected. The increase of ultimate strength of sharp edged sections is low, although there is
a certain gain of load capacity and of ductility.

• The CFRP confinement on low-strength concrete specimens produced higher results in
terms of strength and strains than for high-strength concrete similar specimens. Therefore,
the effect of CFRP confinement on the bearing and deformation capacities decreases with in‐
creasing concrete strength;

• Increasing the amount of CFRP sheets produce an increase in the compressive strength of
the confined column but with a rate lower compared to that of the deformation capacity.

• In existing models for FRP-confined concrete, it is commonly assumed that the FRP rup‐
tures when the hoop stress in the FRP jacket reaches its tensile strength from either flat cou‐
pon tests which is herein referred to as the FRP material tensile strength. However,
experimental results show that the FRP material tensile strength was not reached at the rup‐
ture of FRP in FRP-confined concrete and specimen’s failure occurs before the FRP reached
their ultimate strain capacities. The failure occurs prematurely and the circumferential fail‐
ure strain was lower than the ultimate strain obtained from standard tensile testing of the
FRP composite. This phenomenon considerably affects the accuracy of the existing models
for FRP-confined concrete. So on the basis of the effective lateral confining pressure of com‐
posite jacket and the effective circumferential FRP failure strain a new equations were pro‐
posed to predict the strength of FRP-confined concrete and corresponding strain for each of
the cross section geometry used, circular and square. Further work is required to verify the
applicability of the proposed models over a wider range of geometric and material parame‐
ters, to improve theirs accuracy (particularly that of the axial strain at peak stress) and to
place theirs on a clear mechanical basis. Both additional tests and theoretical investigation
are needed.
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Chapter 7

Analysis of Nonlinear Composite
Members Including Bond-Slip

Manal K. Zaki

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51446

1. Introduction

Extensive research has been carried out in recent years on the use of FRP composites in
strengthening of RC structures. Concrete elements strengthened with FRP undergo signifi‐
cant improvement of strength, ductility and resistance to electrochemical corrosion. More‐
over, strengthening concrete member with FRP has the advantages of decreased installation
costs and repairs, less stiffness and weight in comparison with steel. The increase in stiffness
of the structural elements is undesirable in seismic prone areas. Structural members can be
strengthened with FRP jackets provided along the whole length of the member or in regions
of maximum straining actions. FRP strengthening can, also, be provided on one face of the
structural member as in the case of stiffening the tension fibers of a beam.

For FRP retrofitting problem, the confinement model describing the behavior of rectangular
concrete columns retrofitted with externally bonded FRP material and subjected to axial
stress was presented by Chaallal et al. [1]. Other researchers investigated the effect of FRP in
seismic strengthening of concrete columns, Tastani and Pantazopoulou [2] and Ozcan et al.
[3]. They found that FRP retrofitting remarkably increased the strength and ductility of the
strengthened members. Some researchers proposed simplified equations for FRP retrofit de‐
sign of difficient rectangular columns, Ozcan et al. [4].

Other researchers studied reinforced concrete members externally bonded with FRP fabric
using commercial software ANSYS, Kachlakev et al. [5], Li et al. [6]. Yan et al. [7] developed
an analytical stress-strain model. Purushotham et al. [8] studied piles in berthing structures
under uniaxial bending. Kaba and Mahin [9] presented the concept of fiber method in their
refined modeling of RC columns for seismic analysis under uniaxial bending.
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Some searches were conducted to the problem of biaxial bending. Bresler [10] and Bernardo
[11] studied biaxial bending for unretrofitted short rectangular columns.

At early stage of the use of layered beams, full interaction (perfect bond) was assumed in the
design. It was until the mid-fifties that Newmark and his co-authors [12] pointed the influ‐
ence of partial interaction on the overall elastic behavior of steel-concrete composite beams.
They derived the governing equations and solved the equilibrium equations expressed in
terms of the axial force. Since then, several studies have been conducted to study the prob‐
lem of bond-slip, Arizumi et al. [13], Daniel and Crisinel [14], Salari et al. [15]. Gara [16] and
Ranzi [17] adopted the displacement based finite element formulation to include the vertical
slip. Salari et al. [18] also Valipour and Bradford [19] adopted one-dimensional element
force-based element to solve the relevant problem. Other researchers [20] and [21] adopted
the mixed-procedure, displacement-based together with force-based, to solve the problem.
Moreover, nonlinear geometric effects were introduced to the problem by Girhammar and
Gopu [22], Girhammar and Pan [23], Čas et al. [24] and Pi et al. [25]. Krawczyk and the co-
authors [26,27], Battini et al. [28] developed a corotational formulation for the nonlinear
analysis of composite beams with interlayer slip. Nguyen et al. [29], Sousa et al. [30] imple‐
mented a finite element model to solve a composite beam column with interlayer slip.

