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Abstract

The steel-concrete bond and the cracking behaviour of concrete affect the performance of
reinforced concrete structures. This is due to the fact that the transfer of forces between the steel
and the concrete are accomplished through the bond. The bond between the steel and the
concrete is affected by many factors such as corrosion of reinforcement, type of applied loading,
and the confinement level. Reinforcement corrosion is one of the primary causes of the loss of
steel-concrete bond. On the other hand, an accumulation of bond damage occurs due to the
application of fatigue cyclic loading, as in the case of bridges and marine structures. It is known
that fibre reinforced polymer (FRP) confinement improves the bond strength, even in the case of
corroded reinforcing steel bars.

The objective of this thesis was to develop an analytical tool for structural engineers to
evaluate the corroded steel-FRP confined concrete bond under fatigue cyclic loading. Two
models have been developed; 1) slip-fatigue model; and 2) bond stress-slip model. These models
considered the effect of corrosion of reinforcement, the external confinement provided by the

FRP sheets, and the fatigue cyclic loading.

Slip after ‘N’ number of cycles for unwrapped and FRP wrapped cases were developed as a
function of the initial slip, the final slip, and the fatigue bond life. These models were capable of
capturing the experimental behaviour reported in the literature. Slip-life models for unwrapped

and FRP wrapped beam specimens were developed using non linear regression analysis.

Harajli et al. (2004) static bond stress-slip law was modified in order to model the bond
stress-slip behaviour for the unwrapped and FRP wrapped beam specimen under monotonic and
cyclic loading. The proposed cyclic bond stress-slip behaviour followed the monotonic bond

stress-slip envelope and satisfactorily modeled the experimental behaviour.

From the principles of statics of bond and using the derived cyclic bond stress-slip envelope,
an equation to calculate the required development length of steel reinforcement was derived. The
proposed equation is dependent on the material and the geometrical properties of a structural
member. The derived equation was able to satisfactory predict the fatigue bond life.
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Chapter 1: Introduction

1.1 Problem Statement

The performance of reinforced concrete (RC) members depends on the transfer of forces across
the interface between concrete and steel reinforcing bars. This transfer of forces is accomplished
through the bond forces between the steel and the concrete. The steel-concrete bond dictates the
cracking behaviour and the ultimate strength of a RC member (Oh and Kim, 2007). The
interruption of transfer of forces at the steel-concrete interface, due to the bond deterioration,
results in an increased number of cracks and deflection. It may also lead to a brittle and abrupt
failure of the concrete element (ACI 408, 2003). Therefore, a precise assessment of the bond
between the steel and the concrete is important to determine the residual strength of RC
structures (Oh and Kim, 2007; Rteil, 2007; Mor et al., 1992). Bond is affected by several factors
such as the corrosion of the steel reinforcement, the presence of confinement, and the loading

regime.

The corrosion of reinforcement in concrete structures is the most serious problem facing
structural engineers. For example, corrosion caused the fall down of the Berlin Congress Hall
and a parking garage in Minnesota, resulting in enormous casualties and damages (Isecke, 1982;
Borgard et al., 1990). The principal cause of steel corrosion in reinforced concrete bridges,
marine structures, and parking garages is the use of either chlorides as de-icing agents or the
presence of chlorides in the environment. In addition to structural discrepancies, the deterioration
of RC structures is also characterized by severe environmental conditions, inappropriate use of
construction materials, and inadequate construction practices (Amleh, 2000). Approximately $3
billion per year is the estimated cost required for the repair of corrosion damaged structures in
Canada (David, 2000). Corrosion of reinforcement in RC structures cost the United States
economy almost 1% of its gross domestic product (Whitmore and Ball, 2004).

The consequences of corrosion in RC structures are: 1) loss of reinforcing steel cross
sectional area and 2) cracking of concrete cover which leads towards concrete spalling. The
reduction in the area of the steel bars decreases the load carrying capacity of the RC structures.
The cracking and spalling of the concrete cover, resulting from the splitting tensile forces acted
by the rust volume on the concrete (ACI 222, 2001), lead to the deterioration of the bond due to

1



the loss of friction and mechanical anchorage provided by the ribs as well as the loss of concrete

cover confinement.

Marine structures and bridges, which are prone to corrosion, are also subjected to cyclic
loading. The live to dead load ratio is high in these structures due to the use of high strength
material which reduces the dead load. Therefore, fatigue cyclic loading is becoming an important
design criterion for these structures (ACI 215, 1974). The fatigue cyclic loading causes
progressive damage in the form of increased number of cracks, crack width, and deflection,
which affects the steel-concrete bond strength. The influence of fatigue cyclic load is
characterized by an increased in slip between the reinforcing steel bar and the concrete. The slip
response dictates the cracking and crushing behaviour of concrete in front of the steel bar lugs
(Balazs, 1991; Lindorf et al., 2009).

Fibre reinforced polymer (FRP) system has achieved a worldwide acceptance over other
strengthening systems due to its high strength to weight ratio, favourable behaviour in harsh
environments, improved fatigue behaviour, ease of handling in application, and non corrosive
nature (ACI 440, 2002). Also, the FRP repair system controls the corrosion activity and hence
increases the strength of RC structures (El Maaddawy et al., 2005a and b). Research has also
shown that FRP wrapping increases the bond strength by providing confinement to the concrete,
which does not allow the cracks to propagate further (Kono et al., 1998, 1999; Hamad et al.,
20044, b, c; Harajli et al., 2004; Rteil et al., 2005).

Design equations that deal with the worst case loading scenarios of new construction and
analysis of existing reinforced concrete (RC) structures are required in order to ensure their
satisfactory performance during their service lives. The existing analytical bond models that deal
with the corrosion of reinforcement, FRP confinement and cyclic loading are based on pullout a
specimen, which does not capture the actual bond behaviour in order to assess the bond
performance of RC structures. Some of these models consider the effect of repeated loading,
while others consider the effect of corrosion. However, models that consider the combined effect
of fatigue cyclic loading and the corrosion of reinforcement are lacking in the literature. In
addition, the effect of FRP wrapping needs to be evaluated under these combined effects. The



present study is intended to propose a design equations and analysis techniques that would help

the structural engineers in order to cope with the fatigue-corroded steel-bond problems.

1.2 Thesis Overview

This study aims to develop tools which examine the influence of the fatigue cyclic loading on the
bond behaviour between the corroded steel reinforcement and carbon fibre reinforced polymer
(CFRP) confined concrete. Chapter 2 reviews the available literature on the bond between
concrete and steel. This chapter discusses the effect of corrosion, FRP confinement in the bond
anchorage zone, and the cyclic loading on bond between the steel and the concrete. Based on the
literature review, the research objectives and the methodology are presented. Numerical
modeling of bond associated parameters is developed in Chapter 3. Chapter 4 presents the
analytical derivation, based on the mechanics of bond, of the cyclic slip-development length
relationship. Finite element simulation of static bond stress-slip relation for the beam anchorage
specimen will also be presented. Chapter 5 presents the conclusions and the limitations of this

study and provides future research recommendations.



Chapter 2: Literature Review and Research Objectives

2.1 Corrosion

2.1.1 Corrosion Process

Corrosion is the formation of a chemical compound due to deterioration of a metal by chemical
reaction with environmental species. It is an electrochemical process at room temperature; i.e.,
the flow of an electric current takes place as a result of a chemical reaction (Choo and Newman,
2003).

Positive ions are formed when the free electrons leave the metal surface during the metal
dissolution process. A chemical reaction that produces positive ions is called oxidation, and the
site where oxidation takes place is called an anode (e.g., positive iron ions are formed due to iron
oxidation). The reaction during which the negative ions are formed when the residual electrons
are consumed in the metal by a chemical reaction called reduction. The site where reduction
takes place is termed as cathode (e.g., negative hydroxyl ions are formed when oxygen is
reduced). An oxidation and/or reduction process occurs on an electronic conductor called
electrode (Glass and Buenfeld, 1998).

To avoid the accumulation of charges, an electronic and ionic current must flow between the
cathode and the anode. lonic conductor is an aqueous solution that consists of ions (Fe*?, Na",
OH’, CI') and termed as electrolyte. Cations are positive ions and anions are negative ions. The
metal acts as an electronic conductor. If there is no external source of battery (electron/power
supply), the anodic and cathodic reactions occur in such a way that it prevents the build up of an
electric charge (Glass and Buenfeld, 1998).

2.1.2 Concrete Environment

Concrete consists of aggregates and cement matrix. The cement matrix is basically calcium
hydroxide and calcium silicate gel, which are the products of hydration reaction (Choo and
Newman, 2003). An important characteristic of cement hydration is that the aqueous phase

quickly attains a high pH (12-13) value. The reaction of this alkaline solution with steel results in

4



the formation of a thin, impenetrable, and dense film consisting of a metal oxide layer, forming
on the steel (called passive layer) and protects it from further metal dissolution (Glass et al.,
2000a).

As long as the reinforcing steel bar is in contact with the passive layer it will be secured
from corrosion. However, many reinforced concrete structures are exposed to a variety of

environments which may provide favourable surroundings for the initiation of corrosion.

2.1.3 Corrosion Initiation Process

Corrosion in RC structures is due to the entrance (through the cement pores) of destructive
species (chlorides ions and carbon dioxide) into the cement paste (Choo and Newman, 2003).
The transportation rate of the aggressive species is highly dependent on the permeability of
concrete. This factor further depends on the cement type and its content, fineness of the cement,
water/cement ratio (w/c), use of cementitious material (ground granulated blast furnace slag and
silica fumes), and the compaction of concrete (Atkinson and Nickerson, 1984). Figure 2.1 shows
the corroded steel reinforcement after the spalling of concrete.

Figure 2.1 Steel reinforcement corrosion in the concrete (Broomfield, 1997)



2.1.4 Carbonation Induced Corrosion

The reaction of alkaline hydroxide and carbon dioxide (CO,) results in the formation of a
carbonic acid (H,CO,). This will neutralize the alkaline solid phase and decreased the pH value
of the concrete (Broomfield, 1997). The alkaline solid phase is depleted when a low pH zone
extends inward from the concrete surface. This process is called carbonation. The passive layer
becomes unstable and no longer exists if the pH value around the steel falls to 10 (Glass et al.,
2000a).

The rate of carbonation depends on many factors related to both the concrete quality and the
external environment. Concrete associated factors include the nature of porosity, the alkaline
reserves of the cement hydration products, and the depth of the concrete cover. The carbonation
rate increases with a high wi/c ratio due to increase in the chemical porosity. The carbonation
depth also increases in the presence of cracks (Glass et al., 1991). In addition, if the surrounding
environment contains a high amount of carbon dioxide, it will significantly increase the rate of
carbonation (Broomfield, 1997).

