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PREFACE

Concrete is one of the most used materials in the construction industry. In
structural systems, the combination of concrete and steel reinforcement bars
gives rise to reinforced concrete (RC), which is widely applied in the civil
engineering field due to its adequate mechanical strength, durability, and fire
resistance. Steel-rebar reinforced structures are subjected to structural
deterioration when subjected to extreme loadings such as earthquake, fire,
impact loadings and cyclic loading, consequently reducing the expected life
and performance of structures. To enhance the structural performance, the RC
structures are usually retrofitted or strengthened. This book reviews design,
performance and applications of reinforced concrete.

Chapter 1 — Fibre reinforced polymer (FRP) is used extensively nowadays
in construction industry to reinforce and strengthen reinforced concrete (RC)
structures to enhance the structural performance of the structures under various
loading conditions. Finite element analysis is an efficient and accurate method
for modelling the structural behavior of FRP strengthened RC structures
especially under extreme loadings such as cyclic loading. For accurate
numerical modelling of the structural behavior of FRP strengthened RC
beams, appropriate material models of each component and bond behavior are
essential. In this chapter, the developed materials models for concrete, FRP,
steel rebar and adhesive and the bond stress-slip models for FRP/adhesive/
concrete interfaces are reviewed. In addition the developed finite element
models for analysis of FRP strengthened RC beams under static and cyclic
load are also reviewed.

Chapter 2 — The nonlinear behavior of reinforced concrete (RC) structures
can be represented using the continuum damage models. The goal of this
approach is the description of the processes of mechanical damage and the
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subsequent implementation in structural analysis programs. In continuum
damage models, the damage evaluation is carried out across the entire
structural domain, which significantly increases the computational effort.
Alternatively, lumped damage mechanics allows for an accurate mechanical
modeling of non-linear behavior of concrete without representing damage over
the total structural area. This theory combines concepts of fracture mechanics
with the plastic hinge idea and it can be used accurately in one-dimensional
structural elements. In this chapter, this theory is applied to the mechanical
analysis of one RC beam and one RC frame. The results are compared with
numerical and experimental responses available in the literature. Good
agreement is observed among the results shown in the references and those
obtained by the lumped damage model.

Chapter 3 — This study aims the mecano-probabilistic modelling of
reinforced concrete structures subjected to reinforcements’ corrosion. The
corrosion time initiation due to the carbonation or the chloride penetration is
assessed by diffusion approaches. The tree of failure is utilized for determining
the probability of individual and global failure modes. The structural
mechanical resistance is evaluated according to the Brazilian design code NBR
6118/2014. The penalizations over the reinforcements’ cross section area and
over its yield stress, both caused by the corrosion process, are accounted. The
loading is modelled by the extreme value process. Probability of failure curves
for the corrosion time initiation; mechanical failure and reinforcements’ steel
loss along time are presented. In addition to the assessment of the probability
of individual failure modes, the progressive collapse paths along 50 years are
analysed. The results obtained show that relevant changes on the predominant
mechanical failure mode occur along time. Moreover, major values for the
reinforcements’ steel loss and the probability of mechanical collapse are
observed at the end of 50 years, even accounting for the design code
recommendations.

Chapter 4 — Studies concerning with atmospheric corrosion of metals have
been carried out during many years. Havana City could be considered as one
of the zones of higher atmospheric corrosion in the world. In the present
chapter, the methodology often used in studies of atmospheric corrosion in
metals is applied to study the atmospheric corrosion of steel-reinforced
concrete. It is possible to reduce the premature deterioration in the structures
in conditions of a coastal city located in a tropical island through the
evaluation of the corrosion behavior of different types of concrete and
covering thicknesses.
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The use of reinforced concrete with water cement ratios 0.5 and 0.6 and
covering thicknesses 20 and 40 mm does not assure an adequate durability and
useful life for structures submitted to corrosivity categories of the atmospheres
very high (C5) and extreme (CX) in a coastal-industrial atmosphere. It is
required the use of w/c ratio 0.4 and cover thickness 40 mm to assure an
adequate durability.

Chapter 5 — The reinforced concrete structures must beings able to absorb
the forces applied to them throughout their lives and support the alterations
over time and the environment to which they are exposed. In this context, an
experimental study was conducted on a public-use building which has
structural disorders using non-destructive testing (NDT). The rebound hammer
test, the ultrasonic device and the chemical test are used in the field of non-
destructive tests to determine respectively the compression strength, the
ultrasonic pulse velocity (UPV) and the rebar corrosion in the concrete.
Indeed, the test results were analyzed to identify the different disorders in
order to offer adequate compensation method and protection against future
attacks. Test results have shown that the concrete exhibits good compressive
strength. The steel was completely corroded as a result of a chemical attack.
The method of jacketing has been proposed for strengthening of building
columns.
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Chapter 1

FINITE ELEMENT ANALYSIS OF FIBRE
REINFORCED POLYMER STRENGTHENED
REINFORCED CONCRETE BEAMS

Prabin Pathak and Y. X. Zhang"

School of Engineering and Information Technology,
University of New South Wales, Canberra,
Australian Defence Force Academy, ACT, Australia

ABSTRACT

Fibre reinforced polymer (FRP) is used extensively nowadays in
construction industry to reinforce and strengthen reinforced concrete
(RC) structures to enhance the structural performance of the structures
under various loading conditions. Finite element analysis is an efficient
and accurate method for modelling the structural behavior of FRP
strengthened RC structures especially under extreme loadings such as
cyclic loading. For accurate numerical modelling of the structural
behavior of FRP strengthened RC beams, appropriate material models of
each component and bond behavior are essential. In this chapter, the
developed materials models for concrete, FRP, steel rebar and adhesive
and the bond stress-slip models for FRP/adhesive/concrete interfaces are
reviewed. In addition the developed finite element models for analysis of
FRP strengthened RC beams under static and cyclic load are also
reviewed.

* Corresponding Author Email: y.zhang@adfa.edu.au.
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Keywords: bond-slip, cyclic loading, Fibre Reinforced Polymer (FRP), finite
element analysis, RC beams

1. INTRODUCTION

Reinforced concrete (RC) structures possess many advantages such as
durability and strength, and they have been very widely used globally. Steel-
rebar reinforced structures are subjected to structural deterioration when
subjected to extreme loadings such as earthquake, fire, impact loadings and
cyclic loading, consequently reducing the expected life and performance of
structures.