Figure 1. A typical interaction diagram of RC columns

In practice, many RC columns are subjected to biaxial bending. The analysis of such prob‐
lems are difficult because a trial and adjustment procedure is necessary to find the inclina‐
tion and depth of the neutral axis. The problem becomes more complicated when the
slenderness effect is included. A typical interaction diagram for biaxially loaded column is
shown in Fig. 1. Case a and case b are the uniaxial bending about the z axis and y axis re‐
spectively. The interaction curves represent the failure envelope for different combinations
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of the axial load and bending moments. Case c represents the case of a RC column with
biaxial bending.

The material nonlinearity is considered to account for concrete cracks and the change of the
stress-strain relationship of the different materials. The material nonlinearity is thus intro‐
duced by using the FMM together with the incremental iterative solution. The geometric non‐
linearity is considered in the present study to account for the deformations occurring due to
excess bending moments developed by the effect of axial load. The geometric nonlinearity,
thus, considers the slenderness effect of the column. The bond-slip effect is considered by in‐
troducing the bond properties of the epoxy resin applied to adhere FRP to the RC column.

The method adopted is accomplished by dividing the column into segments along the mem‐
ber axis to introduce the FEA for the skeletal segments. At each end of the segment, the
cross-section is divided into concrete, steel and FRP fibers to introduce the FMM. The prop‐
erties of a cross-section is calculated by summing up the properties of all the fibers or ele‐
mental areas of the particular section. The column segment properties are considered as the
average properties of the its end cross-sections. The segment and cross-section discretization
are detailed in section 2.

The load is applied incrementally until the maximum allowed strains are reached. An incre‐
mental iterative method is employed to solve the problem. After each iteration, the proper‐
ties of each cross-section are computed according to the material changes occurring and
governed by the stress-strain relationship for each material. The properties of each column
segment is considered as the average between its end section properties. Those properties
are then introduced to the tangential linear stiffness matrix. The geometric nonlinearity is
accounted for through the geometric stiffness matrix. Also, the bond-slip effect is considered
by the addition of the bond-slip stiffness matrix.

It is, therefore, the aim in this study to adopt the FEA to formulate the linear, geometric and the
bond-slip stiffness matrices of composite members subjected to biaxial bending together with
axial forces. The model is developed within an updated Lagrangian incremental formulation.

The assumptions of the present analysis are: 1)only longitudinal partial interaction is consid‐
ered. Axial relative displacement occurs between different elements while the vertical dis‐
placement is the same for all elements. 2)small strains and moderate rotations are
considered. This assumption represents a rigorous simplification applicable to many prob‐
lems. 3) Both layers, referred to as elements in the present study, followed the Euler-Ber‐
noulli beam theory. This considers that plane cross-sections remain plane after deformations
and perpendicular to the axis of the beam. 4) Shear and torsional deformations are neglect‐
ed. 5) Effect of the column weight is neglected.

2. Fiber method modelling of frp confined beam columns

The cross-section is divided into concrete, steel and FRP fibers to introduce The FMM is in‐
troduced herein to compute the properties of each fiber, thus achieving the properties of the
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a cross-section by summing up the properties of all its fibers or elemental areas. The mesh‐
ing is given in Fig. 2(a). The column segment properties are considered as the average prop‐
erties of its end cross-sections.

The same derivation in the companion paper [31] for columns under biaxial bending is
adopted herein after the necessary modifications to solve the column under the effect of slip.

The strain distribution is defined by the maximum compressive strain εm, together with the
depth of the neutral axis, Zn. The strains are shown in Fig. 2(b).

Figure 2. Cross-section

The following section parameters are then computed

εm =εo +
b
2ϕy +

h
2 ϕz (1)

ϕ = ϕy2 + ϕz2 (2)

zn =
εm
ϕ

(3)

Ψ =tan−1
ϕz
ϕy

(4)

where φy and φz are the curvatures along the y-axis and z-axis respectively and εo is the
strain at point "O".

The elemental strain is computed as:
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ε =εm(1−
Z
Zn

) (5)

where Z is the distance from the maximum strain to the element measured perpendicular to the
N.A. After determining the strain of each fiber from eq.5, the corresponding elemental modulus
of elasticity, G, is determined as detailed in section 4. The elemental properties are computed
and summed up to obtain the cross-section properties as shown in the following equations:

E Aα =∑
i=1

nfib
(Gi)ΔAi (6a)

E Iy = ∑
α=1

n
∑
i=1

nfib
(zi)2(Gi)ΔAi (6b)

E Iz = ∑
α=1

n
∑
i=1

nfib
(yi)2(Gi)ΔAi (6c)

E I yz = ∑
α=1

n
∑
i=1

nfib
(yi)(zi)(Gi)ΔAi (6d)