2.1.5 Chloride Induced Corrosion

Chloride ions act as a catalyst in the chloride-induced corrosion process. There are two
possibilities for chloride ions to be in the concrete. The cast in chlorides which are present
already in the concrete due to the use of set accelerators (calcium chloride), sea water or
contaminated aggregates in the concrete. In addition, chloride ions can enter (diffuse) into the
concrete from external sources. External sources for the chloride ions include sea salt (for
structures near seas and oceans), and de-icing salts in cold geographic regions (Broomfield,
1997). The interaction of chloride ions with steel bar will lead to the initiation of corrosion based
on one of the following theories. 1) According to oxide film theory, the chloride ions attack the
protective layer (passive layer) surrounding the reinforcing steel bar and disturb the underneath
iron. 2) The adsorption theory states that the chloride ions, hydroxyl ions, and the dissolved
oxygen try to adsorb in the metal’s surface. The interaction of chloride ions with the reinforcing
steel bar increases the rate of elimination of the iron ions from the reinforcing steel bar into the
solution. 3) The transitory complex theory states that the disturbance in passive layer takes place

when the hydroxyl ions are replaced by the chlorides and forming a soluble iron chloride. Iron



chloride breaks into the chloride ion during migration from the anode. These free chloride ions

then continue to react with the reinforcing steel bars (ACI 222, 2001).

2.1.6 Corrosion in Concrete

The mechanism of corrosion in concrete is the same whether it is carbonation induced or
chloride induced. The corrosion mechanism in concrete is similar to an electrochemical reaction
where the concrete matrix acts as an aqueous solution (electrolyte) and the reinforcing steel bar
represent an electrical conductor (ACI 222, 2001). The schematic representation of the steel
oxidation at the anode and the reduction at the cathode for the initiation of corrosion is shown in

Figure 2.2.

ANODE CATHODE

. . - - Concrete

Figure 2.2 Corrosion mechanism in concrete (Broomfield, 1997)

The oxidation reaction at the anode results in the release of electrons. These electrons react
with oxygen and water at the cathode resulting in the formation of hydroxide ions (Figure 2.2).
Equation 2.1 and 2.2 shows the anodic and cathodic reactions respectively.

Fe — Fet? + 2e~ Equation 2.1
2e” + H,0 +§02 — 20H~ Equation 2.2

The stages for the formation of rust products are as follows: First, the iron ion (Fe*?) reacts
with the hydroxyl ions (OH") to form ferrous hydroxide [Fe(OH),] (Equation 2.3). The ferrous
hydroxide further reacts with the available water and oxygen to form ferric hydroxide
[4Fe(OH),] (Equation 2.4) and then hydrated ferric oxide (Equation 2.5) or rust [Fe,05.nH,0]
(Broomfield, 1997).



Fe*? + 20H™ — Fe(OH), Equation 2.3

4Fe(OH), + 0, + 2H,0 — 4Fe(OH)3 Equation 2.4

2Fe(OH); — Fe,05.nH,0 + 2H,0 Equation 2.5
Where ‘n’ in Equation 2.5 depends on the available oxygen and water.

2.1.7 Corrosion Effects on Concrete Structures

Corrosion causes a decrease in the cross sectional area of the reinforcing steel bar. This reduction

in the steel area directly affects the deflection and the capacity of the RC element.

The formation and deposition of rust product on the reinforcing steel bars reduces the direct

contact of between the reinforcing steel and the concrete; thus, decreasing the bond strength.

In addition, the volume of the rust products, which is many times higher than the parent
reinforcing steel bars, exerts a tensile stresses on the surrounding concrete. Due to these tensile
stresses, a radial crack initiates and may lead towards the spalling of the concrete cover (Figure
2.3) (Broomfield, 1997). In this case, a complete loss of bond takes place. As discussed in
Section 2.4.1, the loss of steel-concrete bond interrupts the force transfer mechanism between
these two materials (steel and concrete). Therefore, the member will behave like a plain concrete
and will fail abruptly.

Figure 2.3 Cross sectional view of corrosion induced cracks



2.2 Fibre Reinforced Polymers

Fibre reinforced polymer (FRP) sheets have been widely used for rehabilitation (repair and
strengthening) of deteriorated RC structures. Also they have been used to strengthen and upgrade
existing structures against flexural, shear, and bond failures (Saadatmanesh and Malek, 1998;
Pisani, 2005; El-Syed et al., 2007; Hamad et al., 2004). FRP sheets consist of high tensile
strength fibres within a polymer matrix (ACI 440, 2002).

2.2.1 Fibres

Fibres provide the strength and the stiffness in the longitudinal direction in order to resist the
applied load (ACI 440, 2002). The three types of fibres that are used in structural engineering
applications are namely carbon, glass, and aramid (Figure 2.4).

.
(4
|
) :

1

Figure 2.4 Carbon and glass fibres

Carbon fibre reinforced polymer (CFRP) composites have many advantages such as high
tensile strength, resistance to corrosion, low coefficient of thermal expansion, improved fatigue
behaviour, high strength to weight ratio, and high stiffness. On the other hand, manufacturing
cost of CFRP is high. Glass fibre reinforced polymer (GFRP) composites require less
manufacturing cost relative to carbon fibres and have high tensile strength in comparison with
steel, low electrical conductivity and high heat resistance properties. In comparison to carbon

fibres, GFRPs have a lower stiffness. The generic name of aromatic polyamide is aramid.
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Aramid fibres have more stiffness than GFRP and are cheaper to produce than CFRP. They have
low density, non corrosive nature, excellent fatigue behaviour, and possess high strength (ACI
440, 1996).

2.2.2 Resin

The transfer of stresses between the fibres and between the fibers and concrete is accomplished
through the use of polymer resin. There are two types of resins: thermoset and thermoplastic.
Thermosetting resins are commonly used in structural applications. They include vinyl esters,

epoxies, phenolics, and polyesters (ACI 440, 2007).

Thermosetting resins form a continuous 3-D network of covalent bond. These resins will not
melt if heated but will soften and cannot be converted back into their original liquid form. They
are good insulator of heat and electricity. The typical properties of thermosetting polymer resins

are shown in Table 2.1.

Table 2.1 Thermosetting polymer resin properties (ACI 440, 2007)

. Tensile Tensile Maximum
Density .
Type (g/em3) modulus strength elongation
9 (MPa) (MPa) (%)
Polyester 1.2 4.0 65 25
Epoxy 1.2 3.0 90
Vinylester 1.12 35 82 6

2.2.3 Properties of FRP

The stress-strain plots of different FRP systems shows that they can sustain higher stresses (up to
2500 MPa) in comparison with the reinforcing steel. Also, FRP systems show a linear stress-
strain behaviour up to failure (Figure 2.5). It should be noted that FRPs have lower modulus of

elasticity compared to steel and have no yielding and are highly unidirectional.
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Figure 2.5 Stress-strain plots of FRP (ACI, 1996)

2.2.4 Construction Applications of FRP

Due to their properties, FRP composites are used in different applications in construction. The
FRP wrapping of RC structures may increase the service life of the structures as they are more
resistant to corrosion, and the easy and quick installation of FRP results in cheap construction
cost (in terms of labour). The application of FRP composites in construction includes (ACI
440R-2007):

e Using FRP sheets and plates as a repair, rehabilitation and strengthening material for

structural members (beams, columns, slabs and walls);
e Using FRP rods and rebars as an internal reinforcement;
e Using FRP prefabricated shapes as structural shapes like tube and channel sections.

2.3 Fatigue Failure in Reinforced Concrete Structures

Reinforced concrete (RC) bridges and marine structures are subjected to fatigue cyclic loading
(repeated loading). During their service life, these structures can take up to 7x10® cycles (Tilly,

1979). The use of ultimate state design and high strength material resulted in a decrease in the
11



cross sectional dimension of the structural members, therefore the dead loads were decreased. At
the same time, live loads are increasing (heavier trucks or more trucks on bridges). This resulted
in higher live to dead load ratio. Due to this, higher stress ranges are acting on the structural
members which give rise to fatigue problems. The cyclic loading affects the serviceability
behaviour of the structures even if the fatigue failure does not take place. The fatigue loading
results in an increased number of cracks and deflections. The design process of reinforced
concrete structures should consider the effect of repeated cyclic loading criteria’s in order to

ensure a satisfactory performance (ACI 215, 1974).

Under repeated cyclic loading, cracks begin to propagate inside the concrete member. The
fatigue crack may commences from the base of the ribs of the reinforcing steel bar or a void in
the cement paste. Stress-strain behaviour of concrete becomes softer after the formation of
excessive cracks with the increasing number of cycles (ACI 215, 1974).

Fatigue failure in RC structures may take place due to the accumulation of flexural, shear or
bond stresses. According to ACI 215 (1974), a structure may have a fatigue life of up to ten
million cycles if the concrete compressive strength is at least 50% higher than the concrete
compressive stress range and steel stress range, S, is:

§ <161 —-0.33f;, = <138 MPa Equation 2.6

Where fsmin IS the minimum steel stress.

2.4 Bond between Steel and Concrete

The steel-concrete bond affects the performance of reinforced concrete structure (Amleh, 2000).
Design equations in various codes are based on the assumption that a perfect bond exists
between the concrete and the reinforcing steel bars in order to transfer the stresses between the
two materials. Bond stress at the steel concrete interface is the shear stress which amend the steel
stress along the length of the bar by transferring forces between the bar and the surrounding
concrete (ACI 408, 2003). Due to this stress transfer mechanism between these two materials the

steel and the concrete work as a composite material.
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2.4.1 Bond Mechanism

The bond stresses developed between the concrete and the reinforcing steel bar are resisted by
the chemical adhesion between the reinforcing steel bars and the concrete, the friction between
the reinforcing steel and the concrete, and the mechanical anchorage provided by the reinforcing

steel lugs against the concrete key, as illustrated in Figure 2.6 (ACI 408, 2003).

The vector addition of these forces results in a resultant force. The resultant force could be
resolved into two components: the horizontal component called the bond force and vertical

component called the bond splitting force (Figure 2.6).
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Figure 2.6 Bond force mechanism

Higher bond stresses (Figure 2.7) will cause the RC member to fail in bond by concrete
splitting or by pull out failure. If the concrete cover and confinement are not adequate, the radial
splitting forces cause the initiation and propagation of longitudinal and radial cracks from the
steel bar to the concrete member surface. This will cause the concrete cover to split leading to
splitting failure. However, if the concrete cover or the confinement is large enough, the radial

splitting cracks need more energy in order to reach the concrete surface and the splitting failure
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may be delayed or avoided. Therefore crack propagates along the longitudinal direction. This
coupled with the increase in the shear component of the resultant bond force will result in
shearing the concrete keys between the steel bar ribs off and causes the reinforcing steel bar to
pullout. Splitting and pullout failure are both brittle failures. Once the force mechanism between
steel and concrete is disturbed due to bond failure, the RC member will act as a plain concrete
and will fail abruptly (ACI 408, 2003).
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Figure 2.7 Forces and stresses in concrete (ACI 408, 2003)

2.4.2 Factors Affecting the Bond Behaviour

The behaviour of the bond between the steel and the concrete depends on many factors. The

major ones are explained below.