To enhance the structural performance, the RC structures are usually
retrofitted or strengthened. In late 1980s and early 1990s, steel plates were
often used for the rehabilitation and strengthening of concrete structures.
However disadvantages of steel such as tendency to corrode, heavy weights,
deterioration of the bonds at their steel-concrete interfaces and the requirement
of massive scaffolding during installation (Arockiasamy 1995) made it not so
attractive. Since 1990, there has been an increasing interest in the use of high
strength composites for repair and rehabilitation of reinforced concrete
components. Fibre reinforced Polymers (FRPs) are being used increasingly as
promising composite materials for enhancing the RC structures. FRP, a
composite material made of a polymer matrix reinforced with fibres, such as
glass, carbon, basalt fibres, is of superior characteristics such as high strength
to weight ratio, excellent corrosion resistance, excellent fatigue resistance,
good durability, and cost effective fabrication (Hollaway and Leeming 1999).

FRP has been used to strengthen RC beams, which is one of the most
basic structural elements as well as an indispensable part for most civil
constructions. In engineering practice, many RC structures including beams
are subjected to dynamic loadings in their service life, such as cycling loading.
For example, a typical RC bridge deck system may experience up to 7 x 108
stress cycles during the course of a 120-year life span (Hollaway and Leeming
1999), and an overpass on a typical highway with a design life of 40 years can
experience a minimum of 58x 102 loading cycles of varying amplitude (Ferrier
et al. 2011). Under cyclic loading, internal cracking of concrete may occur,
which could degrade the stiffness and load-carrying capacity of the structures
(Loo 2010). FRP is used in different ways such as externally bonding,
wrapping and near surface mounting as per need of the structures. FRP plates
or sheets are usually glued to the bottom or tension side of a reinforced
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concrete beam to increase the flexural strength, whereas FRP plates are
normally applied on sides of a reinforced concrete beams to strengthen the RC
beam in shear.

A large number of experimental studies have been conducted on the
structural flexural behaviour of FRP strengthened RC beams. Although
experiment provides the source of reliable data and results, it is usually very
time and resource consuming. Finite element method is one of the most
powerful numerical methods for analysis of engineering structures, especially
for those with complicated geometries, loading and boundary conditions. A
large number of numerical analysis of FRP strengthened RC beams have been
conducted, with most focusing on the static behaviour with a perfect bond
assumption between FRP, adhesive and concrete. However, in practice, the
structural performance of FRP strengthened RC beams depends not only on its
components such as concrete, steel, FRP and adhesive, but also on the bond
behaviour between FRP, adhesive and concrete. The bond between concrete,
adhesive and FRP laminates plays a significant role in transferring the stress
from the former to the latter, and bond behaviour is the critical aspect for the
structural performance of FRP strengthened RC beams (Teng 2015). For an
accurate numerical modelling of the structural behavior of FRP strengthened
RC beams, appropriate material models of each component and bond behavior
are essential.

In this chapter, the developed materials models for concrete, FRP, steel
rebar and adhesive and the bond stress-slip models for FRP/adhesive/concrete
interfaces are reviewed. In addition the developed finite element models for
analysis of FRP strengthened RC beams under static and cyclic load are also
reviewed. For accurate finite element analysis of FRP strengthened RC beam
under cyclic loading, the material degradation and bond-slip degradations
should be considered and these models are also reviewed in this chapter.

2. MATERIAL MODELS

A FRP strengthened RC beam consists of four major components, i.e.,
concrete, steel, FRP and adhesive, and each of these components has their own
unique properties. So, for the accurate modelling of structural behaviour of
FRP strengthened RC beams, each of these components should be modelled
properly and proper selection of material models are essential. The material
models for the concrete, steel, FRP and adhesive are reviewed herein.
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Figure 1. General stress-strain relation of concrete in compression.

Table 1. Concrete compressive models
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2.1. Material Models for Concrete

Concrete is a quasi-brittle material, which is strong in compression and
generally weak in tension. For the numerical modelling of concrete, the
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material models in compression and tension are both essential. Many models
have been developed for the stress-strain relationship of concrete.

2.1.1. Concrete Compression Model

Concrete compression material model is the relationship between
compressive stress and strain developed in concrete. A typical curve is shown
in Figure 1. The stress—strain relationship of concrete in compression is
comprised of an ascending and a gradual descending branch, which is termed
as softening branch. In general, the stress-strain relation of concrete under
compression remains linear till 30% of the compressive strength after which
the curve becomes nonlinear followed by softening of concrete until the
ultimate strain (Bangash 1989). Several compression models for concrete have
been developed and a few of the popular models are listed in Table 1.

2.1.2. Concrete Tension Model

Generally, the stress-stress relation of concrete under tension is assumed
to be isotropic and linearly elastic up to the tensile strength after which crack
occurs and stress gradually reduces to zero as shown in Figure 2. Tension
stiffening in RC concrete members is usually caused by the increase in
stiffness of a cracked member due to the development of tensile stresses in the
concrete between the cracks. Concrete does not crack suddenly and completely
but undergoes progressive micro-cracking and the intact concrete between
neighbouring cracks carries considerable tensile force (Teng 2013). After
cracking, tension stiffening effects becomes significant and should be included
in the analysis. A few developed stress-strain relation of concrete in tension
with tension stiffening effect is shown in Table 2.

Stress

fs

Strain

Figure 2. General stress-strain behaviour of concrete in tension.
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Table 2. Different stress-strain relations of concrete in tension

Concrete Equations Diagram
tension model
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(1992) o, = f;
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(20/0)"*
Nour et al. ForO0<e <¢g, 0=
(2007) Ece

Foreg < g < é&,0, =
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FOI’ El S Et S 52, O-t =
Bfe
For e, < & < &pary,
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i 'Bft(gbar,y—gz) Ep £
where J is the tension-
stiffening factor, €4,
is yield strain of steel
ANSYS Tc is the multiplier for
(2013) the amount of tensile
stress relaxation.

2.2. Material Models for Steel

A typical stress-strain relationship for steel is shown in Figure 3. Steel
generally exhibits a linear stress-strain relationship up to a well-defined yield
stress. Beyond the yield point, as deformation continues the stress increases
due to strain hardening until it reaches the ultimate tensile strength. At the
ultimate tensile stress, the neck forms, and tensile strength decreases. Beyond
the maximum tensile strain, the steel fractures and ultimately fails with the
loss of load capacity. For general engineering practice, the elastic-plastic
model is usually used with or without use of strain hardening (Supaviriyakit
et al. 2004).
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Figure 3. A typical tensile stress-strain curve for reinforcing steel rebar.