(ESy)α =∑
i=1

nfib
(zi)(Gi)ΔAi (6e)

(ESz)α =∑
i=1

nfib
(yi)(Gi)ΔAi (6f)

where α is the counter of an arbitrary element. In the present study, element 1 is the RC sec‐
tion and element 2 is the FRP. n is the total number of elements and is equal to 2 in the
present study, i is the counter of fibers, nfib is the total number of fibers of element α, ΔA i is
the area of each fiber, y i, z i are distances from the center of the considered fiber to the z and
y axes respectively. Those symbols are shown in Fig. 2a. It should be noted that the proper‐
ties EA, ES y and ES z are given separately for each element, while the properties EI z, EI y and
EI yz are the summation of the corresponding properties of both elements. The reason for this
is that the axial displacement is different for each element due to the slip effect while both
elements undergo the same curvatures about the z-axis and the y-axis.

3. Displacement-based fiber model with bond-slip

A one dimensional finite element analysis is adopted to solve the column segments. The seg‐
ments are considered to be of unsymmetric cross-section caused by the inclination of the
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N.A. The finite element formulation given by Yang and McGraw [32] to solve the thin-wal‐
led, i.e. bare-steel columns, is introduced herein after applying the necessary modification to
include the concrete, FRP and bond-slip.

3.1. Displacements and strain fields

The axial displacement of an arbitrary point of an element (α ) in the cross-section is given in
terms of the displacements of a constant point “c” on the same element as follows

x xc zc ycu u zu yua ¢ ¢= - - (7)

where u xcα is the axial displacement of the element α, y and z are the vertical and horizontal
distances, respectively from the centroid of any follower element α to the centroid of the pa‐
rent element having α=1. In the present study, the concrete section and the FRP are consid‐
ered to be the parent and the follower elements respectively. And u ′

ycandu ′
zc  are the

derivatives of the transverse displacements u yc and u zc.

y=yα-y1 and z=zα-z1 however, for simplicity, the reference axes are chosen such that y1=0 and
z1=0, Fig.3 (a).

Figure 3. Column Segment

It should be noted that the transverse displacements, u yc and u zc, are considered to be the
same for all elements of the beam with respect to the axis of the beam. For simplicity, the
symbol “c” is dropped out from the r.h.s. of the equations. The relevant linear strain field
can, then, be obtained from the displacement field given by eq. 7 by differentiating the men‐
tioned equation w.r.t. the beam coordinates as
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,( )x x x x y zu u yu zua a ae ¢ ¢¢ ¢¢= = - - (8)

while the nonlinear strain field is given by

2 2 2
, , ,

1 ( )
2xx x x y x z xu u uh = + + (9)

and u x,x is ignored as usual practice. The slip satisfying the compatibility relation with the
displacements of element 1 and element 2 is given as

uxb =ux2−ux1 =ux2−ux1 + zuz
′ + yuy

′ (10)

3.2. Forces

In general, the the normal stress f x shown in Fig. 3 (a) is expressed as

( )x x z yf E u zu yua a¢ ¢¢ ¢¢= - - (11)

Following the integrations at the cross-section, the stress resultant are expressed as

x x y x z x
A A A

F f dA M f zdA M f ydA= = = -ò ò ò (12)

( )( ) ( )( )x x y z z yF EAu E S u E S u¢ ¢¢ ¢¢= - - (13a)

( )( ) ( )( )y y z y x yz yM EI u E S u E I u¢¢ ¢ ¢¢= - + - (13b)

( )( ) ( )( )z z y z x yz zM EI u E S u E I u¢¢ ¢ ¢¢= - + (13c)

where the elemental properties are previously given in section 2.

3.3. Degrees of freedom and nodal forces

The local coordinates are shown in Fig. 3(b and c).

The displacement vector <u>is given by:

x1A yA        zA       yA       zA x2A x1B yB zB       yB zB x2u u     u   u        u     u     u     u           uq q q q< >=< >B (14)
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where θy and θz are the angles of rotation of the section about y and z axis respectively.

While the vector of the nodal forces <f> is given by:

x1A yA zA yA zA x2A x1B yB zB yB zB x2B    f F    F    F   M    M    F    F    F   F   M    M   F     < >=< > (15)

3.4. Virtual work

The partial interaction problem is solved using the principle of virtual work. This is accom‐
plished by equating the work of internal stresses to the work of external stresses in an incre‐
mental form. The principle of virtual work will be adopted to deduce:

-the linear and nonlinear stiffness matrices of a beam element which consist of an assem‐
blage of two different

elements connected by deformable interface.

-the bond-slip stiffness matrix.

The equilibrium condition for the entire beam-column is then expressed by assembling the
vectors and matrices defined for each segment according to the principle of finite elements.

The details are given below.