Concrete Cover

The confinement provided by the concrete cover determines the bond failure mode (Eligehausen,
1979; Orangun, Jirsa and Breen, 1977; Tepfers, 1973). A splitting tensile failure will be more
likely to occur in case of small concrete cover; while an adequate concrete cover for the same

development length will result in pullout (bond shear) failure (ACI 408, 1992).

Development Length

Bond strength increases as the development length increases; however, it should be noted that
the bond strength and the development length are not linearly proportional. This is because the
bond stresses are not uniformly distributed along the development length. Bond stresses are
concentrated close to the loaded end rather than the free end. With an increase in the

development length, higher forces are required to induce bond failure in the RC member (ACI
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408, 2003). Also, in the case of repeated loading, the fatigue bond life increases with increased
development length (ACI, 408, 1992).

Compressive and Tensile Concrete Strength

In case of bond failure, the tensile strength of concrete is the more important parameter than the
compressive strength because splitting and pullout failures are the result of tensile concrete
failure (Orangun, Jirsa and Breen, 1977). The tensile (f) and compressive strength (f.)) of
concrete are proportional to each other (Carino and Lew, 1982). However, regression analysis on
different experimental results showed that for bond failure a better correlation exists between the
bond strength and (£)** (ACI 408, 2003). This suggests that the bond failure is also related to
the fracture energy of concrete (ACI 408, 2003).

Bar Size
Bar size is dependent on the development length in order to contribute towards the bond strength.
For example, larger bar size increases the bond strength, but it require larger development length

in order to gain the same bond stresses, as in the case of small bar size (ACI 408, 2003).

Relative Rib Ratio (R))

Relative rib ratio is the ratio between the bearing area and the shearing area (Figure 2.8).
“Bearing area is the area of ribs perpendicular to the bar axis and the shearing area is the surface
area between the ribs” (ACI, 408, 1992). The bond behaviour is highly dependent on the relative
rib ratio (R;) (ACI 408, 1992). R, values vary from 0.05 to 0.08 (ACI, 408, 1992).
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Figure 2.8 Relative rib ratio (R,) (ACI 408, 2003)
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The bond strength increases with an increase in R, (Rehm and Eligehausen, 1979; Soretz and
Holzenbeim, 1979; Balaazs, 1986; Eligehausen, 1977; Rehm and Eligehausen, 1977). In case of
reverse cyclic loading, a reduction in the free end slip (50 to 70%) and loaded end slip (30 to 40
% ) was observed if R; increased from 0.085 to 0.119 (Zuo and Darwin, 2000). Also, R, affects
the bond fatigue performance (Zheng and Abel, 1998).

Bar Casting Position
In top cast bars, the direct contact between the steel bar and the concrete is reduced due to the

accumulation of bleed water which results in lower bond strength compared to bottom cast bars
(ACI 408, 2003).

Steel Strength

As the steel strength increases the bond strength increases. Due to higher steel strength, higher
bond stresses are required in order to yield the bar (Equation 4.3) (ACI 408, 1992).

Confinement

Bond strength increases with the increase in the confinement level in the bond anchorage zone.
Internal confinement includes transverse reinforcement (steel stirrups), fibres in the concrete mix
and concrete cover. FRP wrapping is used as an external confinement which increases the bond
stiffness and improves the post ductility failure. A sufficient level of confinement also affects the
bond failure mode (Sections 2.4.1, 2.5 and 2.7).

Bar Surface Condition

The bar surface condition affects the frictional properties which ultimately contribute towards the
bond strength. A decrease in the steel bar contact with the concrete will result if the steel bar
surface is not clean from dust, mud or other non-metallic materials. Bar surface condition can be
made non-favourable to corrosion by coating it with an epoxy coating. This will reduce the
frictional component of the bond force and result in decreased bond strength (ACI 408, 2003).

2.4.3 Bond Test Specimens

Pull out and beam specimens (Figure 2.9) are commonly used in the experimental evaluation of

the bond strength.
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Figure 2.9 Pull out and beam specimen (ACI 408, 2003)

Pullout specimen does not capture the realistic bond behaviour and gives higher bond
strength than the actual situation due to the following reasons; 1) the bearing of a big block on
the surface prevents the splitting of the block due to its bigger size and the local bearing
compression forces it produces; 2) pullout specimen does not consider the confinement effect of
transverse reinforcement; and 3) the surrounding concrete around the reinforcing steel bar in case
of a pullout specimen, is in compression (ACI 408, 2003). Therefore, specimens such as beam-
end specimen, beam anchorage specimen and splice specimen gives a better representation of
bond behaviour and bond strength (ACI 408, 2003).

2.5 Confinement of FRP in Bond Anchorage Zone

Various studies have been conducted in the past to observe the effect of FRP wrapping on the
bond anchorage zone. All these studies concluded that FRP wrapping in the bond anchorage
zone increased the bond strength by confining the concrete (Figure 2.10), which does not allow

the cracks to propagate. Some of the previous studies are summarized below.

Kono et al. (1998) studied the effect of FRP confinement on the bond strength. They found
an eighty percent increase in bond strength due to FRP wrapping (Kono et al., 1998). Also, in
their study, the amount of FRP along the development length was evaluated. In another
experimental study, Kono et al. (1999) concluded that the confinement provided by the FRP
sheets increased the bond strength up to 115%. Hamad et al. (2004a, b, c) and Harajli et al.
(2004) tested FRP confined bond beam specimens and proposed an equation for the additional

bond strength provided by the FRP sheets. The FRP confinement also improved the post failure
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ductility behaviour (Harajli et al., 2004; Hamad et al., 2005). Rteil et al. (2005) observed a 38%

increase in bond strength due to CFRP wrapping in the bond critical region.
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Figure 2.10 Effect of FRP confinement (Harajli et al., 2004)

In short, FRP sheets increased the bond strength due to an increase in the confinement forces
that held the splitting cracks from opening further. Also, FRP sheets changed the bond stress-slip

response due to improved bond ductility behaviour.

2.6 Effect of Corrosion on Bond

Experimental studies showed an increase in bond strength during the initial level of corrosion
(Figure 2.11) (Al-Sulaimani et al., 1990; Almusallam et al., 1996; Mangat et al., 1999; Amleh
and Mirza, 1999; Fang et al., 2004). This initial increase in bond strength was attributed to the
formation of a firm layer of corrosion product that increased the confinement around the steel bar

which results in an increased bond strength.

The bond strength decreased dramatically after the development of longitudinal corrosion
cracks (Figure 2.11). This rapid decrease in bond strength was due to the loss of bearing
component as the ribs of the reinforcing bars being reduced by corrosion, decrease in the

frictional component of the bond force due to the deposition of the corrosion products, and
18



expansion of the longitudinal cracks that decreased the concrete confinement (Al-Sulaimani et
al., 1990; Almusallam et al., 1996; Mangat et al., 1999; Amleh and Mirza, 1999; Fang et al.,
2004).

Longitudinal cracking initiation

Bond strength

Corrosion

Figure 2.11 Schematic of the effect of corrosion on bond strength

Researchers used different analytical and numerical approaches in order to model the effect
of reinforcement corrosion on bond between the reinforcing steel bar and the surrounding
concrete (Berra et al., 2003; Fang et al., 2006; Amleh and Ghosh, 2006; Tastani et al., 2007).

Most of these models were based on tests using pullout specimens.

2.7 Effect of FRP Confinement on the Bond Behaviour of Corroded Steel Bar

Wrapping the bond region of a corroded beam by FRP sheets increased the bond performance
due to the prevention of further propagation of corrosion cracks by confining the concrete and
increasing its transverse resistance, as seen in Figure 2.12 (Soudki and Sherwood, 2000, 2003).
Experimental results also showed that the failure mode was affected by the FRP confinement. It
changed splitting to pullout failure and splitting to flexure failure in pull out and beam

specimens, respectively (Craig and Soudki, 2005).
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Figure 2.12 Bond strength under FRP confinement and corrosion (Soudki and Sherwood, 2003)

2.8 Bond Behaviour under Repeated Cyclic Loading

Cyclic loadings are classified into two categories. Loading which contains less than 100 cycles
are termed as low cyclic loading. In low cyclic loading, the bond stress ranges are higher than
80% of the ultimate bond stress (ACI 408, 1992). Examples of low cyclic loading are seismic
loading and high wind loadings. The second type of cyclic loading is called high cyclic loading,
which is also referred to as fatigue loading. As the name indicates, the high cyclic loading
contains millions of cycles, but has bond stresses that are less than 40% of the ultimate bond
stress (ACI 408, 1992). Traffic loadings on bridges and structural member subjected to a
continuous type of vibratory motion are examples of high cyclic loading. Fatigue loadings are

problematic even at service loads (ACI 408, 1992).

The progressive deterioration of bond (due to cyclic loading) affects the serviceability of
reinforced concrete structures and results in a bond fatigue failure. Experimental results showed
that the serviceability and the fatigue strength of a reinforced concrete member is greatly
dependant on the bond between the steel and the concrete (Mor et al., 1992; Bresler and Bertero,
1968; Balazs, 1991; Plizzari et al., 2002). The fatigue phenomena can be analyzed by observing
the slip behaviour as the number of cycles of loading increases (Balazs, 1991). The following

were the conclusions made from the previous studies on the bond under cyclic loading:
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The bond stresses were higher during the first cycle at the loaded ends of the

specimen and gradually decreased to zero at the free end because there were no

stress transfer in that region. When the concrete cracked, a redistribution of stresses

took place (Bresler and Bertero, 1968).

The peak bond stress was shifted, as the number of loading cycles increased, from

the loaded to the free end. An increase in the bond stress (65% to 90%) was

observed at the free end due to the reduction in the loaded end due to the application

of repeated loading (Perry and Jundi, 1969).

The slip behaviour of steel reinforcement was the primary factor responsible for the

bond failure in case of cyclic loading. The variation of slip behaviour with the

increased number of loading cycles is shown in Figure 2.13 (Balazs, 1991).
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Figure 2.13 Reinforcing steel slip behavior under cyclic loading (Balazs, 1991)
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Specimens which failed in bond under static loading were more vulnerable to fatigue

bond failure in cyclic loading. Concrete strength and development length were the

main controlling factors under cyclic repeated loading (Verna and Stelson, 1962;

Rehm and Elingehausen, 1979).
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e The slip behaviour of steel reinforcement can be controlled by providing an internal
(steel fibres, steel stirrups) or external confinement. This will increase the fatigue
bond strength by reducing the splitting cracks and hence the reinforcing bars slip
(Plizzari et al., 2002).

