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Abstract

Many reinforced concrete structures containing lap splices were constructed before modern
bond and fatigue design codes came into existence and are subjected to fatigue loading,
which may lead to a bond failure even when the applied load is far below the ultimate load
for a bond failure under a monotonic loading. Fatigue loads result in a deterioration of the
bond interaction between the steel and concrete and interrupt the force transfer mechanism
resulting in an increased deflection, an increased number of cracks and their widths, and a
decreased load carrying capacity of reinforced concrete elements of structures. Some of these
structures require strengthening to enhance their bond strength at lap splices.

This study was aimed at increasing our understanding of the behaviour of the bond between
the steel bar and the concrete along the lap splice region for structures subjected to cyclic
loading. An additional aim of the study was to investigate the effect of fatigue loading on the
bond between concrete and steel, and the ability of the new high and low modulus fiber-

reinforced polymer (FRP) sheets to enhance the fatigue performance of a tension lap splice.

Fifty three beams were cast and tested under monotonic and fatigue loading. The beams
dimensions were 2200 mm in length, 350 mm in height and 250 mm in width. Each beam
was reinforced with two 20M bars lap spliced in the constant moment region of the tension
zone and two 10M bars in the compression zone outside the constant moment region. The
test variables were the concrete cover, the presence or absence of FRP wrapping, the type of
the FRP wrapping glass or carbon fiber-reinforced polymer (GFRP or CFRP), the type of
loading and the fatigue load range. The minimum load applied was 10% of the static bond
capacity of the specimen. The maximum load was varied to obtain fatigue lives between
1,000 and 1,000,000 cycles. The test frequency for all cyclic tests was 1.3 Hz.

The results of the tests under monotonic load showed that the GFRP wrapped beams had an
increase in bond strength of approximately 25% compared to the unwrapped beams for each
of the concrete covers. However, the CFRP wrapped beams had a percentage increase in

bond strength that decreased as the concrete cover increased. The CFRP wrapped beams had



increases in bond strength of 71%, 60% and 44% compared to the unwrapped beams for

concrete covers of 20 mm, 30 mm and 50 mm, respectively.

The results of the tests under fatigue load showed that all beams failed by a bond failure
except for those beams that exceeded the fatigue life limits for a longitudinal bar. As
expected, these beams failed by fatigue rupture of the longitudinal steel bars. The GFRP and
CFRP sheets increased the fatigue strength (measured as the applied load range for a given
fatigue life) of the wrapped beams for all concrete covers compared to that of the unwrapped
beams. The longitudinal splitting cracks for the FRP wrapped beams were finer in width and

larger in number compared to those cracks for the unwrapped beams.

A crack growth model was developed to calculate the fatigue life of the bond specimens and
to calculate the slip and the deflection due to stress changes in the steel and concrete due to
cracking, and compare it to the measured slip and deflection. There is also a good agreement
between the calculated number of cycles with the actual fatigue data for all different
wrapping conditions and all different concrete cover thicknesses. Also, only a small amount
of the inelastic slip and the inelastic deflection are due to the stress changes in the steel and
concrete due to splitting cracking. The remaining inelastic slip and inelastic deflection which

are due to deformation of the concrete in front of the steel rebar lugs is much larger.
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Chapter 1 Introduction

1.1 General

A lap splice is a simple, cost effective, and efficient connection method commonly
used to transfer the force between lapped steel rebars in a reinforced concrete
member. Short lap splices are weak in bond strength. Many reinforced concrete
structures subjected to cyclic loading were constructed before modern bond and
fatigue design codes were available. One of the main issues faced in determining the
adequacy of existing structures is the low bond strength of short lap splices. Failure of
the bond between the steel rebar and the concrete in the absence of stirrups often
occurs by splitting of the concrete cover on the tension face or side face of a beam and
is a problem that affects the serviceability and safety of reinforced concrete structures

under both monotonic and fatigue loads.

Structures such as bridges and marinas are subjected to cyclic loading. As the ratio of
live load to dead load increases, the fatigue limit state starts to govern the design
through the effect of repeated loading (ACI 215, 1974). Damage in concrete structures
may accumulate under service loads that are far below the ultimate loads under
monotonic loading. Fatigue failure is the most likely extreme scenario that will occur
due to repeated loading (ACI 215, 1974). Damage of the concrete structure may
materialize in the form of an increased number of cracks, increased crack widths and
an increase in the deflection. These factors are greatly influenced by the quality of the
bond between the steel and the concrete. Accurate calculations of the bond strength
between steel and concrete will have a significant impact on evaluating the residual
strength of concrete structures (Oh and Kim, 2007; ACI 408R, 2003).

Fiber reinforced polymer (FRP) sheets offer an excellent solution for the
rehabilitation and strengthening of deteriorated and deficient concrete members. In
addition to their high strength to weight ratio, durability in service environments and
high fatigue strength, FRP sheets can be easily bonded to the external surface of
reinforced concrete slabs, beams, and columns (ACI 440, 2008). For lap splices, the
FRP sheets prevent the concrete cover from splitting, which leads to an increase in the

force that is transferred between lap splice bars by the concrete.



1.2 Research Motivation

1.2.1 Research Needs

Fatigue loading leads to a decrease in the strength and ductility of the lap splice.
However, many reinforced concrete structures containing lap splices were constructed
before modern bond and fatigue design codes came into existence. Therefore, some of
these structures require strengthening to enhance their bond strength at lap splices.
The repair of reinforced concrete beams using FRP sheets has become popular as a
new technique for strengthening methods. From the literature review, the majority of
the research on strengthening the bond strength of the reinforced concrete beams
containing lap splices was performed under monotonic loading. To the author’s
knowledge, no one has investigated the effect of FRP sheet wrapping on the bond
strength of reinforced concrete beams containing lap splices under fatigue loading.
The absence of experimental data on the strengthening of reinforced concrete beams
containing lap splices reinforced with FRP sheets under fatigue loading has delayed
the development of a model able to predict the fatigue performance of the bond

between steel and concrete.

1.2.2 Scope of Research

This study was designed to address the needs discussed above and enhance our
knowledge of the bond strength of the lap splice region under fatigue loading. It
investigated the effectiveness and feasibility of using FRP wrapping sheets to improve
the performance of reinforced concrete beams with a lap splice under monotonic and
fatigue loading. Experiments were performed to investigate the behaviour of wrapped
and unwrapped concrete beams containing lap splices under monotonic and fatigue
loading for different wrapping materials and concrete covers. In addition, a crack
growth model was developed to predict the fatigue life of beams. Furthermore, non-
destructive tests were performed to assess the damage of the rebar-concrete bond

during fatigue loading.

1.2.3 Research Obijectives

This research has the following objectives:



e To test the effect of FRP sheet wrapping on the bond strength of reinforced
concrete beams with lap splices under monotonic and fatigue loading for
different concrete cover thicknesses.

e To develop an analytical model to predict the fatigue life of unwrapped and

wrapped lap spliced reinforced concrete beams.