3.4.1. For the beam with FRP

∫
v

(E1exxδ1exx)1dV + ∫
v

( f xδ1ηxx)1dV =1
2 R−1

1 R (16)

in which 1exx and 1ηxx are the linear and non-linear incremental strain respectively, fx denotes
the stress at C1, E is the modulus of elasticity of the cross-section and 2 1R and 1 1R are the
external virtual work at C2 and C1 respectively but both being measured at C1 and 2 2R = the
external virtual work expression

substituting equations 8 into eq.16, we get

2 2 2 2 1
, , ,

1 1( ( ) ( ( )2 2x x x y x z x
v

E u dV f u u dV R Rd d+ + = -ò ò (17)

A linear displacement field is adopted for the axial displacement, ux, and a cubic displace‐
ment field for other displacements. The incremental displacements are expressed as:

ux = ≺n1 ≻ {ū x}uy = ≺n3 ≻ {ū y}uz = ≺n3 ≻ {ū z} (18)

where
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≺n1 ≻ = ≺1− i         i≻ (19a)

≺n3 ≻ = ≺1−3i 2 + 2i 3      i −2i 2 + i 3      3i 2 −2i 3      i 3 − i2 ≻ (19b)

in which i is given by the value 
x
l  .

The nodal degrees of freedom ie., the ends A and B of the column segment are given by:

{u− x}α = ≺uxAα uxBα≻ (20a)

{u− y}= ≺uyA lθzA uyB lθzB ≻ (20b)

{u−
z
}= ≺uzA − lθyA uzB − lθyB ≻ (20c)

where l is the length of the segment.

3.4.1.1. The linear part

The linear part taken from eq. 17 is

{ } 2
,

1

1[ ] ( ( )2
n

e x x
v

u K u E u dV
a

d d
=

é ù
= ê ú

ë û
å òp f (21)

in which α is the counter of the considered elements and n is their total number.

{ } 2

1

1[ ] ( ( )2
n

e x y z
v

u K u E u yu zu dVa a
a

d d
=

é ù
¢ ¢¢ ¢¢= - -ê ú

ë û
å òp f (22)

applying the properties of the cross-section given in eqs 6, the previous expression becomes

{ } ( )

( )

2 2

1 0 0

2

0

2 2

0 0 0

1[ ] [ ( ) ( )2

( ) ( )

1 1 ( ) ( ) ( ) ( ) ]2 2

l ln

e x z y x

l

y z x

l l l

z y y z yz y z

u K u E A u dx E S u u dx

E S u u dx

E I u dx E I u dx E I u u dx

a a a a a a
a

a a a

a a a a a a

d d d

d

d d d

=

¢ ¢¢ ¢= + -

¢¢ ¢+ -

¢¢ ¢¢ ¢¢ ¢¢+ + +

å ò ò

ò

ò ò ò

p f

(23)

Substituting the interpolation functions in eq. 18, the following equation applies
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{ } { } { } { } { }

{ } { } { } { }

1 1

1 1 3 33
1 10 0

3 1 1 32 2
1 10 0

2
1

[ ]

( ) ( )

( )

n n
y

e x x z z

l ln n
z z

y x x y

n
y

z

E IE Au K u u n n di u u n n di u
l l

E s E su n n di u u n n di u
l l

E s
u

l

a aa a
a a

a a

a a a a
a a

a a

a a

a

d d d

d d

d

= =

= =

=

é ù é ù
¢ ¢ ¢¢ ¢¢= +ê ú ê ú

ë û ë û
é ù é ù- -¢¢ ¢ ¢ ¢¢+ +ê ú ê ú
ë û ë û

-
¢¢+

å åò ò

å åò ò

å

p f p f p f p f p f

p f p f p f p f

p f { } { } { } { }

{ } { } { } { }

{ } { }

3 1 1 32
10 0

3 3 3 33 3
1 10 0

3 33
1 0

( )

( ) ( )

( )

l ln
y

x x z

l ln n
y z

z z y y

ln
yz

z y y

E s
n n di u u n n di u

l

E I E Iu n n di u u n n di u
l l

E I
u n n di u u

l

a a
a a

a

a a a a

a a

a a

a

d

d d

d d

=

= =

=

-é ù é ù
¢ ¢ ¢¢+ê ú ê ú

ë û ë û
é ù é ù

¢¢ ¢¢ ¢¢ ¢¢+ +ê ú ê ú
ë û ë û
é ù

¢¢ ¢¢+ +ê ú
ë û

åò ò

å åò ò

å ò

p f p f p f

p f p f p f p f

p f p f p { } { }3 33
1 0

( )
ln

yz
z

E I
n n di u

l
a a

a=

é ù
¢¢ ¢¢ê ú

ë û
å òf p f

(24)

3.4.1.2. The nonlinear part

The nonlinear part taken from eq. 17 is

{ } 2 21[ ] [ ( ) ( ) ]2g x y z
V

u K u f u u dVd d d¢ ¢= +òp f (25)

when several elements participate in the nonlinear virtual work, the previous eq becomes

≺δu ≻ Kg {u}= ∑
α=1

n ∫
0

l
F xα
2 δ(u ′

y)2 + δ(u ′
z)2 dx (26)

in which α is the counter of the considered elements and is their total number.