Three techniques are usually employed to model steel reinforcement in
reinforced concrete structures, i.e., the discrete model, the embedded model,
and the smeared model (Tavarez 2001). In the discrete model (Figure 4(a)), the
reinforcement is modelled using bar or beam elements which are connected to
concrete mesh nodes. Concrete and steel occupy the same region, and the
concrete and steel reinforcement mesh share the same nodes. In the embedded
model (Figure 4(b)), the stiffness of the reinforcing steel is evaluated
separately from the concrete elements. In this model, the reinforcing steel
displacements remain compatible with that of the surrounding concrete
elements. For a complex modelling, this model is good, however this model
also increases the number of nodes and degrees of freedom, making it cost and
time inefficient. In the smeared model (Figure 4(c)), the reinforcement is
uniformly distributed over concrete elements in a specific region of the finite
element mesh. This type of model is useful in large scale model where
reinforcement does not significantly contribute to the response of structure.

2.3. Material Model for FRPs

FRP composites are light-weight linearly elastic materials formed by
embedding continuous fibres in a resin matrix. The fibres are the main load-
carrying components while the matrix binds the fibres together. Though the
fibres are the main load carrying component of the FRP composite, the
binding resin matrix has equally important function. It actually aligns the
fibres in a prescribed geometrical arrangement, and helps to transfer the force
among the fibres. It also helps to prevent buckling of fibres under compressive
action, and protects it from environmental agents.
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(a)

\ r— Concrete element

\ ’% Concrete node

Compatible displacements
between concrete and
reinforcement

Reinforcement node

(b)

f Concrete element

/ ﬁConcrmc node

Shared node between steel and
concrete

Reinforcement element

(c)

—— Concrete element

Concrete node

Smeared properties of
steel in concrete
elements

Figure 4. Modelling reinforcement in reinforced concrete (Tavarez 2001): (a) discrete
model; (b) embedded model; and (c) smeared model.

The fibres may be made of carbon, glass or aramid while commonly used
polymer based resins are epoxy resins, unsaturated polyester resins and
vinylester resins. Carbon fibers are conductive, have an excellent combination
of high modulus and high tensile strength, and offer good resistance to high
temperatures. Glass fibres have got a lower stiffness with a lower cost. Aramid
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fibres have got the structural and mechanical properties in-between of carbon
and glass fibres (Piggott 2002). Glass fibre reinforced polymer (GFRP) is
durable in harsh environments and also light in weight. It has a high tensile
strength but it is weak in shear, and it can have problems in alkaline
environments, such as concrete. Aramid fibre reinforced polymer (AFRP) is
less used than the other two types. It has high resistance against heat, but it is
usually weak against moisture and ultraviolet radiation, and painting and
coating are usually needed to protect AFRP against ultraviolet radiation
(Minouei 2011).

The properties of different types of FRPs are presented in Table 3. The
stress-strain relation of FRP is normally regarded as linear until it reaches the
maximum tensile strength, after which it ruptures, and strength immediately
reduces to zero. Figure 5 shows a typical stress-strain relationship of a FRP.
An isotropic linear elastic model is usually used to model FRPs (Camata et al.
2007).

Table 3. Typical material parameter for materials used in retrofitting
(Prince 2011)

Material Tensile Strength(MPa) Modulus of elasticity (GPa)
CFRP 1720-3690 120-580
AFRP 1720-2540 41-125
GFRP 480-1600 35-80
Steel - 190-210
Stress

T

Strain

Figure 5. A typical stress-strain relation of a FRP.
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2.4. Material Model for Adhesives

Generally an adhesive needs to be used to bind two different or same
materials to avoid their separation. The use of adhesives offers many
advantages over other binding techniques such as sewing, mechanical
fastening, and thermal bonding. These include good ability to bind different
materials together and to distribute stress more efficiently across the joint, cost
effectiveness for an easily mechanized process, improvement in aesthetic
design, and increased design flexibility (Kinloch 1987).

The most common adhesives for structural application between FRP and
concrete are epoxy, acrylic and urethane. Epoxy provides very high bond
strength with high temperature resistance, whereas acrylic has moderate
temperature resistance with strength and rapid curing. The stress-strain relation
of an adhesive is generally regarded as linearly elastic. A typical stress-strain
relationship is shown in Figure 6.

3. MATERIAL MODELS UNDER CYCLIC LOADING

Generally, fatigue is considered as a distinctive behaviour of materials
under cyclic loading. During application of cyclic loading, the first symptom
of fatigue failure is micro-cracking, which is ultimately followed by fracture.
Normally under cyclic load, the structure fails when the peak stress is
considerably low compared to that under static load.

The number of loading cycles causing failure of a component is regarded
as fatigue life. For analysis of FRP strengthened RC beams under cyclic
loading, it is very essential to consider the effect of cyclic load on the concrete,
steel, FRP and the interfacial behavior. Hence it is necessary to discuss the
degradation of the material properties of these components under cyclic load.

Stress

Strain

Figure 6. Stress-strain relation of an adhesive.
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3.1. Concrete

Concrete is a heterogeneous material which is inherently full of flaws such
as pores and air voids. The properties of concrete under cyclic load are a
function of the accumulation of irreversible energy deformation, which
manifests itself as inelastic strains in the form of cracks and creep (Loo 2010).
Under cyclic loads, the strain of concrete increases significantly beyond the
value observed after the first load cycle, which is similar to the behaviour of
concrete under sustained stress. The fatigue strength of a typical concrete
member corresponding to a life of ten million cycles is about 55 percent of the
initial static strength of the member. This behaviour of concrete depends on
the factors such as range of load, rate and frequency of loading, loading
eccentricity, history, material properties and environmental conditions (ACI
Committee 215, 1974). The softening of concrete in its stress-strain behaviour
under cyclic load causes the slope of stress-strain curve to change as the
number of cycles increases.

A number of investigators reported that concrete specimens under cyclic
compressive loadings received progressive changes within their concrete
matrix due to growth of micro cracking. Generally, the failure in concrete
includes three processes: crack initiation, propagation and failure. The first
stage occurs in the weak region of the concrete or mortar and it is termed as
flaw initiation. The second stage is characterised by slow and progressive
growth of the inherent flaws to a critical size and is generally known as micro
cracking. In the final stage, when a sufficient number of unstable cracks are
formed, a continuous or macro crack will develop, eventually leading to
failure. In the first stage, the degradation rate is high but decreasing, the
second stage (the longest stage) is characterized by a constant rate, and finally
the degradation grows very quickly until failure is reached in the third stage.

Some experimental studies on concrete under cyclic loads (Dillman et al.
1981, Ople et al. 1966) indicated that with the increase in the number of
loading cycles, stress redistribution occurred. Stress redistribution is the
process of stress transfer from the most initially damaged compression zone to
less fatigued areas while permanent and total strains are growing.

Various stress-strain relationship of concrete under cyclic loads has been
developed and they are summarised as follows.

Holmen et al.’s Model (1982)

Holmen et al. (1982) proposed that the total maximum strain at any time
and at any number of cycles was the sum of the two components as given in
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Equation (1). The strain component & is related to the endurance of the
specimen, and the creep strain & is a function of the loading time.