1.3 Thesis Structure

The thesis is divided into seven chapters. Chapter one provides an introduction,
discusses research needs, describes the scope of the research, and the research
objectives and thesis structure. Chapter two provides background and a literature
review covering bond between steel and concrete, strengthening using fiber reinforced
polymer sheets and fatigue of bond in concrete structures. . Chapter three describes
the experimental program, test matrix, specimen fabrication, material properties, FRP
repair, and test setup. Chapter four consists of the experimental results under both
monotonic and fatigue loading. Chapter five provides the modeling of the
experimental work which includes Wahab et al., 2015 shear stress modeling, the
model used in the current study, the procedure used to derive the constants for the
model and a comparison of the experimental results with the model predictions .
Chapter six gives the results of ultrasound tests using the surface wave technique and
discuss their use in detecting structural deterioration. Conclusion and recommendation

for future work are provided in chapter seven.



Chapter 2 Background and Literature Review

Many existing reinforced concrete members containing lap splices need to be
rehabilitated to bring their bond strength up to the current code requirements. Several
strengthening methods have been used to increase the bond strength such as
increasing the concrete cover of the member, replacing the old concrete cover with a
new high strength concrete, adding a transverse reinforcement either internal as
stirrups or external as a steel plate and adding a wrapping of external FRP sheet.
These strengthening methods have limitations. Increasing the concrete cover of the
reinforced concrete member, replacing the old concrete cover with new high strength
concrete and adding transverse reinforcement may require more space during
construction than is available. A drawback of using steel plate is the problem of steel
corrosion. Moreover, it increases the dead load on the reinforced concrete structure
(Lerchental, 1970; Kajfasz et al., 1970; Swamy et al., 1987; Jones et al., 1988;
Oehlers, 1992). On the contrary, the FRP sheet wraps do not suffer from the above
drawbacks. They are compact and light due to their high strength to weight ratios and
do not corrode. Also they have high fatigue strengths and are easily bonded to the
external surface of a reinforced concrete member (ISIS, 2001).

2.1 Bond of the Steel Reinforcement in Concrete

Reinforced concrete structures are comprised of concrete that is strong in compression
and steel that is strong and ductile in tension. “The bond between reinforcing bars and
concrete has been acknowledged as a key to the proper performance of reinforced
concrete structures for well over 100 years” (ACI 408R, 2003). Continuous research

efforts in the recent years have provided a better understanding of bond behaviour.

In reinforced concrete structures, the external loads are applied to the concrete and not
directly to the reinforced steel bar. Concrete is weak in tension, once the concrete
cracks, all the tensile force due to the applied load is transferred to the steel bar at the
cracked sections. Some of the tensile force is transferred back to the concrete in
between the cracks. A shear stress (bond stress) between the steel and the surrounding

concrete occurs as the stress of the steel bar change along its length. All current



design bond strength codes aim to provide enough bond length to ensure that the steel

bar yields before a bond failure happens.

2.1.1 Bond Mechanism

There are three mechanisms that determine the stress transfer between the concrete

and a deformed steel bar in a concrete beam, namely:

A: a chemical adhesion between the steel and the concrete,

B: friction between the steel and the concrete, and

C: a mechanical anchorage of the reinforcing steel ribs against the concrete

The bond forces between the deformed steel bar and the concrete are shown in
Figure 2.1. The chemical adhesion and friction are the main bond components for
plain steel bars, although the roughness of the surfaces of the bars may also result in
some mechanical interlock between the concrete and the steel. The mechanical
interlocking between the concrete and the steel for deformed bars gives much higher
bond strengths than those due to chemical adhesion and friction. The forces due to the
bearing of the bar ribs against the concrete create the majority of the bond strength
that prevents the relative slip between deformed bars and surrounding concrete.

Adhesion prevents bars from slipping during the early stage of loading. As the load
increases, the steel bars start to move breaking the adhesion and activating the bearing
and friction forces. Friction and bearing forces play the major role in load transfer
mechanism for ribbed steel bars, while friction forces on the surface of the reinforcing
bars are reduced with a further increase in the slip (ACI 408R, 2003).
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Figure 2.1 Bond mechanism of deformed reinforcement in concrete due to
adhesion, bearing and friction (ACI 408R, 2003)

Much of the tensile force in the steel bars at the cracks is redistributed to the
surrounding concrete in the regions between cracks by shear stress. The component of
the shear stress acts at an angle B to the steel bar ribs as shown in Figure 2.2
(Goto,1971; Ferguson and Briceno, 1969, Canbay and Frosch, 2005). The shear force
results in a radial hope stress that develops circumferential tensile stresses in the

surrounding concrete along the development length as shown in Figure 2.3.
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Figure 2.2 Shear stress component (Canbay and Frosch, 2005)



Figure 2.3 The resultant circumferential tensile stresses in the surrounding
concrete (Tastani and Pantazopoulou 2012)

Two modes of failure of the bond between the steel and the concrete have been
reported namely: splitting and pullout (Orangun et al., 1977; Eligehausen et al., 1983;
FIP, 2000; ACI 408R, 2003) as shown in Figure 2.4. The pullout failure happens
when the confinement of the steel bar, which is controlled by the amount of concrete
cover, the concrete compressive strength, and the constraint by stirrups or FRP
wrapping, is high. This failure occurs by a shearing off of the steel bar ribs from the
surrounding concrete (ACI 408R, 2003). On the other hand, the splitting failure takes
place when the concrete cover is small and the confinement of the steel bar is
insufficient and; hence, splitting cracks develop at the steel bar ribs (ACI 408R,
2003). The splitting cracks are parallel to the steel bar at the thinner of the side or
bottom concrete covers or the half of the spacing between the steel bars (ACI 408.2R,
2012). A bond pullout failure is preferable to a splitting failure because a pullout
failure is gradual in nature and provides a warning of failure in the form of an increase

in deflection before full failure occurs while a splitting failure occurs suddenly. .
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Figure 2.4 Bond failure type (ACI 408R, 2003)

2.1.2 Factors Affecting Bond Behaviour

There are many factors affecting the bond strength of reinforced concrete beams, such
as the concrete compressive strength, the concrete cover, the steel bar size, the steel
bar anchorage / splice length, the amount of the transverse reinforcement, the yield
strength of the steel bar, the casting position of the steel bars, the type and rating of
the loading and the steel surface condition and coatings. Some of these factors are
discussed below.

2.1.2.1 Concrete Compressive Strength (f.)

The concrete shear strength depends on the tensile strength of the concrete, and the

tensile strength of the concrete is proportional to the square root of the comprehensive

strength of concrete\/ﬁ. Therefore, the bond strength of concrete has a strong
relationship with the square root of the comprehensive strength of concrete, especially
for ordinary concrete (f. < 55 MPa) (ACI 408R, 2003; ACI 408.2R, 2012; Carino
and Lew, 1982; Tepfers 1973; Orangun et al., 1977). Force transfer takes place
between concrete and steel by bearing and friction, and the failure can occur in the
concrete by tensile splitting or shear. Therefore, the concrete compressive strength
becomes a key parameter of bond behaviour (Orangun et al., 1977). Generally, an
increase in concrete compressive strength will lead to an increase in the bond strength
but with slower rate than the increase in concrete compressive strength and the failure
becomes more brittle (Azizinamini et al., 1999; Alavi-Fard and Marzouk, 2002; ACI
408R, 2003; El-Azab and Mohamed, 2014).