{ } { } { } { } { }3 3 3 3
1 10 0

[ ]
l ln n

x x
g y y z z

F Fu K u u n n di u u n n di u
l l
a a

a a

d d d
= =

é ù é ù
¢ ¢ ¢ ¢= +ê ú ê ú

ë û ë û
å åò òp f p f p f p f p f (27)

when n=2, as in the general case, then ∫
0

l

∑
α=1

n F xα
l {n ′

3}≺n ′
3 ≻di  becomes

∫
0

l
(F x1 + F x2)

l {n ′
3}≺n ′

3 ≻di ].  The linear and nonlinear stiffness matrices are obtained after

performing the integrations in eqs 24 and 27 and are given in the appendix.

3.4.2. For bond-slip

The bond-slip expression given in eq.10 is substituted in the linear portion of the virtual
work expression given in eq. 17 and the expression thus becomes
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3.4.1.2. The nonlinear part

The nonlinear part taken from eq. 17 is

{ } 2 21[ ] [ ( ) ( ) ]2g x y z
V

u K u f u u dVd d d¢ ¢= +òp f (25)

when several elements participate in the nonlinear virtual work, the previous eq becomes

≺δu ≻ Kg {u}= ∑
α=1

n ∫
0

l
F xα
2 δ(u ′

y)2 + δ(u ′
z)2 dx (26)

in which α is the counter of the considered elements and is their total number.
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when n=2, as in the general case, then ∫
0

l

∑
α=1

n F xα
l {n ′

3}≺n ′
3 ≻di  becomes

∫
0

l
(F x1 + F x2)

l {n ′
3}≺n ′

3 ≻di ].  The linear and nonlinear stiffness matrices are obtained after

performing the integrations in eqs 24 and 27 and are given in the appendix.

3.4.2. For bond-slip

The bond-slip expression given in eq.10 is substituted in the linear portion of the virtual
work expression given in eq. 17 and the expression thus becomes
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where A b is the area of the FRP per unit length of the segment.

The bond-slip matrix is obtained after performing the integrations in eq 30 and is given in

the appendix.

Eqs.(24, 27 and 30) can be combined to give:
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And upon simplification, the equilibrium equations (31a to 31d) are written in the form

Ke {u} + Kg {u} + Kb {u}= { f2 }− { f1 } (32)

in which Ke  , Kg  and Kb  are the linear, geometric and bond-slip stiffness matrices re‐

spectively, {u} is the incremental displacement vector and { f1 } and { f2 } are the segment no‐
dal forces at the beginning and the end of the incremental step.

The very simple form of the equilibrium equations is

Kt {u}= { f } (33)

in which

Kt = Ke + Kg + Kb (34)

The given procedure can be applied to problems with complete bond by combining elemen‐
tal properties of the elements 1 and 2 and dropping out the bond-slip stiffness matrix. In this
case each K  will be of order 10*10 instead of 12*12.

4. Stress-strain curves

The constitutive relations for concrete, steel, FRP and bond are schemetically shown in Fig.4.

4.1. Stress strain relationship for FRP

The stress-strain relationship for FRP is considered linear as shown in Fig.4.a

the incremental stress-strain relationship is given by
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δ f f =Gf δεf (35)

where Gf is the elemental FRP modulus of elasticity and is expressed as

Gf =
f fu
ε fu

= Ef    when     0≤εf ≤ε fu (36)

in which ff and εf  are the FRP stress and strain respectively, ffu and εf  u are the ultimate FRP

stress and strain respectively and Ef is the modulus of elasticity of FRP.

Figure 4. Stress-strain curves

4.2. Stress strain relationship for steel

For simplicity, the stress-strain relationship for the steel bars is considered to be an elastic-
perfectly plastic curve neglecting steel hardening. The relationship is shown in Fig. 4.b.

The incremental stress-strain relationship is

δ f s =Gsδεs (37)

where Gs is the incremental steel modulus of elasticity and is expressed as
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Gs =
f y
εy

= Es                    when−εy ≤εs ≤εy (38a)

Gs =0                       whenεs ≻εyorεs ≺ −εy (38b)

in which fs and εs are the steel stress and strain respectively, fy and εy are the yield stress and
yield strain respectively and Es is the modulus of elasticity of steel.