€max = €e + & (l)
It was observed from the tests that strain development followed three
distinct phases: a rapid increase from 0 to about 10% of that at the total fatigue
life, a uniform increase from 10% to about 80%, and a rapid increase until

failure. Holmen et al. (1982) proposed the following equations to describe the
first and second phases.

For 0.0 <+ < 0.1,
Ny
1 N 0.5
Emax = 7 [Smax + 3.18(1.183 — Spnr) (N—f) 140413 +
1073513 1n(t + 1) @)

For0.1 <~ <08,
Ny

0.5
Emax = 5 [1 + 0.677 (Ni) ]+ 0413 % 10735, %t +1)  (3)
sec f
RMS = (Smin*Smax)®® (4)

8

where &4, iS the maximum strain; E,. is the secant modulus at the first
cycle; S;qx 1S the ratio of maximum stress to concrete strength; S is the
characteristic stress level and is given as Sm+ RMS, in which Sy is the mean
stress ratio and is equal to 0.5(S;ax + Smin); SminiS the ratio of minimum
stress to concrete strength, and N is the number of load cycles; N is the
number of load cycles to failure for a specified probability of failure; t is the
duration of the alternating load (in hours); RMS is the root mean square value
of the stress ratio.

Balaguru and Shah’s Model (1982)

According to Balaguru and Shah (1982), the cyclic creep strain of
concrete can be expressed as the sum of a mean strain component and a cyclic
strain component as shown in Equation (5)-(7).
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1 1
gc = 1290,,t2 + 17.86,,AN3 (5)
maxtOmin
O = % (6)
Omax—Omin
A= B @)

in which ¢, is the cyclic creep strain of concrete, g, is the mean stress ratio, A
is the stress range, N is the number of cycles, t is the loading time, g,,,, and
Omin 1S the maximum and minimum applied stress, respectively, and f; is
compressive strength of concrete.

Zanuy et al.’s Model (2009)
Zanuy et al. (2009) proposed the following equations to evaluate the
maximum strain of the concrete, which also includes stress redistribution in

concrete under constant amplitude cyclic loading for the material behaviour of
the concrete under cyclic loading.

For 0.0 <~ < 0.1,
Ny
Emax __ i i 2
e 1+ AL+ B ®)
For0.1 <~ <08
Ny

Emax __ i_
T =&+ 82(Nf 0.1) (9)

For0.8 <— <1
Ny

Emax __ i _ i — 2
= e+ ey 0) + O~ 08) (10)

where N is the number of cycles, Nt is the number of cycles at failure, g, is the
initial strain at the first load cycle (N = 1), and

A= 20(81_2 - 1) — & (11)
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B =100(1—¢&,_,) + 10¢, (12)
C =25 (8{;‘:” e, — 0.952) (13)
€12 = ;ij: (14)

- s
& = % (Ezu - 51—2) (16)

where Sp,qx is the ratio of maximum stress to concrete strength, Ny is the
failure number of cycles, and &, is the strain at Ng.

3.2. Steel

Many experiments have been conducted to understand the behaviour of
steel under cyclic load, which is either embedded in concrete or tested in air.
Crack propagation takes place with number of cycles of load to some critical
size, a size at which the remaining uncracked cross section of the part becomes
too weak to carry the imposed loads, eventually causing sudden fracture of the
remaining cross-section. Crack initiation typically occurs at a location of the
largest stress concentration, usually at the intersection of transvers and
longitudinal reinforcement (Papakonstantinou et al. 2001). In addition to the
material properties and loads, the analysis of steel under cyclic load must take
into consideration the type of applied loading (uniaxial, bending, or torsional),
loading pattern (either periodic loading at a constant or variable amplitude or
random loading), magnitude of peak stresses, overall size of the part,
fabrication method, surface roughness, presence of fretting or corroded
surface, operating temperature and environment, and occurrence of service-
induced imperfections (Boardman 1990). A few material models for steel
under cyclic load are reviewed as follows.

Muralidharan and Manson’s Model (1988)

This is a strain-based approach, which includes elastic and inelastic
behaviour of steel under cyclic load. It includes the relationship of ultimate
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tensile strength, fatigue limit, ductility, and fatigue strength coefficient. In this
model, the influence of ductility in elastic strain component is considered
as negligible. However the level of plastic strain component is strongly
influenced by the ratio of ultimate tensile strength to elastic modulus, and
hence includes an extra ductility term in plastic strain component.

£y = 0_623(1;_3;)0.832(2Nf)—0.09 4 0_0196(£su)o.155(1;_3;)—0.53 (2N;) =056
A7)

where &g, is the steel’s strain, f, is the yielding stress, E; is Young’s modulus,
Ny the number of loading cycles, and &, is the ultimate strain of the steel.

CEB -FIP-Model (1993)
According to the CEB-FIP-Model, the failure cycle Ny of a reinforcing
steel bar under a constant amplitude loading can be expressed as follow.

For Ag < Aoy,
log Nr = log(N™) + k;(logAo — logAay-+) (18)
For Ag = Aoy,
log Ny = log(N™) + k;(logAoy- — logAo) (19

where Ac is the stress range in the steel, Aoy~ is the stress range at N* cycles
and k;And k, are the stress exponents.

Mander et al.’s Model (1994)

Mander et al. (1994) proposed a model for steel under cyclic load with
variation in Coffin-Manson relationship which includes elastic and plastic
strain components.

1
Egn = E—y X (2Np)? + €5y X (2Np)© (20)

where e, is the steel’s strain, f,, is yielding stress, E; Young’s modulus, N is

the number of loading cycles, b and c are -0.14 and -0.5, respectively, and &,
is the ultimate strain of the steel.
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3.3. FRPs

The failure mechanism of FRPs under cyclic load is more complicated
than that of plain concrete or steel. With each load cycle, cracks are formed by
fatigue at the weak points and then grow progressively. Composite materials
often have a much greater fatigue life than other homogenous materials
(Papakonstantinou et al. 2001). If an individual fibre within an FRP composite
develops a defect, this defect will not propagate across to other fibres,
reducing the extent to which cracks can grow. Once the FRP composite is
damaged, the damage propagates along the matrix between unidirectional
fibres and does not pass through adjacent fibres (Kim and Heffernan, 2008).
According to Adimi et al. (2000), the failure of FRP composite is the
combination of different degradation mechanisms including matrix cracking,
fibre breakage, fibre-matrix debonding and delamination. Even if the surface
fibres fail under cyclic load, the remaining fibres continue to support the
redistributed load and this behaviour continues until total failure occurs. Some
available models for FRP under cyclic loading are given below.