2.8.1 Oh and Kim Model

To the author’s best knowledge, the only model in the literature includes the effect of fatigue
loading was proposed by Oh and Kim (2007). In this model, the cyclic bond stress-slip relation
was proposed based on the experimental data generated by the authors.

The cyclic slip (sy) was expressed as a function of the initial slip (s;) and the number of

cycles (N) of loading as shown below:
sy = s;N?, b = 0.098 from experimental data
Similarly the residual slip was expressed as follows:
Srn = Sp N2, b= b,
Based on their experimental data Oh and Kim (2007), derived the residual slip as follows:

Sr1 = 51 [2(g;ep/Tmax) - (Trep/Tmax)z]r Sro =0
Where sy is the initial slip and Trep/Tmax 1S the repeated bond stress level.

The bond stress-slip relation after N number of load cycles and fatigue bond life (N;) model

were proposed by Oh and Kim (2007) as follows:

In=0, s<srn-1

S = Sr(n-1)

XN
S ) ) S 2 Sr(n-1)

In = Tmax <
p1

451

Where, ay = NO-092(Tp0, /Tonax)
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Nf = (Tmax/g;”ep)l/alb

This model was based on the assumption that linear behaviour exists between the slip and
the number of cycles. Also, it does not consider the behaviour up to failure. This model was

based on the pullout specimen tests.

2.9 Bond Behaviour of Corroded Steel-FRP Confined Concrete under Fatigue Cyclic
Loading

Very little information is available in the literature on the effect of FRP confinement in bond
anchorage zone of a corroded steel under repeated cyclic load. To the best knowledge of the
author, the only study reported in the literature was conducted by Rteil (2007).

Rteil’s (2007) experimental program consisted of beam anchorage specimens which were
2000 mm in length, 152 mm wide, and 254 mm deep as illustrated in Figure 2.14. The main
objective of his study was to determine the fatigue bond behavior of corroded reinforcing rebars,
therefore test specimens were designed to fail in the bond-critical region by concrete splitting.
The tested beams were unbounded in the middle and bonded (250 mm) at the ends (Figure 2.14).
Beam specimens were tested in different groups. The corrosion level and the FRP confinement
were the boundary line between the different groups (Table 2.2). The specimens belonging to the
same group were tested at different load range. In Table 2.2, ‘UW’ was used to describe the
unwrapped specimens, ‘W’ for FRP wrapped specimens. The corrosion level was indicated by

the numbers 0, 5, and 9 which were the measured percentages of the steel mass loss.
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Figure 2.14 Details of the test specimen (Rteil, 2007)
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Table 2.2 Details of experimental setup (Rteil, 2007)

Corrosion level Corrosion level
hen FRP
Group Wapplied when tested lgl;ergit;ﬁgr?: Remarks
(Days) (Days)
. No FRP 0 1
Monotonic M Control beams
0 0 1
uwo No FRP 0
uws No FRP 50
Specimen depends
. uwo9 No FRP 100 or 150 .
Cyclic W 0 or 5t0 10 on different load
0 0 0 ranges
W5 50 50
W9 100 or 150 100 or 150

The experimental results showed that the corroded and uncorroded beam specimens failed
due to the splitting of the concrete. In case of uncorroded unwrapped beams, the concrete cover
was pushed away as the number of loading cycle increased (Figure 2.15). On the other hand, the
confinement of FRP sheets changed the bond behaviour; the concrete in front of the steel bar
lugs was crushed and the bottom cover was cracked (Figure 2.16). The increase in initial slip and
failure slip was observed as the maximum load applied and the corrosion level increased (Rteil,
2007).

if 4 1%

a) Concrete above the steel bar b) Concrete below steel bar (bottom cover)

Figure 2.15 Unwrapped corroded beams (Rteil, 2007)
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Figure 2.16 FRP wrapped corroded beams (Rteil, 2007)

It was observed by Rteil (2007) that the FRP wrapped beams had a smaller number of cracks
than the unwrapped specimens. Also, FRP sheets increased the fatigue bond life compared to
unwrapped specimens at all corrosion levels. The load range-fatigue bond life plots showed a
linear behaviour on logarithmic scale (Rteil, 2007). The detailed experimental results of the
fatigue bond life for both unwrapped and FRP wrapped beam specimens are shown in Appendix
A.

In his study, Rteil (2007), measured the loaded end slip and the free end slip and it was
observed that the loaded end slip was higher than the free end slip. This was due to the fact that
the loaded end slip consists of rigid body motion, as well as the elastic and plastic elongation of
the steel reinforcement bar. Experimental results showed that in case of unwrapped beam
specimens the slip increased at a very low rate up to 85 to 95 percent of the beam’s life and then
a dramatic increase in slip was observed up to failure (Figure 2.17). Rteil (2007) explained this
behaviour of slip as follows: initially the concrete in between the reinforcing bar ribs prevented
the steel bar from slippage but when the tensile stresses increased sufficiently due to crack
propagation, a decrease in the concrete confinement ability resulted in increased slip (Rteil,
2007).
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Figure 2.17 Slip behavior for unwrapped beam specimen (Rteil, 2007)

The confinement of FRP wrapping changed the initial behaviour of the slip. Rteil (2007)
observed a high increase in slip during the first 5 to 10 percent of the beam’s life (Figure 2.18)
than the unwrapped beam specimens. This was explained as follows: at the start of the loading
cycles, the confinement effect of FRP sheets was not fully utilized (shown from the FRP strain
reading). The concrete cover was pushed away by the hoop stresses generated due to slip
increased which pushed the concrete cover outward. Due to this, FRP sheet was under tensile
stresses and bottom concrete cover was under compressive forces. Therefore, the concrete
around the steel ribs was crushed and propagated the cracks along the reinforcing steel bar
towards the concrete surface, which ultimately increased the stress in the FRP sheet. Due to this,
the slip behaviour showed a constant increase up to 85 to 90 percent of the beam’s life (Figure
2.18) due to the contribution of the FRP sheets which held the cracks from further propagation.
The last 5 to 10 percent of the beam’s life showed a dramatic increase in the slip (Rteil, 2007).
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Figure 2.18 Slip behavior for FRP wrapped beam specimen (Rteil, 2007)

In his study, Rteil (2007) proposed a fracture mechanics model based on the fatigue crack-
growth analysis. The slip in the steel bar was considered a damage criterion in this study. A bond

stress intensity factor (Kyong) Was proposed as follows:

Kpona = (umaxp)‘/g

Where Umax is the maximum static bond stress, P is the ratio of the maximum load applied to

the static capacity, and s is the slip of reinforcing bar.

The relationship between the cyclic slip growth rate (ds/dN) and Kpong Was proposed by
Rteil (2007) as follows:

Z_;, = C(Kbond)m = C[(umaxp)\/g]m Equation 27

In Equation 2.7, C and m are constants that depend on the corrosion level and the
confinement. The fatigue bond life can be determined by integrating Equation 2.7 between initial

slip (s;) and final slip (sr) as follows:

1-m/2 _ 1-m/2

Sf Sl
Ny = —~ m form # 2
C(umaxp) (1 - 7)
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The model proposed by Rteil (2007) was based on the scattered data therefore it is not reliable.

2.10 Research Motivation

It is evident from the literature presented that numerical and analytical modeling of the corroded
steel-FRP confined concrete bond under fatigue cyclic loading is lacking. Also it is noted that
only few researchers studied the theoretical aspects of the steel-concrete bond under different
scenarios (corrosion, repeated loading and external confinement using FRP) where most of them
used a pull out specimen (which does not capture the exact bond behaviour) for their

experimental and analytical investigation.

Bond models based on beam specimens that considered the combined effect of corrosion of
reinforcement, FRP confinement and fatigue cyclic loading are needed in order to evaluate the

exact behaviour and performance of RC structures.

2.11 Research Obijectives

Based on the literature review and the identified gaps, the following objectives were set for this

study;

= To develop a numerical model for slip, which indicates the deterioration of bond after
‘N’ number of loading cycles with consideration of corrosion and loading ranges as
well as the FRP wrapping. This will help in understanding the performance of
reinforced concrete (RC) structures under adverse environmental and loading

conditions.

= Development of static and cyclic bond stress-slip (u-s) model in order to analyze
cracks, as well as to determine the deflection and the ultimate capacity of RC

members.

= Analytical derivation of cyclic slip versus development length that will provide an
assessment tool for structural engineers. This model will be used to predict the fatigue

bond life of RC structures.
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Chapter 3: Numerical Modeling

3.1 General

The bond between steel and concrete dictates the performance of reinforced concrete (RC)
structures at service and ultimate loads. Therefore, bond should be considered in the design of
new structures and in the analysis of existing structures in order to evaluate the exact behaviour
of RC structures subjected to static or cyclic loading. In this chapter, a numerical modeling of the
bond associated parameters will be discussed. These models are based on the experimental
results of Rteil (2007). Two models have been developed: 1) slip-fatigue (s-N) model, and 2)
bond stress-slip (u-s) model. These models consider the effect of steel corrosion, the fatigue
cyclic loading and the external confinement provided by FRP sheets. The slip-fatigue
relationship was obtained by using non-linear regression analysis on the experimental data. Slip-
fatigue model can be used in finite element method (numerical method) in order to define the
bond properties for the bond element. The bond stress versus slip modeling under cyclic loading
was performed by modifying the bond stress-slip law that was proposed by Harajli et al. (2004)
for static loading. This modification was done in order to consider the effect of reinforcement
corrosion and fatigue cyclic loading. Bond stress-slip model will be used in developing the
analytical relationship between the cyclic slip and the development length needed for the steel
reinforcement in order to avoid bond failure (Section 4.2). These models will be used to predict
the fatigue bond life.

3.2 Slip-Fatigue Model

Under fatigue cyclic loading, bond deterioration results in longitudinal cracking and crushing of
the concrete in front of the steel reinforcing bar ribs which caused the bar to slip. Therefore,
bond deterioration can be measured by observing the slip increase (Rteil, 2007; ACI 408, 2003).
In this study, free end slip was considered in order to only take the effect of the rigid body
motion of the steel bar.
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3.2.1 For Unwrapped Beam Specimen

The slip behaviour for unwrapped beam specimens was categorized into two phases. Phase 1
shows a constant behaviour of slip, and in the second phase, a dramatic increase in the slip was
observed up to failure, as illustrated by Rteil’s (2007) experimental study (Section 2.9). The
schematic representation of the slip behaviour for unwrapped beam specimens is shown in
Figure 3.1. ‘S;”is the initial slip (free end slip at the maximum load of first cycle); “S;” is the final
slip (indicates the complete loss of steel-concrete bond); and ‘N’ is the fatigue bond life. From
the experimental results (Rteil, 2007) it was shown that the slip-cycle relationship is dependent
on the corrosion level (a), initial slip (S;) and final slip (S¢). The length of Phase 1 and 2 (Figure
3.1) depends on the loading range applied. The duration of Phase 1 is higher (about 90% of the
specimen life) for specimens subjected to a lower loading range. When the beams were subjected
to a high loading range, then the duration of Phase 1 decreased to about 30% of the beam’s life
(Rteil, 2007).