2.1.2.2 Concrete Cover

The concrete cover is the clear distance from a steel reinforcing bar to an external
surface of a beam and the half distance between steel bars. The smaller of the side or
bottom concrete cover thicknesses or the spacing between the bars governs the
splitting failure for a given lap splice length and confinement level. The mode of
failure for the lap splice has been found to be strongly affected by the thickness of the
concrete cover (Tepfers 1973; Orangun et al. 1977; Darwin et al. 1996a; ACI 408R,
2003 and ACI 408.2R, 2012). For a lap splice without stirrups or FRP confinement,
the thickness of the concrete cover and the concrete tensile strength govern the
splitting bond strength capacity (ACI 408R.2003). Increasing the thickness of the
concrete cover leads to an increase in the force transfer between the concrete and the
steel bar resulting in a higher bond strength. The relationship between the concrete
cover and the bond strength is not linear, because the distribution of the tensile
strength of the concrete surrounding the lap splice is not constant (Canbay and Frosch
2005). The effectiveness of the concrete cover decreases as the concrete cover

increases.

2.1.2.3 Bar Size

For the same development length, a small bar develops a greater bond stress than a
large bar (ACI 408.2R, 2012). Therefore, in order to develop the same bond stress in
bars of two different sizes within the development length, a longer development
length is required for the larger bar. Using many small bars instead of few large bars
is always recommended to improve bond performance when an adequate clear

distance between the bars is maintained.

2.1.2.4 Anchorage/Splice Length

The increase in the bond force at failure under the influence of a monotonic loading is
not proportional to an increase in the anchorage length as long as the minimum
required development length is provided. An increase in the anchorage length will
result in a decrease in the maximum bond stress (ACI 408.2R, 2012). An increase in
the anchorage length however, will result in an increase of the number of cycles to
cause a pullout failure under cyclic loading (ACI 408.2R, 2012; MacKay et al., 1989).



2.1.2.5 Transverse Reinforcement

An additional confinement force is provided through steel stirrups transverse
reinforcement, which limits the growth of splitting cracks and increases the bond
strength and the ductility of a splice (ACI 408R, 2003). Therefore, the required splice
length depends on the confinement provided by the transverse reinforcement. The
amount and the distribution of the transverse reinforcement will determine whether a
splitting tensile failure occurs. The concrete after cracking will be confined if the
transverse reinforcement is properly detailed. Under the cyclic loads, the resistance to
splitting failure is significantly increased by transverse reinforcement (ACI 408.2R,
2012; Tepfers, 1973; Tepfers, 1980; Tepfers, 1988; Sparling and Rezansoff, 1986).

2.1.2.6 Type and Rate of Loading

The bond strength under monotonic loading is greater than that under fatigue loading.
The fatigue loading results in a deterioration of the bond strength represented by an
increased number of cracks, increased crack widths and an increase in the deflection.
Rehm and Eligehausen 1979 studied the effect of the type of loading on bond
performance. They concluded that, fatigue loading (reversed or uni-direction) caused
more deterioration of bond than monotonic loading. Shah and Chung 1986 studied the
effect of loading rate on the bond strength and concluded that a slow loading rate
resulted in a lower bond strength and more deterioration of the bond along the
anchorage length compared to a faster loading rate.

2.1.3 Bond Test Specimens

2.1.3.1 Beam-End Specimen

Based on the ASTM standard, a half of the beam specimen is used in this test, which
represents a simplified version of the RILEM test, as shown in Figure 2.5. A tension
force is applied directly to the reinforcing bar by the test frame. Tension is created in
the concrete around the bar while moment and shear forces are developed by the
bearing points on the sample to create a reaction force similar to that developed at the
end of a full reinforced concrete beam.

10
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Figure 2.5 Beam-End specimens (ACI 408R, 2003)
2.1.3.2 Beam Anchorage Specimen

The flexural beams can be used to integrate the contributions of the components
found in real beams into bond tests. The free end slip can be monitored by extending a
reinforcing bar beyond the ends of the beams in the case of standard beams. In
addition, pockets may be incorporated outside the bond area to allow internal slip and
tensile stress in the steel to be measured. Plastic sleeves can be used to de-bond the
reinforcing bar outside the constant moment region to control the bond length of the
bar. The test is further simplified by using standard simply supported test beams as

shown in Figure 2.6.

. 4 . 4
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+

Figure 2.6 Beam anchorage specimens (ACI 408R, 2003)

2.1.3.3 Lap Splice Beam Specimen

Large scale beam specimens are used as lap splice specimens to measure the bond
between lap-splice bars as shown in Figure 2.7. The lap splice is placed in a central
constant moment region. This makes the fabrication rather convenient, and produces
similar bond strength values to those obtained using a beam anchorage specimen.
Realistic measures of the bond strength in an actual structure are obtained from the

beam anchorage specimen and the splice beam specimen.
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Figure 2.7 Splice beam specimen (ACI 408R, 2003)
2.2 Fiber Reinforced Polymers (FRP)

Fiber Reinforced Polymers (FRP) are composite materials that consist of fibres and a
matrix as shown in Figure 2.8. There are four types of FRP material commonly used
civil engineering applications namely: Carbon Fiber Reinforced Polymers (CFRP),
Glass Fiber Reinforced Polymers (GFRP), Aramid Fiber Reinforced Polymers
(AFRP) and Basalt Fiber Reinforced Polymers (BFRP). The strength of the FRP
depends on the type and the volume of the FRP. These FRP’s have higher strengths
than the conventional reinforced steel and their stress strain relation is linear until
failure as shown in Figure 2.9. FRP sheets have good mechanical properties such as a
high strength to weight ratio, good durability, a high fatigue strength and corrosion
free (ACI 440, 2008). They can easily be bonded to external surfaces of reinforced
concrete as a strengthening and/or repair measure to increase the service life of

damaged or deficient concrete members such as slabs, beams and columns.

12
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Figure 2.9 Stress-strain behaviour of steel reinforcement and FRP (ISIS Canada,
2008)

2.2.1 Fibres

The strength of FRP sheets use to carry the tensile forces in reinforced concrete
structures depends on three factors: the type of the FRP (CFRP, GFRP, AFRP and
BFRP), the volume of the FRP and the orientation of the FRP fibres.

2.2.1.1 Carbon Fibres

Excellent properties are demonstrated by the carbon fibre reinforced polymer (CFRP)
composites, that have an excellent tensile strength, good corrosion resistance, a high
fatigue strength, a low coefficient of thermal expansion and a high strength to weight

ratio. However, they are expensive compared with other FRP products.

2.2.1.2 Glass Fibres

Glass fibre reinforced polymer (GFRP) materials have a high tensile strength
compared to reinforced steel bars, a satisfactory heat resistance and a low electrical
conductivity and a relatively low production cost compared to CFRP composites.
However, GFRP composites have a lower stiffness and a lower specific strength than
CFRP composites.

2.2.2 Matrix

A matrix is used to hold and bind the fibres in FRP together. A resin matrix is used to

transfer stress to the fibres from the concrete and to protect the fibres against

13



environmental attack and damage due to handling. Epoxies, vinyl esters and
polyesters are the commonly used resin types. The suitability of a resin is dependent
on its ease of application, compatibility with the fibres, and ability to bind with the
substrate (ACI 440, 2008). It is very important that the maximum strain of the resin be
higher than that of the fiber so that it remains uncracked under load and protects the
fiber from mechanical damage and environmental attack. Figure 2.10 shows the

tensile stress-strain relationships of the FRP components.
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Figure 2.10 Tensile stress-strain relationship of the FRP components (ACI 440R,
1996)

2.3 Use of FRP for Repair and Strengthening

Nowadays, the service loads applied to infrastructure are increasing and this trend is
expect to continue. The continuous updating of bond and fatigue requirements has
resulted in existing structures having inadequate strengths to meet current code
requirements. There are many reasons to strengthen existing structural members such
as deficiencies in the design or construction of the structure members and changes in
the use of structure members not taken account of in their original design. Badawi
2007 illustrated the strengthening necessity of a reinforced concrete member as shown

in Figure 2.11.