Adimi et al.’s Model (2000)

logo,ax = 343 —0.06741ogN (21)
where g,,,,, = maximum tensile stress (MPa); N = number of cycles to failure.
Ferrier et al.’s Model (2011)

Efn =m—n Xlog(N) (22)

where m (in N/mm?) is the Young’s modulus under static loading, n is 1100,
Efy, is Young’s modulus of FRP after N number of cycles of loading.

4. BOND BEHAVIOR

Many experimental studies on FRP strengthened RC beams demonstrated
that debonding was one of the most critical failure modes. Thus it is important
to consider the compliance of the bond between concrete, adhesive and FRP in
numerical modelling.
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Figure 7. Bond-slip curves from existing bond-slip models (Teng 2013).
Table 4. Different bond-slip models
Bond- Ascending | Descending Tmax So St By Graph
slip branch branch
model
Neubauer | (i) 0 1.8, f; | 0.202 X B, T
and M0
Rostasy
(1999) ( —s
Nakaba Timax (i) [3/(2 + (1)3)] 3,5)‘60‘1g 0.065 T
etal. So So P
(2001) ’
5
Monti et S sp—s | 1.8B,f; ta | 0.33B,, t
al. (2003) | "mex (so) Tmax (m) © | 25tmar(g,
50 I ™
+=) |
Ec ot 5
Savioa et | ; (i) [2.86/ 3.5£,%190.051 T
al. (2003) | ™ \so
(1-86(;)”6)] \
L —
Luetal. S, sp—s\ | 1.5, f: | 0.01958,f; Gy i
(2005) TmQX(So) fmax (m) 2 Tmax
L " 5
where 7 is the local bond stress, t,,,, IS the maximum local bond stress, s is a local slip, s, is a local

slip at 7,45, Sy is a local slip when bond stress T reduces to zero, Gy is the interfacial fracture
energy, B, is width ratio factor, f; is concrete tensile strength, by is the width of FRP plate, and
b, is the width of the concrete.
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4.1. Bond-Slip Models under Static Loading

A bond stress-slip model is used to describe the interfacial behaviour as a
relationship between the local shear stress (1) and relative displacement (S)
between concrete/ adhesive/FRP interfaces. Despite the difficulty in obtaining
local bond-slip curves from tests directly, local bond-slip models for FRP/
adhesive/concrete interfaces have been developed based on strain
measurements or load-slip curves (Lu et al. 2005). A few bond stress-slip
relationships have been proposed and employed in finite element analysis of
FRP strengthened RC beams. Different bond stress-slip models and the
relationship between bond stress and slip reported in literatures are discussed
below.

Neubauers and Rostasy’s model (1999) is a linear-brittle model which is
very different from other available models. The fact that the bond stress
reduces to zero at the ultimate slip dictates that there exists an effective bond
length beyond which an increase in the bond length will not increase the
ultimate load. Other models (Nakaba et al. 2001, Savoia et al. 2003, Monti et
al. 2003, and Lu et al. 2005) have indicated that the bond-slip curve should
comprise of both an ascending and descending branch. The models of Nakaba
et al. (2001) and Savioa et al. (2003) are quite similar and consist of nonlinear
ascending and descending curves while those of Monti et al. (2003) and Lu et
al. (2005) are bilinear. The maximum bond stress, slip at the maximum stress
and ultimate slip at zero bond stress are the key parameters, which play
significant roles in bond stress-slip relationship. It is found that the maximum
bond stress and interfacial fracture energy (area under bond-slip curve) of each
of the models of Nakaba et al (2001), Savioa et al. (2003) and Monti et al.
(2003) are larger than the value predicted by Lu et al. (2005). Different bond-
slip models are presented in Table 4. A comparison between these models is
shown in Figure 7.

4.2. Bond-Slip Models under Cyclic Loading

Several cyclic loading tests were conducted to study FRP/adhesive/
concrete bonded interface and it was found that the interface debonding
propagated progressively with the increase of fatigue cycles (Bizindavyi et al.
2003, Tan et al. 2003).

Test methods used to evaluate the bonding behaviour of externally-bonded
FRP composite sheets and plates under cyclic loading include the single shear
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test (single lap joint) (Bizindavyi et al. 2003, Mazzotti and Savoia 2009),
double lap joint test (Ferrier et al. 2005), pull-out specimen method for
measuring peeling stresses (Khan et al. 2011) and the partially bonded beam
test (Gheorghiu et al. 2004). Under fatigue loading, there are normally three
distinct phases for the FRP/adhesive/concrete bonded joints. In the first phase,
the bond mainly sustains damage in the form of micro cracks that cause
residual plastic strain with negligible stiffness degradation. During second
phase, the joint retains its load resisting ability, though macro cracks cause
degradation of stiffness. In the third stage, when joint loses its stiffness and
load resisting capacity, the debonding and fracture occur (Mahal 2015). It is
clear that the bond stress degrades with number of cycles, and this affects the
structural behaviour of the FRP strengthened RC beams. In the following, the
bond-slip models under cyclic loading are reviewed.

Bizindavyi et al. (2003) investigated the behaviour of FRP/adhesive/
concrete joints of FRP strengthened RC beams under cyclic loading using the
single lap joint test method. The test was set in such way that the progression
of crack propagation during shear tests could be visualized. It was found that
in the first and last quarter portions of the bonded joints, cracks propagated
into the concrete core, while a cohesive debonding at the interface between the
concrete and the adhesive or between the FRP and adhesive occurred in the
central region of the joint. From the test, fatigue life curves were obtained and
described by Equation (23)

In(Atgye) = a — cln(Ny) (23)

where At,,, is the cyclic mean bond stress range, Nris the number of cycles to
failure, and a and c are constants ranging from 0.08 to 1.06 and 0.041 to 0.095,
respectively.

It was found that as the number of loading cycles increased, the FRP/
adhesive/concrete bond slip increased. Also, the higher the applied cyclic
stress, the greater the slip and the shorter the fatigue life of the bonded joint.

Ferrier et al. (2005) conducted experiment using the double-lap shear test
method to understand the fatigue behaviour of the adhesive layer between
concrete and FRP. In this test, two concrete blocks, attached by two parallel
composites strips separated by 20 mm, were applied with tensile load. An
alternate load was applied with frequency of 1 Hz. The test suggested a linear
relation between the maximum strength (Az,4,) Of concrete/adhesive/FRP
interface and the logarithm of the number N of load cycles to failure. The
linear relation is given by Equation (24).
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Aty qn = mlog(N) + b (24)
where m = -0.07 and b=0.98

Parameters m and b are fitted with experimental data. The Atgg, - N
curve revealed that the shear stress should be limited to 0.80 MPa to have a
fatigue life of 10 million cycles at 1 Hz frequency.