From the experimental results (Rteil, 2007), it was concluded that initial slip and final slip
were dependent on the load range applied, as well as the corrosion level. Also, a linear
relationship was suggested by the experimental results (Rteil, 2007) between the initial slip (and
final slip) and the applied load range as illustrated by Figure 3.2 and Figure 3.3 for each

corrosion level.

Accordingly, the following equation was proposed to model the slip-fatigue behaviour.

SfNa

Sy =35+ NA+(0.95N )@

Equation 3.1

Where Sy’ is the slip after ‘N’ number of cycles and ‘a’is the corrosion dependent variable
(Table 3.1).
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Figure 3.1 Slip behaviour for unwrapped specimens

The initial (S;) and final slip (Sr), which were found to be a function of the loading range (P)

and corrosion level, were modeled by a linear relationship on a semi logarithmic scale.
S; =fLogP —g Equation 3.2
S¢ = hLogP — 1 Equation 3.3

Where f, g, h and | are corrosion dependent variables (Table 3.1). P is the applied load range
in percentage of the specimen’s static capacity. Figure 3.2 and Figure 3.3 show the model
prediction (Equations 3.2 and 3.3) and the experimental values of the initial and final slip for

unwrapped beam specimens for 0%, 5% and 9% corrosion level respectively.
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Table 3.1 Corrosion dependent variables for unwrapped beam specimen

Corrosion level (%)
Factors - -

Zero Five Nine
f 0.40 0.50 12
g 0.63 0.60 18.50
h 52 15 40
I 82 19 58
a 26 10 30

14
#  Experimental (UWO0)
12
¢ Experimental (UW3)
1 A  Experimental (UW9)
’g —— Model (UWO0)
o 08 Model (UWS5) "
—; os | | Modd(wws)
04
&
=
A
0
10 100

Loadrange (%)

Figure 3.2 Initial slip variation for unwrapped beam specimens
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Figure 3.3 Final slip variation for unwrapped beam specimens

Model Implementation

Figure 3.4, Figure 3.5, and Figure 3.6 show a typical slip variation with number of cycles
predicted from Equation 3.1 plotted against the experimental results. Complete plots for all the
tested specimens are in Appendix B. The ratio of predicted values from Equation 3.1 and the
experimental slip (Smodel / Sexperimenta) Was 1.11, 1.02, and 0.84 for zero, five, and nine percent
corrosion levels respectively. The standard deviation for 0%, 5%, and 9% corrosion levels were
0.16, 0.034, and 0.14 for unwrapped beam specimens respectively. The correlation coefficient
for the experimental slip and the slip that was predicted from the model (Equation 3.1) was 0.86,
0.94 and 0.85 for 0%, 5% and 9% corrosion level respectively. At 95% of confidence interval,
the average ratio Smogel/Sexperimental Varied from 0.97 to 1.26, 0.98 to 1.06 and 0.68 to 1.0 for 0%,
5% and 9% corrosion level respectively. The model (Equation 3.1) satisfactorily predicts the

experimental behaviour (Figure 3.4, Figure 3.5 and Figure 3.6).
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Figure 3.4 Typical slip-cycle variation for UWO0 (F45-N-TO0)
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Figure 3.5 Typical slip-cycle variation for UW5 (F45-N-T5)
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Figure 3.6 Typical slip-cycle variation for UW9 (F37-N-T9a)

It should be noted that the initial slip of the corroded unwrapped beams was higher than
their uncorroded counterparts (Figure 3.5 and Figure 3.6) because the concrete was already

cracked due to corrosion before the application of cyclic loads.

3.2.2 FRP Wrapped Beam Specimen

Rteil (2007) observed that the slip behaviour for FRP wrapped beam specimens followed a three
phase process (Figure 3.7). The slip increased exponentially in the first phase (5 to 10% of the
beam’s life) due to the application of higher load range as compared with the unwrapped tested
specimens. Phase 2 showed a continuous increase in the slip (85 to 90% of the beam’s life) but at
a very low rate (Figure 3.7). During this phase, the confinement effect of FRP sheets wase
utilized. A rapid increase in slip was observed during the 3" phase leading to failure (Section
2.9). The duration of each phase was dependent on the load range applied and the corrosion level
(Rteil, 2007).
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Figure 3.7 Phases of slip behaviour for FRP wrapped beam specimen

As with the unwrapped specimens, experimental results for FRP wrapped specimens (Riteil,
2007) showed that the slip-fatigue relation is a function of the initial slip, the loading range, the
corrosion level, and the fatigue bond life in the case of FRP wrapped beam specimens.
Accordingly, the slip-fatigue for FRP wrapped case was modeled as follows.

SN

3 2
=5 +C (i) - C, (i) +D (l) Equation 3.4
PSmax Ny N¢ Ny

Where Spax IS the maximum slip under static loading (calculated using Equation 3.12), P is
the applied loading range in percentage of static capacity, C; and C, are corrosion dependant
constant (Table 3.2), (N/Ny) is the percentage of cycle to life ratio and D is a variable which

depends on the corrosion level and the applied loading range (P).

In case of FRP wrapped specimens, the initial slip ‘S;” was higher than the corresponding
unwrapped beam specimen because the FRP wrapped specimens were tested at a higher load
range than the unwrapped ones. Also, just like the unwrapped specimens, the initial slip varies as
the corrosion level changed (Rteil, 2007). Therefore, the initial slip ‘S;” was modeled (Equation

3.5) as a function of the loading range and the corrosion level using a linear relationship on a
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semi logarithmic scale. Also, in order to calculate the value of ‘D’ in Equation 3.4, a linear

relationship on a semi logarithmic scale was proposed (Equation 3.6).
S; =mLogP —n Equation 3.5
D =p—qlLogP Equation 3.6

Where m, n, p and q are corrosion dependent variables (Table 3.2). Figure 3.8 shows a good
correlation between the predicted initial slip (Equation 3.5) and the experimental values. Figure
3.9 shows the general trend of the values of D for 0%, 5% and 9% corrosion level respectively

for FRP wrapped beam specimen.

Table 3.2 Corrosion dependent variable for FRP wrapped beam specimen

Eactors Corrosion level (%)
Zero Five Nine
m 0.70 0.70 0.70
n 1.15 1.02 1.02
p 1.50 0.90 2.50
q 0.76 0.39 1.32
C 1.5x10° 3.0x10° 2.5x10°
C, 2.0x10° 4.2x10° 4.0x10°
1.8
1.6 - & Experimental (WO0)
14 Experimental (W5)
— . X Experimental (W9)
E 12 4 Model (WO0)
= 1 A Model (W5)
S o8 - Model (W9)
"~ 06 -
0.4
? 3
0.2
o |
0
10 100

Load range (%)

Figure 3.8 Initial slip variation for FRP wrapped specimens
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Figure 3.9 Variation of D with the load range (FRP wrapped beams)

Model Implementation

Figure 3.10, Figure 3.11, and Figure 3.12 compare the experimental results versus the predictions
from Equation 3.4 for a typical specimen with zero, five, and nine percent corrosion levels
respectively. All plots of FRP wrapped tested beams are in Appendix C. The ratio
Smodel/Sexperimentat Was 0.90, 0.85, and 0.80 for zero, five, and nine percent corrosion level
respectively. The standard deviations were 0.067, 0.10, and 0.13 for 0%, 5%, and 9% corrosion
level respectively, in case of FRP wrapped beam specimens. The correlation coefficient for the
experimental slip and the slip that was predicted from the model (Equation 3.4) was 0.98 for all
levels of corrosion. At 95% of confidence interval, the average ratio Smogel/Sexperimental Varied from
0.86 to 0.94, 0.94 to 1.04 and 0.71 to 0.89 for 0%, 5% and 9% corrosion level respectively. For
FRP wrapped case, as shown by Figure 3.10, Figure 3.11 and Figure 3.12, the experimental

results are in good correlation with the model prediction (Equation 3.5).
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Figure 3.11 Typical slip-cycle variation for W5 (F50-W5-N5)
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Figure 3.12 Typical slip-cycle variation for W9 (F55-W9-T9a)

3.3 Bond Stress-Slip Model

Bond stress is defined as the shear stress in the direction of steel bar which changes the steel
stress by transferring the forces between the steel and the concrete (ACI 408, 1992). In this
study, an average bond stress was considered along the steel-concrete interface. The bond stress-
slip relation is important in RC structures in order to analyze cracks, as well as to determine the
deflection and the ultimate capacity of RC members (Oh and Kim, 2007; Mor et al., 1992;
Bresler and Bertero, 1968; Balazs, 1991; Plizzari et al., 2002). Bond stress-slip (u-s) relation
could be thought of as the constitutive relation for the bond, which is equivalent to stress-strain
curve for other materials. As such, it can be used to define the material properties for the bond
element in the finite element simulation (Section 3.3.2). Also, the proposed bond stress-slip
model will be incorporated in the analytical modeling (Section 4.2) in order to formulate the

cyclic slip and the development length relationship.

3.3.1 Bond Stress-Slip under Static Load
In this study, the bond stress-slip law that was proposed by Harajli et al. (2004) for the static
loading was used in order to model the bond stress-slip behaviour for the unwrapped and FRP

wrapped beam specimen under static loading.
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Figure 3.13 shows the bond stress-slip envelope for the pull out and the splitting failure. The
splitting failure envelope consists of four phases that explain the bond behaviour during static
loading. As loads are applied, the initial stiffness of the bond in a splitting bond failure is similar
to that of a pullout failure. The first phase ends when an increase in the residual stress component
of the bond force results in the development of splitting tensile cracks. Once a splitting crack
develops the behaviour of the bond stress-slip relation deviates from the pull out behaviour due
to the decrease in the bond stiffness as the crack propagates in the concrete cover. The second
phase ends when the crack has expanded to the surface and the splitting of the concrete cover
takes place. This indicates a complete deterioration of the bond (Smax, Umax). The third phase of
the bond behaviour shows a dramatic drop in the bond stress (Figure 3.13). This decrease in bond
stress continues until the equilibrium is developed between the post splitting tensile forces in the
concrete and the bond forces (sps, Ups). At this point, the fourth phase begins and ends at zero

bond due to the expansion of the splitting cracks in the concrete (Harajli et al., 2004).