FRP materials have been used for repair and strengthen concrete structures to increase
their flexural, shear and bond strength. They are used both internally and externally.
Their internal applications are in common new concrete construction and their
external applications are in existing concrete structures to provide additional strength
and to repair any damage. Flexural strength is increased by wrapping the FRP sheets

14



around beams to confine the concrete and increase the shear and bond capacity.
Damage due to corrosion and repeated loading can be reduced by wrapping the sheets
around RC columns and beams. The strength and ductility of the columns and the
beams is also increased by wrapping with these sheets. Design rules and
specifications are provided by the ACI code and ISIS Canada for strengthening using
FRP (ACI 440, 2008; ISIS 2008).
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Figure 2.11 Necessity of concrete structure strengthening (Badawi, 2007)

2.4 Effect of Confinement on the Bond Behaviour in Reinforced

Concrete Beams Containing a Lap splice

2.4.1 Effect of Stirrups

Garcia et al. (2013) reported that transverse reinforcement by stirrups resulted in a
delay in the propagation of splitting cracks for various concrete covers ranging from
14 mm to 30 mm. Also, a significant increase in the maximum load and deflection
was observed in beams with stirrups compared to unconfined beams. Transverse
reinforcement confined the splice bars and delayed the spalling of the concrete cover.
Seliem et al. (2009) observed that beams with stirrups exhibited a gradual bond failure
rather than the abrupt failure of beams without stirrups. The amount and distribution
of the transverse reinforcement and the constraint it provides were found to play a role
in changing the mode of failure from bond splitting to a pullout failure (Orangun et
al., 1977; Tepfers 1973; Pacholka et al., 1999; Sakurada et al., 1993; Lukose et al.,
1982; Rezansoff et al., 1992). They found that transverse reinforcement confined the
concrete cover after cracks initiated and increased the resistance to splitting failure.
Tocci (1981) studied the effect of the amount of the transverse reinforcement along a

lap splice under fatigue loading, and concluded that stirrups delayed the propagation
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of cracks; however, they did not prevent a splitting failure. At a given stress level,
beams with a clear concrete cover of 65 mm that contained transverse reinforcement
had a longer fatigue life than similar beams without transverse reinforcement (Tocci
1981). Increasing the amount of the transverse reinforcement can lead to a change in
the mode of failure from bond failure to fatigue failure of the main reinforcement
(Rezansoff et al., 1993). Studies conducted at Cornell University by Hungspreug
(1981) and Fagundo et al. (1979) concluded that the concrete confinement along the
splices at high intensity loads deteriorated rapidly and that a heavy transverse
confinement along a lap splice was required to maintain the bond strength when

concrete deteriorates.

Similarly, when internal transverse reinforcement along a lap splice under
unidirectional fatigue loading was studied a heavy transverse reinforcement changed
the failure mode from a bond failure to a fatigue failure of the main reinforcement
(Rezansoff et al. 1993). Increasing the number of stirrups along a lap splice under
fatigue loading resulted in an increase in the fatigue life at a given stress level
compared to that for a lap splice with fewer stirrups.

2.4.2 Effect of the Thickness of the Concrete Cover on the Bond Strength

In beams without stirrups, the smallest of the two covers or half spacing between the
steel bars is assumed to control the lap-splice strength for a given development length
of the splice. This is because the magnitude of the confinement forces that are
generated by the concrete around the bars increases with cover thickness. The
relationship between the thickness of the concrete cover and the bond strength, bs is

nonlinear and can be expressed by the ratio of the square root of the concrete cover ¢

to bar diameter d;, by = m (Canbay and Frosch, 2005). The concrete cover and
the bar spacing determine the type of bond failure observed under monotonic loading
in laboratory tests (Untrauer, 1965; Tepfers, 1973; Orangun et al., 1977; Eligehausen,
1979; Darwin et al., 1996). The efficiency of the concrete cover decreases as the
concrete cover increases (Canbay and Frosch, 2005). When the concrete cover or the
bar spacing is small, a splitting tensile failure takes place at short anchorage lengths as
shown in Figure 2.4a. However, for a large concrete cover, it is possible for a pullout

failure to occur as shown in Figure 2.4b. A pullout failure can happen in the presence
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of some splitting cracks if the bonded length of the steel bar has a high level of
confinement due to stirrups or an FRP sheet. A splitting bond failure results in lower
bond strength than a pullout bond failure (ACI 408R, 2003). The effect of the
concrete cover is more pronounced under cyclic loading conditions than for
monotonic loading. It was reported that repeated loads lead to an increase in the crack
propagation rate (ACI 408.2R, 2012). Also, the concrete cover has an effect on the
bond-slip curve. As the concrete cover and the bar spacing increase, the bend in the
bond-slip curve becomes sharp (ACI 408.2R, 2012).The confinement effect produced
by using FRP wrapping is expected to decrease with an increasing concrete cover
because the confinement stresses in the concrete adjacent to the steel bars will be

reduced as the cover thickness increases.

2.4.3 Effect of the FRP Wrapping on the Bond Strength

Many researchers have studied the effect of external confinement (FRP sheets) on the
bond strength of splices under monotonic loading. Garcia et al. (2013) concluded that
beams wrapped with CFRP sheet experienced narrower splitting cracks than
unwrapped beams and had a greater bond strength and bar slip compared to
unwrapped beams. Also, they observed that the CFRP sheet served to confine the
concrete cover and delayed the propagation of splitting cracks. They attributed this
behaviour to an increase in the force transferred between the concrete cover and the

lap splice bars.

Hamad et al. (2004) studied the effect of FRP sheets on lap splice bond strength using
a 20 mm clear concrete cover under monotonic load. The investigated test variables
were the presence or absence of GFRP wrapping sheets, the configuration of the
GFRP wrap (one wrap, two wraps or a continuous strip) and the number of GFRP
layers. They concluded that wrapping with GFRP sheets increased the bond strength
and the deflection without changing the failure mode and as the amount of GFRP
sheets increased in area and in thickness, the bond strength and the deflection of a
beam increased. Soudki and Sherwood (2000), (2003), and Shihata (2011) studied the
effect of wrapping with CFRP sheets on the bond strength of a corroded lap splice
under monotonic loading. The test variables were the percentage of corrosion of the

steel bar and the clear concrete cover 30 mm or 40 mm. The result showed that the
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CFRP sheets increased the bond strength and the deflection. The failure mode was not

affected by the CFRP wrapping.

Bousias et al. (2007) came to the conclusion that the number of FRP layers was not
proportional to the bond resistance capacity. Bournas and Triantafillou (2011)
concluded that the bond strength between lap-spliced bars and the surrounding
concrete could be improved by the use of a FRP sheet wrapping that delayed the

appearance of longitudinal cracks.