Loo et al. (2012) calculated the fatigue life from the point where the slip
(Smax) that is associated with the bond stress at the maximum cyclic load
(Tave,max) Tor a given cycle N. When this maximum slip equals the slip
obtained from a static bond-slip test at the stress of 74,¢ 1mqx. failure occurs. A
model similar to that developed by Holmen (1982) for concrete in
compression may be used to describe the fatigue response of FRP-to-concrete
bond. Based on a regression analysis of Dai et al.’s (2005) and Yun et al.’s
(2008), the following relationships were proposed:

_ Tavemax b [ ATave ¢
Smax =~ p = [1 + a(logN) .(—Mave‘) ] (25)
— B Atgpe Y
Eb = Eb0[1+a(logN) . m (26)

where s,,4, 1S the slip (in mm) at the maximum applied average bond stress
(Tavemax); Ep is the modulus (in N/mm?3) at cycle N; Ejpgis the modulus (in
N/mm?3) at the first cycle; Nt is the number of cycles at failure; At,,, is the
average bond stress range; Az, r is the average bond stress at failure; and the
constants a to ¢ and a to y are the parameters to fit the experimental data.

4.3. Finite Element Modelling of Bond-Slip for FRP
Strengthened RC Structures

Most of the developed finite element models for modelling of FRP
strengthened RC structures with bond-slip neglected the adhesive component
in the FRP strengthened RC structures, and considered the bond-slip between
FRP and concrete interface. However, among different types of debonding
failure, cohesive failure in concrete, adhesion failure at the concrete/adhesive
interfaces and FRP/adhesive interfaces dominate (Holmer (2009)). Hence to
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analyse the bond-slip behaviour of FRP strengthened RC beams accurately,
the bond-slip behaviour between concrete/adhesive interface and between
adhesive/FRP interface should be included with proper bond-slip law.

Two approaches are generally used in modelling the debonding failures in
FRP strengthened RC structures. One approach is to employ a layer of
interface elements between the FRP, adhesive and the concrete (Wong et al.
2003, Wu et al. 2003) and debonding is simulated as the failure of the interface
elements. The success of such an approach depends on the constitutive law
(i.e., the bond-slip model) specified for the interface elements. In the second
approach, the use of interface elements is avoided, and instead, debonding is
directly simulated by modelling the cracking and failure of concrete elements
adjacent to the adhesive layer. This is referred to as mesoscale analysis (Lu et
al. 2004, Pham et al. 2007). It requires a very fine mesh for the interface
between the concrete and adhesive, with an element size smaller than the
thickness of the concrete layer (Lu et al. 2004). Recent work on the modelling
of debonding failures using the second approach has shown that it is difficult
to simulate debonding using the concrete constitutive models available in
commonly used general-purpose FE software package such as ANSYS,
MSC.MARC or ABAQUS (Teng 2013).

Generally, two types of interface elements have been used to model the
interface between FRP, adhesive and concrete, including link element such as
spring element and 1D contact element. For the bonding model of concrete/
adhesive interface, the concrete must be double nodded, and one set of nodes
is used for the concrete elements, while the other is used for the adhesive. In
adhesive-FRP interface, another set of nodes of adhesive element is used for
the FRP. The nodes of these two interfaces are connected by bond elements
that allow relative displacement, i.e., slip, to take place between concrete,
adhesive and FRP. As a link element doesn’t have its own physical dimension,
the two connected nodes have the same spatial coordinates. An alternative is
the use of contact element as that developed by Goodman et al. (1968), and
further developed by Hoshino and Schafer (Keuser and Mehlhorn 1987),
which provided the continuous connection between two adjoining elements. It
is an isoparametric element which in its deformed state has no dimension in
the transverse direction. The simplest form has two double nodes and is based
on a linear displacement function. In each pair of double nodes, one node is
connected to a concrete element while the other is connected to the adhesive
element, or one node is connected to an adhesive element while the other is
connected to the FRP element. In the unloaded stage, the coordinates of the
nodes at each end of the contact element are identical. Once loading begins,
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the nodes behave independently, resulting in a relative displacement between
the two connected points (Wong et al 2003).

5. NONLINEAR FINITE ELEMENT ANALYSIS OF RC BEAMS
UNDER STATIC LOADING

5.1. Nonlinear Finite Element Analysis of RC Beams
under Static Load with Perfect Bond Assumption

Abundant amount of researches have been conducted on finite element
analysis of FRP strengthened RC beams subjected to static load without
considering bond slip between FRP, adhesive and concrete. For example,
Hashemi et al. (2007) conducted finite element analysis of CFRP strengthened
RC beams under four-point loading using ANSYS. The concrete, steel
reinforcement and FRP were modelled using SOLID65 element, LINK8
element and SOLID45 element respectively. Steel reinforcement and CFRP
were modelled using elastic-perfectly plastic model and a linear model up to
the failure respectively. The concrete in compression was modelled as a
linearly elastic-perfectly plastic material, and tension was modelled as linearly
elastic until the maximum tensile strength after which strength gradually
reduced to zero. Sundarraja et al. (2008) analysed the structural behaviour of
GFRP strengthened RC beam under four-point loading using ANSYS. In the
modelling, the concrete was modelled using the Desayi and Krishanan’s
(1964) material model for compression and linear elastic model until crack for
tension with strength gradually reducing to zero after cracking. For steel
reinforcement the elastic- perfectly plastic material model was used. Hu et al.
(2004) conducted finite element analysis using ABAQUS to predict the
ultimate loading capacity of reinforced concrete beams strengthened by CFRP
under uniformly distributed load. The stress-strain curve for concrete under
compression was based on Saenz’s (1964) model, whereas under tension, the
relation was assumed to be linear until it reached the maximum tensile strength
after which it reduced gradually to zero. Steel was assumed to be elastic-
perfectly plastic. The stress-strain relation of FRP was based on Hahn and
Tsau (1973). The reinforced concrete was modelled using 8-node solid
elements with three degrees of freedom per node where reinforcement was
smeared throughout the element section. FRP was modelled using a four-node
shell element assuming perfect bond with concrete.
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5.2. Nonlinear Finite Element Analysis of FRP Strengthened RC
Beams with Bond Slip under Static Load

Three-dimensional models can capture failure modes which are not
available for two dimensional elements such as spalling and anchorage failure
in support regions (Ingason 2013, Baky et al. 2007). For accurate prediction of
local deformation and fracturing process of concrete, a three-dimensional
finite element model is essential (Imperatore et al. 2012). The developed finite
element models with bond-slip are categorized broadly as two-dimensional
and three dimensional finite element models.