, Bond Stress (1)
Ml—————— - ——
I I
I | .
} I Envelope (Pull-out failure)
| |
| |
N | |
| |
| |
OUmax | _ | |
| |
v L_ L 1 I
P | ) II Splitting failure :
II \ (Confined concrete)l
\ | £ |
u | [ |
Pumes | J_1___ - > ! [
! | [ | I
| I Vo I \
I I Vo | ‘
: : \ : Plain concrete \ }
v
| | \ ¢ | [
I I v " | [
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Sq Smax 5 82 83
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Figure 3.13 Bond stress versus slip (Harajli, Hamad and Rteil, 2004)

This expansion of splitting cracks can be controlled by providing external confinement (FRP
wrapping) or internal confinement (steel stirupps). FRP wrapping confines the concrete and
improves the post failure behaviour. This model was described mathematically by Harajli et al.
(2004) as follows.
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$103
u=u1(—) for s < sy 3\

S — Sq
U = Unax [(—) (1_0()+°<] for s« <5 < Smax

max — S«
U = Upgx [1 + (Sm_“—x_s) fOr Smax <5 < Sps > Equation 3.7
S1~Smax/
S — Sps \|
U= U [1— | —— forsps <s <s3
S3 — Sps ] j

Where ‘u’ is the bond stress (MPa); ‘s’ is the slip (mm); ‘u;’ is the maximum bond stress;
and ‘s;’ is the slip for a pullout failure corresponding to ‘u;’. The following are the set of
equations that define the different parameters of the bond stress-slip law (Harajli et al., 2004)

u, = 2.57f’, Equation 3.8

s, = 0.15¢, Equation 3.9

B oty /03
S = S1 u_1

Equation 3.10

Umax = ASc (%?)2/3 <u Equation 3.11
Smax = Sle((%)ln () Soln (u:;x) Equation 3.12
Ups = Umax(B + K¢s) < Umax Equation 3.13
Sps = [(um%;:m) (51— Smax) + Smax] (%) <s Equation 3.14

Where c, is the clear distance between the ribs of the reinforcing bar (ss is equal to c,), /¢ IS
the concrete compressive strength, c is the clear concrete cover, dy is the diameter of the steel

bar, and s, is a constant depending on the confinement level.
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The confinement provided by steel stirupps and FRP sheets can be calculated by using the

factors K. and K as follows (Harajli et al., 2004):

7A 281.A
Kc — tr + e frp
sn sn
— 7.5A¢r + 287eAfrp

snc snc

KCS

Equation 3.15

Equation 3.16

Where s is the spacing between stirrups or FRP sheets; n is the number of reinforcing bars;

Aw and Agp are the areas of steel stirrups and FRP sheets respectively; and r. is the ratio of

modulus of elasticity of FRP sheets to modulus of elasticity of steel.

Implementation of the Bond Stress-Slip Model

Table 3.3 shows the parameters used in this study related to the test specimen and their values for

the unwrapped and FRP wrapped cases. The parameters a, A and B in Equations 3.10, 3.11, and

3.13 are constants based on the experimental results. The values of these parameters (a, A and

B), found from the experimental results of Rteil (2007), for the calculation of bond stress-slip

behaviour for the unwrapped and FRP wrapped beam specimen are shown in Table 3.4.

Table 3.3 Specimen parameters for bond stress slip relation

Constants Unwrapped specimen FRP wrapped specimen
Co 10 10
f'e 42 42
c 32.5 32.5
dp 20 20
So 0.15 0.3

Table 3.4 Bond stress-slip relation parameters

Constants Unwrapped specimen FRP wrapped specimen
a 0.9 0.97
A 0.6 0.8
B 0.85 0.8
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Figure 3.14 and Figure 3.15 shows the comparison of the predicted bond stress-slip variation
from Equation 3.7 and the experimental results for unwrapped and FRP wrapped beam specimen
respectively. The model gives a good prediction of the experimental results.
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Figure 3.14 Experimental bond stress-slip variation versus model prediction (Unwrapped)
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Figure 3.15 Experimental bond stress-slip variation versus model prediction (FRP wrapped)
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3.3.2 Finite Element Analysis

In order to verify the proposed static bond stress-slip model (Equation 3.7), a finite element

analysis was carried out.

In this study, beam anchorage specimen was modeled using a commerical non linear finite
element package “ABAQUS” for the simulation of monotonic bond stress-slip model, for
unwrapped and FRP wrapped beam specimen, proposed above (Section 3.3.1). The following are

the geometrical and material properties for the model.

Geometrical Properties
A two dimensional (2-D) beam has been modeled in “ABAQUS”. The beam was 2000 mm in
length and 250 mm deep. The beam was partitioned into three elements namely; concrete, steel

reinforcement and bond element (Figure 3.16).

All the elements of the beam anchorage specimen were modeled using a 2-D plane strain
solid element. The loading span was 1800 mm and the distance between the two point loading
was 600 mm. The length of bond element (bonded length) was 250 mm as used in the

experimental work of Rteil (2007).

Corncrete

Bond element

T r T — L S L
[ Steel reinforcement |
" T . T

| Concrete ‘

Figure 3.16 Beam anchorage specimen

Material Properties

The behaviour of the concrete was modeled using the “Concrete” material properties available in
Abaqus. In this study, a concrete smeared crack approach was used. This approach smeared out

the deformation at each crack (Amleh and Ghosh, 2006). The reversible behaviour of concrete
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after cracking is explained by the oriented damage elasticity concept of the concrete smeared
crack model. When the compressive stresses are dominant, a hardening yield surface, which is
isotropic, becomes active. Due to this, the points which failed by cracking are determined by a

crack detection surface (Abaqus/CAE User’s manual, 6.9).

For defining the stress-strain curve of concrete (in compression), this study used the Collins
and Mitchell (1997) model (Figure 3.17):
Ie _

_®

nk
fC n_1+(€_c)
€o

Equation 3.17

Where f, is the concrete compressive strength.

!

n = curve fitting factor = 0.8 + %

n

- . ,_ 1
€,= concrete strain at f = e

k = is the stress decay factor = 0.67 + % > 1.0

YC
2300

Ec = modulus of elasticity = (3300,/f/ + 6900)( ) for concrete density 1500 < ¥, <

2500 Kg / m®.
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Figure 3.17 Stress-strain curve for concrete
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For the steel reinforcment, the modulus of elasticity and yield strength were 200 GPa and 400

MPa respectively.

Bond Element

Bond element is the linkage between steel and concrete. Bond stress-slip relation (Equation 3.7)
was employed in order to define the material properties for the bond element. Just like the stress-
strain relationship in case of concrete and steel, bond stress versus slip can be used as the

constitutive relationship for the bond element.

Meshing

The different part of the beam was meshed by using the module “mesh” in ABAQUS/CAE. The
top down meshing technique (Free meshing), a more flexible method, was used in this study. A
3-node linear plane strain triangle element (CPE3) was defined for the concrete, steel reinforcing
bar, and bond element (Figure 3.18). Finer meshing was used near the bond element as shown in
Figure 3.18.

Bond Element

Figure 3.18 Finite element mesh of the model

Results

Figure 3.19 compares the experimental results versus the finite element results for the static bond

stress-slip behaviour for the unwrapped and FRP wrapped beam specimen respectively. The
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finite element analysis satisfactory simulates the experimental behaviour (Figure 3.19) and

verifies the proposed bond stress-slip relation (Equation 3.7).
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Figure 3.19 Finite element analysis for static bond stress-slip variation
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3.3.3 Bond Stress-Slip under Cyclic Load

In this study, the bond stress-slip hystereses for each cycle were plotted. It was observed that the
peak bond stress-slip values follow the exact behaviour of the monotonic bond stress-slip model,
which acts as an upper envelope for these hysteresis loops (Figure 3.20). Further, it was noticed
that the cyclic envelope can be modeled as a reduced monotonic envelope (the envelope which is
lower than the actual monotonic envelope due to the application of lower applied loading range
than its static capacity). Therefore, the bond stress-slip law proposed by Harajli et al. (2004) for
the static loading was modified and used to track the hysteresis envelope of the bond stress-slip
response under cyclic loading. The model proposed by Harajli et al. (2004) was modified in
order to account for the cyclic loading and the corrosion of reinforcement.

Cyclel

\ Reduced monotonicenvelop

\?Cyd<

.,

Bond Stress (MPa)

Slip (mm)

Figure 3.20 Envelope for the cyclic bond stress-slip

Unwrapped Beam Specimens

In case of unwrapped specimens, the value of ‘e’ was assumed as constant. This assumption was
made due to the initial constant behaviour of the slip (Rteil, 2007) and the crack propagation.
The values for A and B (Rteil, 2007) were modeled as a function of the loading range and the

corrosion level (Figure 3.21 and Figure 3.22) as follows.
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A =q.LogP —t; Equation 3.18
B = q,LogP — t, Equation 3.19

Where P is the percentage of applied loading, g; and t; (i = 1, 2) are the constants that depend
on the corrosion level. Figure 3.21 and Figure 3.22 show the plots of A and B versus loading
range (P) for 0%, 5%, and 9% corrosion level respectively. The values of g; and t; for the
calculation of A and B for different corrosion levels (Equation 3.17 and 3.18) are shown in Table
3.5.
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Figure 3.21 Variation of A with the load range for different corrosion levels
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Figure 3.22 Variation of B with the load range for different corrosion levels

Table 3.5 Proposed values for g; and t; for different corrosion level

Corrosion Level (%)
Parameters - -
Zero Five Nine
A 01 0.94 1.22 1.72
t; 1.175 1.65 2.42
B 02 1.15 1.16 2.25
t; 1.25 1.065 2.87

Figure 3.23, Figure 3.24, and Figure 3.25 shows a typical bond stress-slip envelope
predicted by Equation 3.7 for the cyclic bond stress-slip relation for the zero, five, and nine
percent corrosion level (see Appendix D for complete plots). In these figures, the solid line
shows the model prediction while the individual points indicate the experimental maximum
value of the bond stress for each cycle corresponding to their slip. For simplicity, the maximum
values of the bond stress corresponding to each cycle were plotted instead of a full loop
(hysteresis). The proposed model shows that the cyclic bond stress-slip response track the

experimental bond stress-slip envelope.
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FRP Wrapped Beam Specimen

The values of a, A and B were modeled based on the experimental behaviour (Rteil, 2007) for the

cyclic bond stress-slip relation as shown by Equations 3.19, 3.20, and 3.21 respectively.

x=m;P +n, Equation 3.20
A=m,P +n, Equation 3.21
B =m3P +n, Equation 3.22

Where P is the ratio of the applied loading to the static capacity in percentage, m; and n; (i =
1, 2 and 3) are constants that depends on the corrosion level. Figure 3.26, Figure 3.27, and Figure
3.28 show the plot between a, A and B versus the load range (P) for 0%, 5%, and 9% corrosion
levels respectively for FRP wrapped beam specimens. The values of m; and n; for the calculation
of a, A and B (Equations 3.19, 3.20 and 3.21) are shown in Table 3.6.
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Table 3.6 Proposed values for m;and n; for different corrosion level

Corrosion Level (%)
Parameters - -

Zero Five Nine
m; 0.015 0.01 0.027

“ n 0.07 0.29 06
A m, 0.01 -0.005 -0.04
n, -0.055 0.74 2.65
B ms 0.042 -0.025 0.015
N3 -2.22 2 -0.38

Figure 3.29, Figure 3.30, and Figure 3.31 show the typical model implementation of the
cyclic bond stress-slip relation for zero, five, and nine percent corrosion level respectively
(complete plots are in Appendix E). Model prediction shows that the cyclic bond stress-slip
behaviour follows the monotonic bond stress-slip envelope and satisfactorily track the

experimental behaviour.
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Chapter 4: Analytical Modeling

4.1 General

In this chapter, an analytical model will be developed which will relate the slip at cycle ‘N’ to the
required development length /3’ of steel reinforcement in order to prevent bond failure. This
model is based on the mechanics of bond forces and will use the bond stress-slip model

developed in Chapter 3 (Section 3.3).