4.3. Stress strain relationship for concrete

For unconfined concrete, the relationship adopted by Al-Noury and Chen [33] was chosen
to express the first portion of the compressive stress-strain curve for concrete as a third-de‐
gree polynomial. The second portion is considered to be perfectly plastic as shown in Fig.
4.c. The incremental stress-strain relationships is expressed as:

δ f c =Gcδεc (39)

where

2
1 1 12 32 (3 2 ) 3 ( 2)     when   0.0c c c

c c c c c
c c c

f f fG g g e g e e e
e e e
¢ ¢ ¢

¢= + - + - £
¢ ¢ ¢

p (40a)

0.0       when       c c cG e e ¢= f (40b)

in which

1     ,     0.002      and       30000c c
c c c

c

E E f
f
eg e
¢

¢ ¢= = =¢ (41)

Ec= modulus of elasticity of concrete computed in t/m2 while fc’ and εc’ are the maximum un‐
confined concrete compressive strength and the corresponding strain respectively.

The stress-strain behavior of FRP-confined concrete is largely dependent on the level of FRP
confinement. The bilinear stress-strain relationship suggested by Wu et al. [34] is shown in
Fig. 4(c) and is adopted herein. The stress-strain curve of concrete confined with sufficient
FRP displays a distinct bilinear curve with a second ascending branch as shown in Fig. 4(c).
A minimum ratio of FRP confinement strength to unconfined concrete compressive strength
f l/f’c of approximately 0.08 is provided to ensure an ascending second branch in the stress-
strain curve. Confinement modulus (E1) and confinement strength (f l) are considered to be
the two main factors affecting the performance of FRP-confined columns. The two factors
are given as:
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E1 =
1
2 ρf Ef (42a)

f l =
1
2 ρf f f (42b)

where ρ f is the volumetric ratio of FRP to concrete, which can be determined for a rectangu‐
lar section as to a circular section with an equivalent diameter taken as the length of the di‐
agonal of the rectangular section as follows:

ρf =
4ntf

h 2 + b 2
(43)

where h and b are the bigger and smaller dimensions of the cross-section respectively, n is
the number of FRP layers and tf is the thickness of each layer.

The maximum FRP-confined concrete compressive strength and the ultimate axial strain of
the FRP-confined concrete compressive stress-strain are given by Rocca et al. [35] as

f cc′ = f c′ + 3.3ka f l (44a)

εccu =εc′(1.5 + 12kb
f l
f c′ (

ε fe
εc′ )

0.45
)≤0.01 (44b)

where ka and kb are efficiency factors that account for the geometry of the cross-section. In
the case of rectangular columns, they depend on the effectively confined area ratio Ae/Ac

and the side-aspect ratio h/b. These factors are given by the following expressions:

ka =
Ae
Ac

( b
h )2

(45a)

kb =
Ae
Ac

( b
h )0.5

(45b)

Ae
Ac

=
1− ((b / h )(h −2r)2 + (h / b)(b −2r)2) / (3Ag)−ρg

1−ρg

2
(46)

where Ag is the total cross-sectional area, ρ g is the ratio of the longitudinal steel reinforce‐
ment to the cross-sectional area of a compression member and r is the corner radius of the
cross-section.
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where ρ f is the volumetric ratio of FRP to concrete, which can be determined for a rectangu‐
lar section as to a circular section with an equivalent diameter taken as the length of the di‐
agonal of the rectangular section as follows:

ρf =
4ntf

h 2 + b 2
(43)

where h and b are the bigger and smaller dimensions of the cross-section respectively, n is
the number of FRP layers and tf is the thickness of each layer.

The maximum FRP-confined concrete compressive strength and the ultimate axial strain of
the FRP-confined concrete compressive stress-strain are given by Rocca et al. [35] as

f cc′ = f c′ + 3.3ka f l (44a)

εccu =εc′(1.5 + 12kb
f l
f c′ (

ε fe
εc′ )

0.45
)≤0.01 (44b)

where ka and kb are efficiency factors that account for the geometry of the cross-section. In
the case of rectangular columns, they depend on the effectively confined area ratio Ae/Ac

and the side-aspect ratio h/b. These factors are given by the following expressions:

ka =
Ae
Ac

( b
h )2

(45a)

kb =
Ae
Ac

( b
h )0.5

(45b)

Ae
Ac

=
1− ((b / h )(h −2r)2 + (h / b)(b −2r)2) / (3Ag)−ρg

1−ρg

2
(46)

where Ag is the total cross-sectional area, ρ g is the ratio of the longitudinal steel reinforce‐
ment to the cross-sectional area of a compression member and r is the corner radius of the
cross-section.
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The slope of the second branch E2 is computed from the following equation considering the in‐
tercept of the second portion with the stress axis equal to f c’ for simplicity, Rocca et al. [35].