5.2.1. Two Dimensional Finite Element Models

Wong et al. (2003) conducted finite element analysis of RC beams
strengthened with externally bonded CFRP subjected to three-point loading.
The analysis was based on the Modified Compression Field Theory proposed
by Vecchio and Collinns (1986), and the constitutive relation given by
Vecchio (1989, 1990). Steel reinforcement was assumed to be elastic-plastic
with strain hardening effects, whereas FRP was assumed to be linearly elastic
with brittle fraction in tension. The bond stress-slip relationship between
concrete and FRP was based on the elastic-plastic models of Homam et al.
(2000) and a one-dimensional contact element was used to model the interface
between concrete and FRP. FRP was modelled using the truss element. It was
found that the linear elastic bond law was appropriate only when failure was
dominated by a sudden delamination of FRP plate for a low strength of epoxy,
and that for stronger epoxies, elastic-plastic bond slip model was appropriate
when failure was due to peeling of concrete cover. Wu et al. (2005) used
DIANA for the finite element analysis of debonding mechanisms of RC beams
strengthened with CFRP composites under three-point loading. Concrete, steel
reinforcement, FRP were modelled by the Drucker-Prager plasticity model,
elastic—perfectly plastic model, and linearly elastic model respectively. For
concrete cracking, the discrete crack model was used, and FRP/concrete bond
was based on Niu and Wu’s model (2001). Concrete was modelled by four-
node plane stress elements, whereas reinforcing bars and the FRP sheets were
modelled by two-node linear truss elements. The FRP/concrete bond was
modelled by zero-thickness interface elements. Stirrups and adhesives were
not considered in this model.

Neale et al. (2006) used ADINA to conduct the numerical simulation of
CFRP strengthened RC beams. The constitutive laws for compression and
tension used to model the concrete were based on ADINA (2004b). The basic

www.TechnicalBooksPDF.com



24 Prabin Pathak and Y. X. Zhang

features of the constitutive model are: i) a nonlinear stress-strain relation to
allow for the weakening of the material under increasing compressive stresses,
(if) failure envelopes to define both failure in tension and crushing in
compression, and (iii) a strategy to model the post-cracking and post-crushing
behaviour of the material. A uniaxial elastic-plastic stress-strain relationship
and a linear elastic orthotropic constitutive relation was adopted for steel
reinforcement and FRP composites, respectively. The bond slip model used for
FRP/concrete interface was a slight modification of the precise model
developed by Lu et al. (2005), which imposed a linear relationship between the
bond stress and the slip in the pre-peak zone, and the descending part of the
relationship was the same as that in the precise model. Adhesive was neglected
in this model. FRP/concrete interface and concrete were modelled by the 2-
node interface element and quadrilateral 9-node plane stress elements
respectively. Steel reinforcement and FRP laminates are modelled using the 3-
node truss element. Most of the beam failed through debonding, and it was
found that the bond-slip law proposed by Lu et al. (2005) was efficient and
accurate for the FRP/concrete interface.

Aram et al. (2008) used ATENA for finite element analysis of CFRP
strengthened RC beams under four-point bending load, and two finite element
models FEM1 and FEM2 were developed. For the FEM1, the uniaxial stress—
strain diagram and biaxial stress failure criteria were based on Kupfer et al.
(1969). The SBeta material property of ATENA was used for the quadrilateral
concrete elements. This SBeta material property consists of all nonlinear
behaviour of concrete including softening behaviour of concrete. The stress-
strain relation of concrete in compression is based on CEB-FIP model (1993)
whereas under tension, the relation was assumed to be linear until it reached
the maximum tensile strength after which it reduced gradually to zero.
Smeared crack model was used for concrete. The steel reinforcement and FRP
plate were modelled using bar elements. The behaviour of the FRP/concrete
interface was defined according to the bond-slip relationship given by Ulaga et
al. (2003). Steel reinforcement was assumed to behave in an elastic—plastic
manner with strain hardening effects, while the FRP reinforcement was
assumed to behave linearly elastic with brittle fracture in tension. In FEM2
model, the FRP plate and the adhesive layer were modelled by two-
dimensional quadrilateral elements. The FRP plate was modelled by elastic
plane stress elements. Normal stress could not be given in FEM1 because of
the use of one dimensional bar elements for the CFRP reinforcement.

Aktas et al. (2014) modelled CFRP strengthened reinforced concrete
beams subjected to four-point bending load using ABAQUS. The Hognestad’s
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model (1955) which was modified in CEB-FIP (1993), was employed as the
stress-strain relationship under compression for concrete. A bilinear model
(Coronado and Lopez 2006) was adopted for the tensile behaviour of concrete.
The concrete damage plasticity model was used to model damage in concrete.
Steel and CFRP were modelled as elasto-perfectly plastic and linearly elastic
material until reaching failure strain respectively. The bond-slip model for
concrete, adhesive and FRP interfaces was based on the bilinear model of Lu
et al. (2005). The concrete, steel, CFRP and epoxy were modelled as four-node
plane strain element (CPE4R), two-node truss element (T2D2), four-node
plane stress element (CPS4R), and four-noded solid element (COH2D4)
respectively.

Zhang and Teng (2014) used MSC. MARC for finite element analysis of
RC beams strengthened in flexure with externally bonded CFRP under three-
point and four-point bending load. In this model, the concrete was modelled
using four-node plane stress elements and both the steel bars and the FRP
reinforcement were modelled using two-node beam elements. The bond
behaviour between FRP and concrete was modelled using four-node cohesive
elements. The uniaxial compressive stress—strain curve which was modified by
Elwi and Murray (1979) and Saenz’s (1964) curve was employed. The
exponential tension-softening curve of concrete in tension proposed by
Hordijk (1991) was used to represent the tensile behaviour of concrete in
which the maximum tensile strength of concrete was calculated based on
CEB-FIP (1993). The cracking of concrete was simulated using the smeared
crack model available in the general-purpose FE package MSC. MARC. The
FRP was modelled as an elastic and isotropic brittle material, and the steel bars
including the steel tension bars, steel compression bars and the stirrups were
modelled as an elastic-perfectly plastic material. The bond-slip model for
concrete/FRP interface was based on Lu et al.’s simplified bond-slip model
(2005).

5.2.2. Three Dimensional Finite Element Models

Kishi et al. (2005) used DIANA for the numerical analysis of RC beams
strengthened with FRP sheets (AFRP and CFRP) under four-point loading.
Steel rebar and FRP sheets were modelled as eight-node solid element, and
concrete as six-node solid element, and stirrup as embedded reinforcement
elements. Geometrical discontinuities due to debonding of the FRP sheet were
taken into account using the FRP sheet debonding model, which was based on
Coulomb friction concept. Concrete in compression was defined based on
JSCE (2002), and in tension region a linear softening model was used. For
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rebar and stirrup a bilinear isotropic-hardening model was used, and for FRP a
linearly elastic material model until rupture was used. Adhesive was neglected
in this model.