4.2 Slip-Development Length Model

Development length is an important design consideration that defines the bond failure pattern
and improves the structural capacity of RC members. Consider a steel reinforcing bar with length
‘dx’ having a diameter ‘d,’ on which the shear stress ‘u” is acting. The equilibrium of the forces

acting on the steel reinforcing bar results in (Figure 4.1):

— S - A
PET —-),44.' RN R T DTN ?.E.‘v |
A i i s - A 4

Af, Commmm— 5"' 2L _uz;r«-",,.a‘ ,’.z\\‘-‘f’, L ;} — A ()

Figure 4.1 Forces acting on steel bar
u (mdydx) = A (f; + df,) — Asf, Equation 4.1
u (mdydx) = A df, Equation 4.2

— Asdfs _ dpdfs Equation 4.3

T dpdx 4dx
Where As is the area of steel and f; is stress in the steel bar.

The slip S(x) at a distance ‘x’ is defined as the relative displacement between the steel and the

concrete at the level of steel reinforcement.
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S(x) = Ss(x) — Sce(x) Equation 4.4

Where Ss(x) and Sc(x) are the displacement of the steel and the concrete (in tension) at a

distance ‘x’ respectively.

Differentiating Equation 4.4 gives;

diix) — gs(x) _ gct(x) Equation 4.5

Where & and &; are the steel and the concrete tensile strains at the level of the steel
reinforcement, respectively. Assuming a linear elastic behaviour in concrete and steel, the

relationship between the stresses and the strain can be written as follows

fi =Eeg > e,== Equation 4.6

fet = Ecéce = € =7 Equation 4.7

Where E; and E; are the modulus of elasticity of the reinforcing steel bar and the concrete
respectively. fs and f; are the tensile stresses in the steel and in the concrete at the level of steel
reinforcement, respectively. Substitute Equations 4.6 and 4.7 in Equation 4.5.

aSx) _ i fe

dx E, E.
fet
asE) _ fs ll _ /fsl i [1 - n&] Equation 4.8
dx Es C/ES ES fS
Where n = ==
E

c

In order to determine f.; and fs the equilibrium of the reinforced concrete cross section was
used. For equilibrium, tension forces (T) should be equal to the compressive force (C) (Figure
4.2).

T=C
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fsAs + fetAct = fecAce Equation 4.9

Where f.. is the compressive stress in concrete; A and A are the areas of concrete in

tension and compression respectively.

[P A YA

S Ul AP . NA

@ @ Yy b T=A f+ A f

Figure 4.2 Internal forces in uncracked reinforced concrete section
Also, for equilibrium to hold, the internal moments should be equal to the external moments;
Mint. = Mexe.
Accfect = M;

where t is the lever arm (Figure 4.2) and Ms is the moment due to the applied service loads

fro =22 Equation 4.10

T tAce

Substituting Equation 4.10 in 4.9 results;

fsAs + feeAer = % Equation 4.11

Diving both sides of Equation 4.11 by (;—S) and after rearranging;
ct

Jer _ (& _ ﬁ) Equation 4.12
Is tfsAct  Act
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Substituting Equation 4.12 in 4.8;

ase) _ fs [1 —n (& _ AS)] Equation 4.13

dx Eg tfsAce Act

Differentiating Equation 4.13 with respect to x’

2
a*s(x) _ dfs  nfs (%) nAsfs Equation 4.14

dx2  Egdx  tfsAceEs \ dx ActEs

Multiplying the right side of Equation 4.14 by (4db)

4dp

d*S(x) _rdfs nf, (dMS)_i_nAsdfs](LLdb)
dx?2  |Edx tf,ALE\dx ) AnE.d,l\4d,

The rearrangement of the above equation results;

sz(x)_< 4 )(dbd]‘s)_l_( 4nA, )(dfsdb) (dMS)( and, f; )
dx?2  \d,E,/ \ 4dx EA,d,/) \ 4dx dx ) \4tf. A, dpE;

But; u = (%) from Equation 4.3and V = (ddlzs) = shear force
Therefore,
sz(x)_(4) +(4nAs) V( 4n )
dx? \d,E) " " \E.a,d,) " T \ata E,
But; n = B
E

Cc

sz(x)_<4 +ndb) ( 4 )
dx?  \d,E, " EA.)" " \tALE,

Multiplying the first term of the right hand side of the above equation by (%)

sz(x)_< 4 (As)_l_ ndb) ( 4 )
dxz \d,E.\a.) "E.A,)" T \taE,
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d*S(x) (ndb N ndb) ( /4 )
dx?  \EA,  EA,)" \ta,E,

Where EAs and E.Aq are the axial stiffness coefficients for steel and concrete in tension

respectively.

dZS(x)_d< +1) (V)
dxz "\Ea, TEA,)Y T \taE,

C0 = fyu—ky Equation 4.15

Where, k; = d,, (EslAS + 56,14“) and k; = (tAZEC)

Equation 4.15 was derived based on the equilibrium of forces. This relationship should hold
at any cycle ‘N’ during the fatigue cycles assuming elastic behavior. Therefore, in order to
consider the cyclic loading the terms, ‘S’ and ‘u” were replaced by ‘Sy” and ‘un’ respectively.

Where Sy and uy are the slip and bond stress at any cycle N. Equation 4.15 becomes;

= kyuy — k, Equation 4.16

The initial (first) phase of the bond stress-slip law (U < aumax; Section 3.3) was ignored in
this study as the slip of rebars in this phase is very small in comparison with the second phase.
The bond stress in the bond splitting phase (Phase 2) can be written as in Equation 4.17 (Figure
4.3).

uy = E,Sy ,Sa < S < Smax Equation 4.17

Where, E}, = —(”'(';ax‘“’;msx)
max~ 2w

The values of Umax, Smax @nd s, can be calculated using Equations 3.11, 3.12, and 3.10

respectively (Section 3.3.1).

Incorporating the bond stress-slip relationship (Equation 4.17) into Equation 4.16:
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d*Sy(x)

Iz ki(EpSn) — k2

used portion

of u-s model
Bond stress (u)
3
Slip ()
Figure 4.3 Bond stress-slip (u-s) model
Assume that g = \/k,E},
d?Sy(x) 2 .
—=2 =4a Sv(x) —k, Equation 4.18

Equation 4.18 is the form of 32732’ = c%y — f(x) , which is a second order non homogenous

differential. Where ‘s a function of x’; ‘c”is a constant and f(x) is not zero.

The solution of Equation 4.18 is the sum of the complementary function and the particular

integral as given by Equation 4.19.
Sy =ce?™ +ce” ™ + % Equation 4.19

Where c; and c; are the constants of integration to be determined by applying the boundary

conditions.

Substitute Equation 4.19 in 4.17.
63



k
uy = E, (cleq" +ce” ™ + q—;)

(umax_aumax)( qx —qx 4 ka2
Uy = ————>=(ce? + 67 + =
N (Smax—Sa) 1 2 q?

Differentiating Equation 4.19 twice results:

;_x [es(x) — e (X)] = c1G%€9 + c,q%e ™
Applying the boundary (initial) conditions:
Atx=0
M=0=f=f=0
Equation 4.21 becomes;

0= CquQQ(O) + CZqu—q(O)

C; = —C

At x =y
The differentiation of Equation 4.19 results;
gs(x) — £.(x) = c;qe* — c,qe ™9

fs  fet

_Jet — 000 — o ge—(d)
" = e coqe

Substituting Equation 4.22 in Equation 4.23.

fs fe

— = eqld —(—cC e_qld
E, E, 14 (—c1)q

é(1 — n&) = c,;qed% + ¢c;qe 9k
ES fS

Substitute Equation 4.12 in 4.24

Equation 4.20

Equation 4.21

Equation 4.22

Equation 4.23

Equation 4.24
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é(l —-n (& — As )) — Clqeqld + Clqe_qld

Eg tfsAce  Act

fs ( M As)
=l1-n ——] | = c1(qe?"e + ge~9'a)
Es tf:sAct Act !

Rearranging the above equation results,

el Ry v
Cl_Es(qeqld+qe_qld) " tf:sAct Act fs

But £ = (k - i), from Equation 4.12

Is tfsAce  Act
Therefore,
I S Epey b -} .
€17 JE(eTare Ta) [1 n (fs)] fs Equation 4.25

Substitute Equation 4.25 in 4.22 results;

S S [1 —n (ﬁ)] £ Equation 4.26

C —
2 qu(eqld"‘e_qld) fs

Substituting the values of ¢, and ¢, from Equations 4.25 and 4.26 to Equation 4.19;

v = {qu(eqld1+ e~dla) [1 - (%)]}fseqx + {_ qES(eqld1+ e—dla) [1 -n (%)]}fse_qx
ka
7

In order to prevent the bond failure, the anchorage length should be enough to minimize the

bond stresses. Therefore, in above equation the value of x” was substituted by 7.

= {qu(eqld1+ e~4la) [1 o (%)]}fseq(ld) B {qES(eqld1-|- e—dla) [1 -n (%)]}fse_q”d)

ke
+ —=
qz
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1 for ellda — g—dla k,
SN = qE, [1 B n(f)] Ie‘”d + e~la fs + q?

elld—g—ala .
But, tanh (qla) = 7, ——1; = hyperbolic tangent
tanh(qld) fet ks, )
pry |1- ( )]fs + Equation 4.27

Equation 4.27 gives the relationship between the cyclic slip and the development length of
steel reinforcing bars.

4.3 Final Slip-Fatigue Bond Life

From the experimental results (Rteil, 2007), it was concluded that the fatigue life was higher at a
higher final slip value. Therefore, the following equations based on the regression analysis were

proposed for unwrapped and FRP wrapped beam specimens in order to calculate the final slip.