Hamad et al., (2004a), (2004b), (2004c) and Rteil, (2002) studied the effect on bond
strength of FRP wrapping sheets applied along the lap splice under monotonic
loading. The test variables were the type of the FRP sheets (CFRP or GFRP), the
concrete compressive strength (28 MPa or 70 MPa), the configuration of the FRP
along the lap splice (strip width and the spacing between the strips) and the number of
the FRP layers. It was concluded that the FRP wrapping sheets improved the bond
strength of the lap splice and that the improvement varied from 8% to 34% compared
to the unwrapped beams The FRP sheets led to more ductal failure compared to the
unwrapped beams. Based on their results, they proposed an equation to calculate the

effect of the FRP sheets on the bond strength as shown below:

Cl*lltr}*] fe
= —x -
Ktrlf R 0.25,

K. s = equivalent to the normalized bond strength contribution of the FRP sheet, C; =
proportionality constant= ;16 Ay + = total cross sectional area of FRP (mm?), fr, = the

effective stress in the FRP laminate (MPa), s; = width of FRP sheets (mm), dp =

diameter of steel rebar (mm) and n, = the number of spliced bars.

Under fatigue loading, the FRP wrapping increased the fatigue bond strength and the
deflection of reinforcing concrete beam compared to unwrapped beams (Alyousef et
al., 2015; Alyousef et al., 2016a; Alyousef et al., 2016b; Alyousef et al., 2016c
(accepted); Rteil et al., 2007; Rteil, 2007). For the same area of material, the use of
external FRP confinement is more efficient and effective than stirrups in controlling
splitting cracks (Hamad et al., 2004; Hamad et al., 2004; Hamad and Rteil 2006;
Tarabia et al., 2010).
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2.4.3.1 FRP Confinement Mechanism

FRP wrapping sheets have been used to increase the bond strength between a steel bar
and the surrounding concrete in reinforced concrete structures. The FRP sheets
wrapping increases the confinement and the transfer of stress between the concrete
and the steel over the bonded region which increases the load carrying capacity and
the ductility of a structure. For a column, the confinement is more efficient for a
circular section than for square or rectangular sections where the confining stress is
transmitted to the concrete surface at four corners (Parvin and Brighton. 2014).
Confinement efficiency can be improved for square and rectangular sections by

increasing the corner radius (Bakis et al., 2002).

For the beam, the forces due to the FRP wrapping sheets resist the splitting forces due
to shear in the spliced bars. As the distance between the wrapping sheets and the
spliced bars increases with increased cover thickness the bars become more remote

from the wrapping and the confining stresses decrease.

2.5 Fatigue Load

For many years, it has been known that the steel reinforcing bars fail by bar rupture
under repeated load at a significantly lower stress than that under a single monotonic
load. In addition, fatigue failure occurs suddenly without any warring by rupture of
the steel bar (ACI 215R-1974). This fatigue failure of the steel bar is characterized by
a fracture surface that shows two regions: a rough surface and smooth surface as
shown in Figure 2.12. The smooth surface occurs on the side closest to the maximum
tension zone. This smooth surface is due to the rubbing of the crack faces during
cracks growth (ACI 215R-1974). As the cross section of the steel bar decreases, the
steel bar is no longer able to carry the applied stress leading to a ductile failure which

causes the rough surface.

19



Figure 2.12 Fatigue failure of the reinforced steel bar (ACI 215R, 1974)
Badawi 2007 illustrated graphically a stress versus time graph for a fatigue test
together with the definitions of important terms used in the analysis of the fatigue data
as shown in Figure 2.13. The figure defines the minimum, the maximum and the
mean stress. The fatigue data are usually presented as an S-N plot. The S-N plot plots
the fatigue life (number of cycle) versus stress range on logarithm scales as shown in
Figure 2.14. The reinforced steel bar has a fatigue limit (endurance limit) at which the
stress versus fatigue life curve becomes flat as shown on Figure 2.14. The fatigue
limit is sometimes defined as the maximum stress can be applied to a material without
causing a fatigue failure. The fatigue limit for a steel reinforcing bar various from
35% to 60% of yield stress (ACI 215R-1974).

Stress

Time

Figure 2.13 Fatigue term used in analysis (Badawi, 2007)
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Figure 2.14 S-N curve (Badawi, 2007)

2.5.1 Steel

The factors affecting the fatigue failure of the steel reinforcement of beams under
fatigue loading are: the geometry of the steel bar, the size of the steel bar, the applied
stress range, the mean stress applied and the yield strength of the bar (Soretz 1974;
Tepfers 1973; Rezansoff 1978; Rezansoff et al. 1988; ACI 215R, 1974; Tilly and Tan,
1979; Rabbat and Corley, 1984; Zacaruk 1990). Stress concentrations due to changes
in the bars geometry like ribs lead to the initiation of cracks in the steel rebar. Cyclic

loading propagates these cracks to cause fatigue failure of the reinforcing steel rebar.

The size of the diameter of the reinforcing steel bar affects the fatigue life. At a given
stress, the fatigue life decreases as the diameter of the steel bar increases. This
phenomenon is partly due to the increase in probability of having a large flaw in the
larger volume of a larger diameter bar Mallet 1991; Bannantine et al., 1990; ACI
215R, 1974).

The following equation was developed by ACI 215 (1974) for the limit of the flexural
stress within a reinforcing steel bar that allows a designer to assume an infinite fatigue

life for the reinforcing steel rebar :
S, =161—033*S,, (MPa)
Sy= Stress range in reinforced steel bar (MPa)

Smin= Minimum applied stress in the reinforced bar (MPa)
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Helgason and Hanson (1974) who studied the fatigue failure of reinforcing steel rebar
provided the following equation to estimate the fatigue failure limit for a reinforcing

bar:

logioN = 6.696 — 0.0055f,  (MPa)
N= Fatigue failure limit
f= Applied stress range in a steel rebar (MPa)

Tilly and Tan, 1979 studied the effect of mean stress on the fatigue strength of a steel
reinforcing bar and concluded that as the applied mean stress decreases the fatigue

life of the reinforcing steel bar increases as shown in Figure 2.15.
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Figure 2.15 Effect of mean stress on the fatigue life of the steel (Tilly and Tan,
1979)

2.5.2 Effect of Repeated Load on Bond Behaviour

When the tensile stress exceeds the tensile strength of the concrete under repeated
loading, splitting cracks occur and propagate as loading continues until a bond failure
occurs. The propagation of splitting cracks deteriorates the bond and leads to a cyclic
failure at a bond stress level below the ultimate stress level under static load. Perry
and Jundi (1969) studied bond behaviour under fatigue loading focusing on the shear
stress distribution, using a pullout specimen test. It was concluded that the peak bond
stress initially occurred at the loaded end and then moved toward to the unloaded end
as the number of cycles increased. The reduction of the limiting bond stress at the
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loaded end due to fatigue loading varied from 65% to 90%. Plizzari et al. (2002)
studied the effect of stirrup transverse reinforcement confinement on bond behaviour
under repeated load using a pullout specimen test. They reported that increased
confinement due to adding transverse reinforcement led to an increased bond fatigue

strength, a decreased slip rate and a reduction in the number of splitting cracks.