Obaidat et al. (2010) modelled the flexural behaviour of CFRP
strengthened RC beams subjected to four-point bending load using ABAQUS.
Concrete was modelled according to plastic damage model with two main
assumptions, i.e., two failure modes are tensile cracking and compressive
crushing. In tension, the stress—strain response of the concrete was assumed
to be linearly elastic until the value of the failure stress was reached. Beyond
the failure stress, the material was represented by a softening stress—strain
response where strength reduced to zero gradually. The stress—strain
relationship proposed by Saenz (1964) was used as the uni-axial compressive
stress—strain curve for concrete. Steel reinforcement was assumed to be elastic
and perfectly plastic. Two different material models were used for CFRP, i.e.,
a linearly elastic-isotropic and a linearly elastic-orthotropic model. Both
perfect bond model and cohesive zone model based on Lu et al. (2005) were
used for the CFRP/concrete interface. Four-node linear tetrahedral elements
were used to model concrete, reinforcement steel and CFRP in this model, and
eight-node three-dimensional cohesive element was used to model the
interface layer between concrete and FRP.

Choi et al. (2013) used ABAQUS to conduct finite element analysis of
FRP (CFRP and GFRP) strengthened RC beams under three-point bending
loading. The concrete beams were modelled using three-dimensional eight-
node solid elements and the FRP was modelled using four-node shell
elements. FRP/concrete interface was modelled using a three-dimensional
eight-node cohesive element. Concrete was regarded as an elastic material
with tension stiffening and plasticity of concrete was obtained from the
compressive and tensile material tests. For FRP composites, a linearly elastic
material model was used, and for epoxy cohesive modelling approaches was
used to model elastic traction material behaviours and debonding damage
behaviours initiated by the maximum stress criteria. Stirrups were not
modelled in this model, and adhesive was not modelled as a separate
component. An earlier debonding was predicted from FE models than that
from the experimental investigation.

Hawileh et al. (2013) used ANSYSS to conduct numerical simulation of RC
beams externally strengthened with CFRP subjected to four-point bending.
Concrete, steel reinforcement, FRP and epoxy were modelled using eight-node
SOLID65 brick element, two-node LINKS8 element, SHELL99 element and
SOLID45 element respectively. The interface between FRP and concrete was
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modelled as the 3D eight-node linear interface element (INTER205 element).
The compressive behaviour of concrete was modelled using Hognestad et al.’s
model (1955) and the concrete tensile stress-strain response was regarded as
linearly elastic behaviour up to the tensile rupture strength. After the peak
tensile stress, a linearly descending tensile stress-strain curve was used. The
steel reinforcement and CFRP were assumed to be elasto-plastic and elastic
orthotropic respectively. The bond-slip between CFRP, adhesive and concrete
was based on an exponential form of the cohesive zone model developed by
Xu and Needleman (1994). Most of the FRP attached with concrete with
epoxy adhesive failed by plate end debonding.

Pathak et al. (2016) developed two simple finite element model for accurte
and effective analysis of structural behavior of FRP strengthened RC beams
with and without bond-slip effect under four-point bending loading using FE
analysis software ANSYS. All the components of the beam were considered in
the models. The three-dimensional eight-node Solid65 element was used to
represent the concrete, steel reinforcement was modelled using two-node
Link180 element, four-node Shell181 element was used to model FRP, which
was smeared as thin plates, and the epoxy adhesive was modelled using eight-
node Solid45 element. For the bond slip between FRP, adhesive and concrete
interfaces, two-node nonlinear spring element COMBIN39, which had no
physical mass and dimension, was employed. The nonlinear stress-strain
relationship by Nitereka and Neale (1999) consisting of an ascending curve
and linear descending branch was adopted to represent the compressive
uniaxial stress-strain relationship of the concrete. The stress-strain curve of
concrete in tension is assumed to be isotropic, linear and elastic up to the
tensile strength after which crack occurs and stress gradually reduces to zero.
The steel rebar is assumed to be elastic and perfectly plastic which behaves
identically in tension and compression with stiffness only in axial direction.
FRPs are assumed to be linear and elastic until the tension stress reaches its
ultimate strength, after which brittle rupture occurs and stress then reduces to
zero. A bilinear bond-slip model under static loading developed by Lu et al.
(2005) was adopted to model the bond-slip behaviour between FRP, adhesive
and concrete. Parametric studies were also carried out to learn the effects of
types and thickness of FRP on the structural behavior of FRP strengthened RC
beams based on the developed model.

To sum up, most of the developed finite element models are two-
dimensional models with a few three-dimensional models. Adhesive has not
been considered in most of the developed models assuming bond-slip between
concrete and FRP interface. Debonding can take place in between concrete
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layers, concrete/adhesive interface, adhesive-concrete interface, and hence
bond-slip behaviour should be considered in both interfaces.

6. NONLINEAR FINITE ELEMENT ANALYSIS OF FRP
STRENGTHENED RC BEAMS UNDER CYcCLIC LOAD

6.1. Nonlinear Finite Element Analysis of FRP Strengthened
RC Beams under Cyclic Load Assuming Perfect Bond

El-Tawil et al. (2001) modelled the reinforced concrete beams
strengthened with CFRP under four-point loading using T-DACS (Time-
Dependent Analysis of Composite Sections). The first series of beams were
subjected to low moment range from 44 to 89 kN-m, and the second series was
subjected to 44 to 132 KN-m. Concrete in compression was modelled using the
compression model by Thorenfeldt et al. (1987) and Popovics (1970). In
tension, concrete was modelled by ACI 318 code (2014). It was assumed that
the modulus of elasticity of the reinforcing steel and FRP remained unchanged
during the cyclic loading. The CFRP was assumed to be an elastic-perfectly
plastic material. The FRP/adhesive/concrete interface was assumed to be
perfectly bonded. The steel reinforcement was modelled as an elastic-plastic
material with a postyield strain hardening of 1%. The fatigue behaviour of
concrete was based on the linear stress-strain relationship of Holmen (1982).
The variation of secant modulus with number of cycles was based on the test
results from Bennet and Raju (1971) and Holmen (1982). Results obtained
from the analysis were stiffer than the experimental results. The material
degradation behaviour of steel and FRP were suggested for accurate prediction
of the structural behaviour of FRP strengthened RC beams.

Al-Rousan et al. (2011) conducted a numerical simulation of reinforced
concrete beams externally strengthened with CFRP sheets under cyclic four-
point bending using ANSYS. Concrete was modelled as a quasi-brittle
material and the stress-strain curve in tension was linearly elastic up to the
ultimate tensile strength after which concrete cracked and th