Sy = 0.35LnNy — 1.2 for Unwrapped case Equation 4.28
Sy = 0.5LnN; — 0.5 for FRP wrapped case Equation 4.29

Where S is the final slip and Ns is the fatigue bond life. Figure 4.4 shows the prediction of
final slip from Equations 4.28 and 4.29 for the unwrapped and FRP wrapped beam specimens
respectively. In Figure 4.4, the dashed line represents the regression fit of the experimental data
and the solid line is the proposed model for the final slip. The proposed models (Equations 4.28
and 4.29) were the modified form of the regression model. This modification was necessary to

better predict the experimental fatigue bond life ‘N;’ (Section 4.4).
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4.4 Design Considerations

For design engineers, it is important to calculate the required development length of the steel
reinforcement at ‘N’ number of cycles in order to resist the bond failure or the evaluation of
fatigue bond life at any particular development length of the steel reinforcement bar. This will

ensure the efficient performance of reinforced concrete structures.

The fatigue bond life for a particular development length of steel reinforcement in case of
unwrapped and FRP wrapped beams, can be determined by equating Equation 4.27 with 4.28

and 4.29 as follows.

_ tanh(qlg) fet ky :

0.35 LnN, — 1.2 = <2200 |1- ( L\ £ + = Equation 4.30
__ tanh(qlg) _ Jet k2 .

0.5LnN; - 0.5 = “ ) [1-n (f)] fi+ 22 Equation 4.31

The ratio (’;“) is very small for all practical purposes therefore, for simplicity it can be

N

ignored without losing accuracy. Rearranging Equations 4.30 and 4.31 result in:

Ln(Ny) = (“‘""(qld) £+ ) +1.2 Equation 4.32

0.12
Ln(Ny) = = (“””l(qld) £ + ) Equation 4.33

Finally, Equation 4.32 and 4.33 relates the fatigue bond life and the development length of

steel reinforcement for unwrapped and FRP wrapped beam specimens respectively.
Where;

(umax aumax )

( max 0[)

1
q = constant = /k E}, ; k; = nnd,, ( + ) and E, =

sAs EcAct

2/3
Umax = A,/f’c ("::C) < uy, from Equation 3.11

_ TAw  28rhpry
"~ sn sn
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1 Umax
Smax = Sle(a)ln (T) + Soln( ~ )’ from Equation 3.12

Umax

sy = 0.15¢,
u, = 2.57f',

1/0.3
Sk = S1 (M) , from Equation 3.10

%4
k, = constant = <tActEc)

4.4.1 Implementation of Model

Figure 4.5 and Figure 4.6 show the model prediction (Equation 4.32 and 4.33) versus the
experimental results for unwrapped and FRP wrapped beam specimens. The model satisfactorily

predicts the experimental results.

In case of unwrapped beam specimens, the average ratio of experimental fatigue bond life
and predicted fatigue bond life (Nm/Nexp.) Was 0.89, 0.90 and 0.87 for 0%, 5% and 9% corrosion
levels respectively. The corelation coefficient was 0.98 for all the corrosion levels. The standard
deviations were 0.055, 0.074 and 0.076 for 0%, 5% and 9% corrosion level respectively. At 95%
of confindence interval, the average Nm/Neyp. Varied between 0.85 to 0.94, 0.83 to 0.97 and 0.80

to 0.93 for 0%, 5% and 9% corrosion level respectively for unwrapped beam specimens.

For FRP wrapped beam specimens, the average ratio of experimental fatigue bond life and
predicted fatigue bond life (Nm/Nexp) was 0.84, 0.97 and 1.06 for 0%, 5% and 9% corrosion
levels respectively. The corelation coefficient was 0.98 for all the corrosion levels. The standard
deviations were 0.055, 0.074 and 0.076 for 0%, 5% and 9% corrosion level respectively. At 95%
of confindence interval, the average Nm/Neyp. Varied between 0.71 to 0.97, 0.96 to 0.98 and 0.42
to 1.72 for 0%, 5% and 9% corrosion level respectively for FRP wrapped beam specimens.
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Figure 4.5 Model prediction of fatigue bond life for unwrapped beams
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Chapter 5: Conclusions and Future Recommendations

5.1 Summary and Conclusions

The objectives of this study were to establish a design equation for new construction and analysis
techniques for existing structures in order to evaluate the steel-concrete bond performance. The
bond deterioration can be assessed by observing the slip of the reinforcement relative to
concrete. Slip-fatigue model, based on the experimental results of Rteil (2007), was developed
using non linear regression analysis. This model accounts for the different levels of corrosion
and the FRP confinement. Harajli et al. (2004) static bond stress-slip law was modified in order
to track the hysteresis envelope for the fatigue cyclic loading. An analytical relationship between
the cyclic slip and the development length was formulated based on the mechanics of bond
forces and considering the tension stiffening properties of the concrete. This relationship was
equated with the final slip-fatigue model in order to predict the fatigue bond life. Finite element
analysis was carried out in order to simulate the static bond stress-slip relationship. The

following conclusions can be drawn from the present study;

e The slip-fatigue model was able to predict the initial constant rate increase in the slip and
dramatic increase in the second phase for unwrapped beam specimens, as predicted by
the experimental results of Rteil’s (2007). The ratio Smodel / Sexperimenta Was 1.11, 1.02, and
0.84 and the standard deviations were 0.16, 0.034, and 0.14 for zero, five, and nine
percent corrosion level respectively for unwrapped beam specimens. The correlation
coefficient for the experimental slip and the slip that was predicted from the model
(Equation 3.1) was 0.86, 0.94 and 0.85 for 0%, 5% and 9% corrosion level respectively.

e For the FRP wrapped beam specimen, the slip after ‘N’ number of cycles was modeled to
predict all three phases of the experimental slip behaviour (Rteil, 2007). The Spoger /
Sexperimental Fatio was 0.90, 0.85, and 0.80 and the standard deviations were 0.067, 0.10,
and 0.13 for zero, five and nine percent corrosion level respectively, in case of FRP
wrapped beam specimens. The correlation coefficient for the experimental slip and the
slip that was predicted from the model (Equation 3.4) was 0.98 for all levels of corrosion.
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The cyclic bond stress-slip behaviour followed the reduced envelope of the monotonic

bond stress-slip relation.

The bond stress-slip relationship for the static as well as the cyclic loading was modeled
by modifying the bond stress-slip law proposed by Harajli et al. (2004) for the static

loading.

A design equation that relates the fatigue bond life (Nf) and the development length (ly)
was proposed. This equation was derived based on the mechanics of bond forces and
stresses, using the proposed cyclic bond stress-slip relation and assuming an uncracked

linear elastic concrete section.

The predicted fatigue bond life from the proposed design equation was in good
correlation with the experimental values. The average ratio Nm/Ney,. Was 0.89, 0.90 and
0.87 for 0%, 5% and 9% corrosion levels respectively in case unwrapped beam
specimens. For FRP wrapped beam specimens, the average ratio Ny /Nex,. Was 0.84, 0.97
and 1.06 for 0%, 5% and 9% corrosion levels respectively.

Finite element analysis (FEA) was carried out in order to verify the static bond stress-slip
behaviour. The analysis results satisfactory explain the experimental response.

In short, the present study provided a tool for the structural engineers in order to analyze the

corroded steel-FRP confined concrete bond associated parameters for efficient performance of

the reinforced concrete structures under fatigue cyclic loading.

5.2 Limitations and Future Research Recommendations

The present study was based on the experimental results of Rteil (2007). This study only

investigated a very limited number of parameters namely corrosion level measured as percentage

of mass loss, confinement using FRP and load range. Also, the induced corrosion technique

(laboratory controlled) was used in this experimental work in order to initiate the corrosion in

reinforced concrete bond beam specimens. Therefore, the proposed models are only applicable to

those variables and within the used ranges. In addition, it should be noted that the experimental

results were scattered and provided limited number of data. Therefore, it is suggested that more
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experimental tests and analytical verification be conducted before the use of proposed models in
design applications. Accordingly, it is suggested that the following future research topic be
conducted:

e More experimental work is required on bond-corrosion-repeated loading problem in

order to refine the presented models.
e Vary the corrosion level beyond 9%.

e The effect of concrete compressive strength, bar type, and concrete cover should be

studied and their role in the design equation should be verified.

e Finite element validation of slip-fatigue model. Application of fatigue cyclic loading
(up to 10° cycles) in finite element in order to verify the experimental prediction of

bond stress versus slip for each cycle.
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Appendix A

Table A.1 Fatigue bond life for unwrapped beam specimens (Rteil, 2007)

Corrosion level Corrosion ;
Group Beams when FRP applied level at test rlgr?ggs Fatlgll:]?ebond
(Days) (Days) ) N
F45-N-TO 45 442,134
FA7-N-TO 47 31,423
uwo F50-N-TO No FRP 0 50 2,041
F53-N-TO 53 25,052
F55-N-TO 55 1,714
F37-N-T5 37 2,912
F40-N-T5 40 222,263
uws FA5-N-T5 No FRP 50 45 245,318
F50-N-T5 50 0.5
F55-N-T5 55 340
F30-N-T9a 30 999,263
F35-N-T9a 35 1,116,795
F37-N-T9a No FRP 100 37 82,690
FA0-N-T9a 40 342
UWO F45-N-T9a 45 66
F35-N-T9b 35 89,887
F37-N-T9b 37 59,568
FA40-N-T9b No FRP 150 40 360,156
F42-N-T9 42 0.5
F45-N-T9b 45 923

76



Table A.2 Fatigue bond life for FRP wrapped beam specimens (Rteil, 2007)

Corrosion level

Corrosion

Group Beams when FRP applied level at test r';ggg FatlglLiJ?ebond
(Days) (Days) ) N

F62-WO0-TO 62 131,046

WO F65-WO0-TO 0 0 65 22,487
F70-WO0-TO 70 1,030
F50-W5-T5 50 142,208
F52-W5-Tha 52 523,270

W5 F52-W5-T5b 50 50 52 1,950
F55-W5-T5 55 17,731
F65-W5-T5 65 113
FA8-W9-T9 48 9,027
F50-W9-T9a 50 51,319

100 100

F52-W9-T9a 52 2,529
F55-W9-T9a 55 1,523
F50-W9-T9b 50 14,145

W9 F50-W9-T9c 50 293,023
F52-W9-T9b 52 8,742
F55-W5-T9 150 150 55 441,586
F58-W5-T9a 58 351,582
F58-W5-T9b 58 238,532
F60-W5-T9 60 8,956
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Slip versus Number of Cycles for Unwrapped Specimens

Appendix B
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Figure B.1 Experimental and model results for unwrapped zero percent corrosion level
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Appendix C

Slip versus Number of Cycles for FRP wrapped Specimens
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Appendix D

Cyclic Bond Stress-Slip for Unwrapped Specimens
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Appendix E

Cyclic Bond Stress-Slip for FRP wrapped Specimens
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