Under a fatigue loading, the deterioration of bond is not related to the peak stress, but
to the peak slip of the reinforcement (Balazs and Koch, 1992). Fatigue loading leads
to an increase in the slip between the reinforcing bar and the concrete. The slip rate
under repeated loading is dependent on the load level, the frequency of loading, the
strength of the concrete and the amount of confinement. Bond failure under fatigue

loading may occur by pullout of the bar or by splitting of the concrete cover.

2.5.3 FRP Wrapping Confinement

Fiber reinforced polymer wrapping sheets have been used for strengthening the bond
of corroded bars under fatigue loading (Rteil et al. 2007, Rteil 2007 and Al-
Hammoud, 2012.). The parameters of their studies were corrosion level, bonded
length, concrete cover, type of loading and the applied load range. It was concluded
that, the FRP wrapping sheets increased the fatigue strength of both corroded and
non-corroded reinforced concrete beams compared to unwrapped beams. Also, for
some beams, the FRP wrapping sheets increased the bond strength enough to change
the mode of failure from bond failure between the steel and the concrete to a bar
rupture failure. The failure modes observed included bond failure, bar rupture and

FRP failure (by rupture or delamination) as shown in Figure 2.16.
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a) Rupture of CFRP sheets b) Concrete splitting cracks

Figure 2.16 Mode of failure for strengthened beam (Rteil 2017)
2.6 Slip between Steel Bars and Concrete

Fatigue loading leads to an increase in the slip between the reinforcing bar and the
concrete with the number of load cycles. This increase in the slip of the steel bar
results in a deterioration of the bond strength (FIB, 2000). It is interesting to note that,
under a fatigue loading, the main effect of bond deterioration is not related to the peak
stress, but to the peak slip of the reinforcement (Balazs, 1991). The slip rate under
repeated load is dependent on the load level, the strength of the concrete and the
amount of confinement (ACI 408.2R, 2012). Harajli et al. (2002, 2004) and Harajli
(2009, 2006) studied the effect of FRP wrapping on the bond stress-slip behaviour of
a splitting bond failure under monotonic load. It was reported that there are four
stages of slip before failure as shown in Error! Reference source not found.. In the
irst stage, the stiffness of the bond stress versus slip relationship is similar to that for a
pullout failure. The bond resistance in this first stage is attributed to the chemical
adhesion and friction between the bar and the concrete and lasts until tensile cracks
develop in the concrete. The second stage begins as the tensile cracks develop and is
characterized by a bond stress versus slip curve that is lower than that for a pullout
failure and continues until the cracks propagate to the surface. Then a third stage
begins which is characterized by a sudden and rapid drop in the bond stress and is
usually considered to be a bond failure. Finally, there is a fourth stage characterized

by a continuing decrease in bond stress and an increase in slip.
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Figure 2.17 Monotonic envelopes of local bond stress—slip models
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Chapter 3 Experimental Program

3.1 Introduction

The experimental program of this research consisted of three phases using three
different concrete clear covers. A total of fifty three beams were constructed and
tested under monotonic and fatigue loading. The beams were divided into three
groups with different concrete covers. The dimensions of each beam were 250 mm
wide, 350 mm high and 2200 mm long. The test specimens were designed to fail in
bond rather than in flexure. Three beams from each group were tested under
monotonic loading while the rest of beams were tested under fatigue loading. The
primary objective of this study is to investigate the effect of repeated loading on the
bond between concrete and steel, and the ability of FRP sheets to enhance the fatigue
performance of a tension lap splice. This chapter describes the test matrix, the design
of the test specimen and its fabrication, the material properties, the formwork and
concrete placement, the strengthening of the beams with FRP wrapping sheets, the

instrumentation, and the test setup.

3.2 Test Matrix

The 53 beams were constructed and tested were divided into three groups as shown in
Figure 3.2. The beams were divided into three groups that were Group 1 (20 mm
concrete cover), Group 2 (30 mm concrete cover) and Group 3 (50 mm concrete
cover). The first phase constructed and tested was Group 2 (17 beams), the second
phase was Group 3 (19 beams) and the third phase Group 1 (17 beams). Nine beams
were tested under monotonic loading and forty four beams were tested under fatigue
loading. Fifteen beams were unwrapped, eighteen beams were wrapped with GFRP
sheets and twenty beams were wrapped with CFRP sheets. Each series of each group
had a specimen that was loaded monotonically to failure, while the other beams from
each series of each group were subjected to fatigue loading. The test variables for
each group were the presence or absence of FRP sheet wrapping, the type of FRP
sheet wrapping (GFRP sheets or CFRP sheet), the loading type (monotonic or fatigue)

and the fatigue load range.
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The beam notation used was in the form of three parts: AA-BB-CC. The first part was
represented the wrapping condition (UN, GFRP or CFRP), the second part was
represented the group number (G1, G2 or G3) and the last part was represented the

static load or fatigue load range (ST or fatigue load range) as shown in Figure 3.1.

UN -G1- 83

T The beam was tested under fatigue load and
the load range was 83%

The beam wasfrom Group 1 (the concrete
cover was 20 mm)

The beam was unwrapped

Figure 3.1 Beam notation
A minimum applied load of 10% of the ultimate monotonic failure load was used for
all fatigue tests as shown in Table 3.1. This minimum load was applied to represent
the dead load on the structure member and to prevent beam movement at the
minimum load. The maximum load was varied to obtain fatigue lives between 1,000
and 1,000,000 cycles. After each beam was tested, the maximum applied load was
increased or decreased for the following beam so that its estimated fatigue life lay
between 1,000 and 1,000,000 cycles. After more than two test results were obtained, a
linear log-log curve fitted to the previous data was used to choose subsequent load
levels. A fatigue life of 1,000,000 cycles was taken as a runout fatigue life. Beams
that had reached a million cycles without failure were tested again at a higher load

level.
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Test Matrix

20 mm 30 mm
concrete cover concrete cover
[ I| | [ L | [
Unwrapped GFRP CFRP Unwrapped GFRP CFRP Unwre

— 1 monotoni | k4 1 monotonic = 1 monotonic |} 1 monotonic | 1 monotonic | 1 monotonic |l 1 nr

— 4 fatigue |- 5fatigue |- 5 fatigue |“- 4 fatigue |“- 4 fatigue |- 6 fatigue |~ 4

Figure 3.2 Test matrix
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Table 3.1 Details of test matrix

Group Wrapping Beam notation Loading Minimum Maximum
UN-G1-ST Monotonic - -
UN-G1-83 Fatigue 10 93
Unwrapped UN-G1-78 Fat?gue 10 88
UN-G1-75 Fatigue 10 85
. UN-G1-65 Fatigue 10 75
% UN-G1-55 Fatigue 10 65
; GFRP-G1-ST Monotonic - -
§ GFRP-G1-83 Fatigue 10 93
g GFR.p GFRP-G1-78 Fatigue 10 88
S wrapping GFRP-G1-75 Fatigue 10 85
if/ GFRP-G1-65 Fatigue 10 75
= GFRP-G1-61 Fatigue 10 71
8 CFRP-G1-ST Monotonic - -
CFRP-G1-80 Fatigue 10 90
CFRP CFRP-G1-73 Fatigue 10 83
wrapping CFRP-G1-67 Fatigue 10 77
CFRP-G1-65 Fatigue 10 75
CFRP-G1-62 Fatigue 10 72
UN-G2-ST Monotonic - -
. UN-G2-80 Fatigue 10 90
:’;’ UN-G2-70 Fatigue 10 80
3 Unwrapped )
2 UN-G2-63 Fatigue 10 73
% UN-G2-59 Fatigue 10 69
g UN-G2-55 Fatigue 10 65
S GFRP-G2-ST Monotonic - -
§ GFRP-G2-80 Fatigue 10 90
%— GFR.p GFRP-G2-75 Fatigue 10 85
0} wrapping GFRP-G2-70 Fatigue 10 80
GFRP-G2-63 Fatigue 10 73
GFRP-G2-58 Fatigue 10 68
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CFRP-G2-ST Monotonic - -