E2 =
f cc′ − f c′

εccu
(47)

The transition stress f t and transition strain ε t are given by the following equations

1(1 0.0002 )t cf E f ¢= + (48a)

1(1 0.0004 )t cEe e ¢= + (48b)

The maximum exerted confining pressure f lu is attained when the circumferential strain in the
FRP reaches its ultimate strain εfu corresponding to a tensile strength f fu [36] and Eq. (42b) be‐
comes

f lu =
1
2 ρf f fu =

2 f funtf

h 2 + b 2
=

2ntf Ef ε fe

h 2 + b 2
(49)

where h 2 + b 2 is the equivalent diameter for non-circular cross-sections. The following equa‐
tions express the elemental modulus of elasticity for confined concrete in terms of strain.

The effective strain εfe is computed as the product of an efficiency factor Ke and the ultimate
FRP tensile strain εfu. The factor Ke is to account for the difference between the actual rup‐
ture strain observed in FRP-confined concrete specimens and the FRP material rupture
strain determined from tensile coupon testing, Wu et al. [34]. The factor ranges from 0.55 to
0.61 and is taken 0.586 in this study.

Gc = Ec    when    0≤εc ≤εt  (50a)

Gc = E2    when     εt ≺εc ≤εccu (50b)

4.4. Stress strain relationship for FRP-Concrete Bond

The relationship is shown in Fig. 4.d.

The incremental stress-strain relationship is

δτb =Gbδub (51)

where Gb is the incremental steel modulus of elasticity and is expressed as
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Gb =
τb
ub

= Eb    when    0≤ub ≤ubu (52)

in which τb and ub are the steel stress and strain respectively, τb and ub are the yield stress
and yield strain respectively and Eb is the bond elastic stiffness.

5. Steps of solution followed by the developed program

The mixed procedure is utilized to solve the nonlinear problem. This procedure utilizes a
combination of the incremental and iterative (Newton-Raphson) schemes. The load is ap‐
plied incrementally and after each increment successive iterations are performed. Steps of
the solution are then introduced.

Figure 5. Incremental-iterative method

The mixed procedure is utilized herein to solve the nonlinear problem. This procedure uti‐
lizes a combination of the incremental and iterative (Newton-Raphson) schemes. The load is
applied incrementally and after each increment successive iterations are performed. The
method is illustrated in fig.5.

The combined method is summarized in the following steps:

1. Apply the first increment of load {f} and compute [Ko] assuming no cracks and full
bond between the concrete element and the FRP element at the beginning. Compute the
displacements {u1} by solving the equation Ko {u1}= { f }
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2. Compute [K1] based on the displacement {u1} then compute the load {f} from the equa‐
tion { f ′}= K1 {u1}

3. Compute {Δf} as the difference between the applied load {f} and the deduced load { f ′} .
Then compute the corresponding displacements {u2} by solving the equation
K1 {u2}= {Δf }

4. Repeat steps 2 and 3 until {Δf} becomes very small.

5. Repeat all steps again for the next increment.

6. Numerical examples

Two examples  are  given below.  The first  example considers  a  rectangular  column fully
confined with FRP. Complete bond is considered. The second example is a beam strength‐
ened  with  FRP on  the  tension  side.  In  this  example  the  slip  between  the  two  ele‐
ments  is  considered.

Example 1: The verification of the method is plotted in Fig.6 against experimental results
given by Chaallal and Shahawy [1]. The column has across-section of 0.35*0.2 m2 and length
2.1m. The concrete has a compression strength 25 MPa and the column is reinforced with 4
grade 60 steel bars of diameter 19 mm each. The steel bars are of 406 MPa yield stress and
206 GPa modulus of elasticity. The specimens are confined with 1mm of carbon fiber rein‐
forced polymer of tensile strength 530 MPa and tensile modulus of elasticity 44 GPa. This
gives a confinement ratio, f l /f c ’=0.103. The present procedure of analysis was adopted to
the same specimens and interaction diagrams were plotted. The present results show great
accordance with the previous work.

A slight difference in results is observed. It is owed to the provision of corbels in the speci‐
mens of Chaallal and Shahawy. They provided large corbels at the ends of the specimens to
receive a single load source applied eccentrically thus simulating the combined stress effects
in columns. The corbels increased the overall stiffness of the beam column and thus the ca‐
pacity of loads.