CFRP-G2-80 Fatigue 10 90
CFRP-G2-76 Fatigue 10 86
CFRP .
wrapping CFRP-G2-71 Fatigue 10 81
CFRP-G2-69 Fatigue 10 79
CFRP-G2-63 Fatigue 10 73
CFRP-G2-59 Fatigue 10 69
UN-G3-ST Monotonic - -
UN-G3-85 Fatigue 10 95
UN-G3-83 Fatigue 10 93
Unwrapped
UN-G3-75 Fatigue 10 85
UN-G3-70 Fatigue 10 80
E, UN-G3-63 Fatigue 10 73
3 GFRP-G3-ST Monotonic - -
% GFRP-G3-82 Fatigue 10 92
S
8 GFRP-G3-80 Fatigue 10 90
8 GFRP GFRP-G3-73 Fati 10 83
c wrapping e atigue
(= GFRP-G3-72 Fatigue 10 82
3 GFRP-G3-67 Fatigue 10 77
‘3_ GFRP-G3-60 Fatigue 10 70
a CFRP-G3-ST Monotonic - -
|-
O CFRP-G3-81 Fatigue 10 91
CFRP-G3-76 Fatigue 10 86
CFRP .
wrapping CFRP-G3-73 Fatigue 10 83
CFRP-G3-66 Fatigue 10 76
CFRP-G3-59 Fatigue 10 69
CFRP-G3-53 Fatigue 10 63

3.3 Design of the Test Specimens

The beams cross section and reinforcing details were the same for all beams. The beam was
2200 mm long, 250 mm wide and 350 mm in height. Two symmetric applied loads provided

a constant moment region at the mid span of the beam. The span between two supports was
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1800 mm divided into three equal length regions, two shear span regions and a constant
moment region containing the lap splice. The splice length was 300 mm to maintain the
minimum length allowed by the ACI and the Canadian standards, and to ensure a bond
failure before the steel yielding. Each beam was reinforced with two 20M steel rebars spliced
at the mid span. The lab splice was placed in the constant moment region to study the effect
of the FRP wrapping on the bond strength where the nominal stress is uniform and there is no
shear stress. Two 10M deformed bars were used in the compression zone outside the constant
moment region. This test beam was designed without internal transverse reinforcing stirrups
within the constant moment region of the splice to allow a separation of the effect of
confinement by the U-shaped FRP sheets on the bond strength from the effect of confinement
by stirrups. The internal transverse reinforcement in the shear spans consisted of 10M
stirrups distributed at 100 mm spacing. The ratio of the lap splice length to the steel bar

diameter l¢/d, was 15.

The clear side and bottom concrete covers were 20 mm, 30 mm and 50 mm for Group 1,
Group 2 and Group 3, respectively. The ratios of the clear concrete cover to the steel bar
diameter c/d, were 1, 1.5 and 2.5 for Group 1, Group 2 and group 3, respectively. Figure 3.3
shows the dimensions and steel reinforcement details for all beams in Group 2 (30 mm
concrete cover) and Group 3 (50 mm concrete cover). All beams in Group 1 (20 mm concrete
cover) had steel bars that were de-bonded by Polyvinyl chloride (PVC) tube from the edge of
the lap splice zone to the end of the beam as shown in Figure 3.4. These bars were used to

measure the bond slip.
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Figure 3.3 Beam cross-section and reinforcement layout along the span for Group 2 and
Group 3
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Figure 3.4 Beam cross-section and reinforcement layout along the span for Group 1
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3.4 Specimen Fabrication

3.4.1 Formwork and Steel Cages

Sixteen forms were built to cast sixteen beams at the same time for each group to maintain a
uiform concrete compressive strength for each group. The formwork consisted of a C channel
on the bottom and plywood side sheets. The plywood side sheet dimensions were a 370 mm
height a 20 mm width and a 2200 mm length. The C channel was 250 mm wide and 65 mm
in height. For easy removal of the beams from the formwork after casting, the inside face of
the formwork was coated with oil. Figure 3.5 shows the details of the formwork and

Figure 3.6 shows the formwork and the cage inside it.

350 mm

A Side view

B: Front view

Figure 3.5 Details of the formwork
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Figure 3.6 Cage inside formwork

3.4.2 Concrete Placement and Curing

Four cubic meters of ready mix concrete was supplied from a local ready mix plant for each
group. Vibration with a hand held vibrator was used for concrete compaction to avoid
segregation. After the concrete was compacted, a trowel was used to finish the surface. Two
hours after casting, the concrete surface was covered with wet burlap for curing. The beams
were removed from the forms after two weeks. Different stages concrete placement and

curing are shown in Figure 3.7.
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Concrete curing

Figure 3.7 Stages of concrete placement and curing
3.5 Material Properties

Four batches of concrete were used in this study. For each group, one separate batch was
used, and the fourth batch provided extra beams to all groups to replace those beams that
failed by fatigue of reinforcement rather than by a bond failure. Three of the four batches
consisted of sixteen beams for each group, and the fourth batch (extra batch) consisted of five
beams. The first batch was cast for Group 2 (30 mm concrete cover), then the second batch
was for Group 3 (50 mm concrete cover), the third batch was for Group 1 (20 mm concrete)

and fourth batch was the extra beams.

The materials used in this study were concrete, steel bar, FRP sheets and epoxy. The

mechanical properties for all those materials are given below:
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3.5.1 Concrete

All concrete batches had the same components and quantities of each component. The
concrete components per cubic meter were 1110 kg of coarse aggregate (20 mm maximum
aggregate size), 865 kg of fine aggregate, 220 kg of Portland cement, 60 kg of slag and fly
ash, 325 ml/100kg of a high strength water reducing superplasticizer and 200 liters of water.
The water to cement ratio was 0.55, and the slump was 180 mm. All specimens were cast in a
horizontal position. For each batch, a minimum of twenty concrete cylinders 100 mm x 200
mm were cast from same batch as the beams. The average concrete compressive strength was
monitored by testing three 100 mm X 200 mm cylinders at various ages for each batch as
shown in Figure 3.8. The average concrete compressive strength was 42 MPa, 33 MPa and
35 MPa at the 28-day specified strength based on standard (CSA A23.3-2004) for Group 1,
Group 2 and Group 3, respectively.

50
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) == Group 1 (20 mm concrete cover)
(b} .
E 10 =#—Group 2 (30 mm concrete cover)
8 Group 3 (50 mm concrete cover)
O T T T T T
0 10 20 30 40 50 60

Days

Figure 3.8 Average concrete strength at different ages for all groups
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3.5.2 Steel Reinforcement

The average nominal yield stress for the Grade 400 deformed steel bars were 435 MPa, 453
MPa and 427 MPa for Group 1, Group 2 and Group 3, respectively, as provided by the

supplier.