It should be noted that all wraps were characterized by a bidirectional oriented fibers
(00/900) applied along the entire height of the columns. As recommended by ACI 440.2R-02
[37]. The enhancement is only of the significance in members where compression failure is
the controlling mode Nanni [38]. This strength enhancement is due to the confining effect of
the FRP. When the column is subjected to axial load Fx and moment Mz such that their coor‐
dinates lie below the balanced point, the column is considered to be unconfined. This is ow‐
ed to the limited value of Fx which is considered insufficient to dilate the concrete in the
hoop direction thus failing to activate the FRP wrapping effect to confine the concrete. In the
present analysis where the wraps are of bidirectional fibers, the point of pure bending is
computed accounting for the FRP in the longitudinal direction and its contribution to the
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flexural capacity according to ACI440.2R-02 [37]. This case was also set by Chaallal and Sha‐
hawy [1]. Fig.7shows the plots of the column subjected to uniaxial bending Mz and My.
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Figure 6. Verification against Shahawy
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Figure 7. Uniaxial Moments About z and y axes

As expected, the capacity of the about the about the y-axis is less than that about the z-axis.
The same model was also subjected to biaxial bending at two axial load levels, namely: Fx=0
and Fx=0.7. The plots of the contour lines of the confined and unconfined columns are given
in Figs.(8 and 9).
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Example 2:The problem of bond-slip was verified against Aprile et al.[39]. A simply sup‐
ported  rectangular  beam of  length  2.9m loaded  by  two  forces,  each=F  at  the  middle
third  of  the  beam.  The  cross-section  is  0.3*0.2  m2.  Top  reinforcement  is  226  mm2,  bot‐
tom reinforcement  is  339  mm2.  the  beam is  strengthened at  the  bottom by carbon FRP
of  width  50  mm and  1.2  mm thickness.  The  concrete  has  a  compression  strength  25
MPa.  The  steel  bars  are  of  460  MPa  yield  strength  and  210  GPa  modulus  of  elastici‐
ty. The carbon fiber reinforced polymer is of tensile strength 2400 MPa and tensile mod‐
ulus  of  elasticity  150  GPa.  The  epoxy  resin  is  of  100  MPa  compressive  strength  and
12.8 GPa modulus of  elasticity.  The concrete element is  considered supported on a roll‐
er  at  one  end  and  hinged  at  the  other  end.  While  the  FRP element  is  considered  to
be supported on rollers  at  both ends.  Fig.10  shows the  verification of  the  present  anal‐
ysis  if  the  beam considering bond-slip  against  Aprile.  The curves  are  plots  of  the  mid-
span deflection of the beam against the applied force (2F). A slight difference is observed
between  the  two  curves.  Also,  a  plot  of  the  reference  beam,  with  no  FRP was  plot‐
ted  as  reference  beam.  Another  plot  of  the  beam with  full  bond  between  the  concrete
and the  FRP was  plotted.  At  the  maximum deflection  of  the  beam with  bond-slip,  the
reference beam shows nearly 15% decrease in the load capacity while the beam with com‐
plete  bond  achieves  nearly  20% increase  in  the  load  capacity.  In  addition,  the  later
beam undergoes greater deflection and the highest capacity. The curves show two points
of  remarkable  change  in  slope  indicating  remarkable  loss  of  strength  in  the  beam.  The
lower  point  indicates  concrete  cracking  in  the  middle  third  of  the  beam,  at  the  loca‐
tion  of  the  applied  concentrated  load.  The  upper  point  indicates  the  start  of  yield  of
the  bottom  steel  reinforcement.
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7. Summary and conclusions

The FEA together with the FMM were utilized to solve the problem of RC strengthened with
FRP. The structural member solved can be of any slenderness ratio, under any loading and
can have any end conditions. The FRP wraps can be totally or partially bonded to the con‐
crete member. The elastic, geometric and bond-slip stiffness matrices of the member in the
three-dimension were deduced and given in an appendix.
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Nonlinear Stiffness Matrix [Kg]
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All the elements of the geometric stiffness matrix are multiplied by the factor 
1

n

xF α
α=
∑ which in the general case when α=2, the previous term is ( 1 2x xF F+ ).

Appendix 1. Linear Stiffness Matrix [Ke]
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All the elements of the geometric stiffness matrix are multiplied by the factor 
1

n

xF α
α=
∑ which in the general case when α=2, the previous term is ( 1 2x xF F+ ).

All the elements of the geometric stiffness matrix are multiplied by the factor ∑
α=1

n

F xα which in the general case when

α=2, the previous term is ( F x1 + F x2 ).

Appendix 2. Nonlinear Stiffness Matrix [Kg].
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APPENDIX

Bond-slip Stiffness Matrix [Kb]
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Appendix 3. Bond-slip Stiffness Matrix [Kb]

Two examples were studied. The first example considers a rectangular column fully con‐
fined with FRP. Complete bond was considered. Contour lines can be plotted at any load
level. The second example is a beam strengthened with FRP on the tension side. In this ex‐
ample the slip between the two elements was considered. Load-deflection diagrams show
that there exist two points of drop in stiffness, the first is due to concrete cracking under the
concentrated loads and the second is due to the yield of steel. Extensive research is required
to study the effect of the aspect ratio of the concrete cross-section, the strength of the con‐
crete, the strength of FRP, the thickness of FRP and the properties of the epoxy resin used.
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