3.5.3 FRP Sheets and Matrix

Two types of FRP wrapping sheets were used in this study. The GFRP sheet used was
SikaWrap 430G and the CFRP sheet used was SikaWrap 900C. Table 3.2 summarizes the
properties of the FRP wrapping sheets, as provided by Sika Canada. The weights of the
GFRP sheet and the CFRP sheet were 430 g/m? and 900 g/m?, respectively.

The CFRP wrapping sheets were used with two types of epoxies that were Sikadur 300 and
Sikadur 330. The concrete surface was primed with Sikadur 330 and the CFRP sheets were
saturated with Sikadur 300 and then the CFRP sheets were placed on the concrete surface.
However, the GFRP wrapping sheets used only Sikadur 330. The properties of the two types
of epoxies used in the study are shown in Table 3.2, as provider by Sika Canada.
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Table 3.2 Properties of FRP wrapping sheets and epoxies

Carbon fiber wrapped sheet Glass fiber wrapped sheet
GFRP
CFRP wrap CFRP wrap GFRP wrap
) epoxy  epoxy ) epoxy  wrap 430G
900C fiber 900C cured 430G fiber
. 300 330 ) ) 330 cured
Property properties laminated properties )
laminated
Tensile strength
3,800 55 30 1120 2,250 30 540

(MPa)

Tensile modulus

242,000 1,720 - 100,000 70,000 - 26,500
(MPa)
Elongation (%) 1.55 3 15 1.1 2.8 15 2.21
Thickness (mm) -- -- -- 1.3 -- -- 0.508

3.6 FRP Repair and Application

3.6.1 FRP Repair Scheme

The FRP repair scheme was kept the same for all the repaired beams. After preparing the
concrete surface, one layer of U-shaped FRP sheet with a 950 mm in length was used to
cover the constant moment region at the mid span of the beam. The widths of the FRP sheets
were 600 mm for Group 2 and Group 3 and 900 mm for Group las shown in Figure 3.9 and
Figure 3.10, respectively.
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Figure 3.9 FRP repair scheme for Group 2 and Group 3
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Figure 3.10 FRP repair scheme for Group 1

3.6.2 Surface Preparation

Prior to the application of the FRP sheets, the concrete surface was sandblasted to remove
weak surface material and expose the aggregate to get a sufficiently rough surface to ensure a
good bond between the FRP sheets and the concrete. ACI 440 (2008) recommends rounding

of the specimen corners to avoid a localized stress concentration in the FRP sheet.
Figure 3.11 shows the concrete corners after sandblasting.

41



Figure 3.11 Concrete service after sandblasted
3.6.3 Installation of the FRP

The CFRP and GFRP sheets were cut to the chosen dimensions. The epoxy Sikadur 330 was
prepared by mixing its two components using a low speed drill, and then applied to the
concrete surface using a brush. The CFRP sheets were impregnated with Sikadur 300 and
then installed on the beam while the GFRP was installed without being impregnated with
Sikadur 300. A manual pressure was applied to the CFRP and GFRP sheets by using a
threaded roller to remove any air voids at the concrete/FRP interface and achieve a good
bond between concrete surface and FRP sheets. Figure 3.12 shows installation of the
CFRP/GFRP wrapping sheets.

Figure 3.12 Installation of FRP wrapping sheets
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3.7 Instrumentation

All beams were instrumented with eight 5 mm strain gauges on the steel reinforcement to
measure the strain distribution along lap splice in the constant moment region. For Group 2
and Group 3, a total of nine strain gages were used for each beam and the location of the
strain gauges on the steel reinforcement are shown in Figure 3.13. For Group 1, a total of
sixteen steel strain gages were used for each beam and the location of the strain gauges on
the steel reinforcement are shown in Figure 3.14. Also, all beams were instrumented with one

50 mm strain gauge on the concrete compression surface at the mid span.

For each beam of Group 2 and Group 3, the mid span deflection was monitored by using one
linear variable differential transducer (LVDT) with a 50 mm range and an accuracy of 0.01
mm. For each beam of Group 1, five linear variable differential transducers (LVDT) were

used to measure the mid-span deflection and the slip of the four extended de-bonded steel

bars.
] = = = C

[. - - —
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Figure 3.13 The location of the strain gauges along the lap splice for Group 2 and

Group 3
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Figure 3.14 The location of the strain gauges along the lap splice for Group 1
3.8 Test Setup and Loading Procedure

All specimens were tested under four-point bending for both monotonic and fatigue loadings.
The loading system produced a constant moment region in the middle of the span that
included the lap splice region, as shown in Figure 3.15. In the monotonic load tests, the beam
was loaded in displacement control at a rate of 0.15 mm per minute until the beam failed.

All fatigue tests were performed in load control. At the beginning of each test, the load was
increased manually using the set point of the controller to reach the desired maximum load.
Then the load was decreased manually to the mean load. Then the controller was used to
automatically apply a cyclic loading between the desired minimum and maximum loads in a

sine wave mode with a frequency of 1.3 Hz.
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Figure 3.15 Loading test setup
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Chapter 4 Experimental Results and Discussion

4.1 Introduction

This chapter presents the test results for the monotonic and fatigue bond strength between
reinforcing steel bars and the surrounding concrete along the tension lap splice for
unstrengthened and strengthened beams with different FRP sheets. Fifty three beams were
cast and tested under monotonic and fatigue loading. The beams were divided into three
groups having different concrete covers Group 1 (20 mm concrete cover), Group 2 (30 mm
concrete cover) and Group 3 (50 mm concrete cover). Group 1, Group 2 and Group 3
consisted of 17 beams, 17 beams and 19 beams, respectively. Each group was divided into
three series unwrapped beams, GFRP wrapped beams and CFRP wrapped beams. Each series
had a specimen that was loaded monotonically to failure to determine the monotonic load and
bond capacity of the specimens, while the other beams from each series were subjected to
fatigue loading. The test variables for each group were the presence or absence of FRP sheet
wrapping, the type of FRP wrapping sheet (GFRP or CFRP sheets), the loading type

(monotonic or fatigue) and the fatigue load range.

The main goal of this research was to investigate the effect of fatigue loading on the bond
between concrete and steel, and the ability of FRP sheets to enhance the fatigue performance
of a tension lap splice. The discussion of the experimental results will focus on the
behaviour of the tested specimens under monotonic and fatigue loading including the bond
strength, the strain behaviour and the variation of fatigue life with the applied load range and
stress range. For Group 1, the behaviour of the slip of the steel bars under monotonic and

fatigue loading will be discussed.

4.2 Monotonic Test Results

For each group, three beams one unwrapped beam, one GFRP beam and one CFRP beam
were tested under monotonic loading. Table 4.1 summarizes the maximum loads, the

deflections at maximum load and the modes of failure of the monotonic beam tests. All the
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beams failed by a splitting bond failure. For Group 1 and Group 3, the steel reinforcement of

the CFRP wrapped beam reached the yield stress level, but the beam failed by a splitting

bond failure.

Table 4.1 Maximum loads and mode of failure for all beams
Specimen Deflection at _

Group notation Max. load (kN) Max. load Failure mode

(mm)

— UN-G1-ST 180 3.25 Bond failure

g GFRP-G1-ST 230 4.8 Bond failure

N CFRP-G1-ST 307 10.1 Bond failure

~ UN-G2-ST 161 3.22 Bond failure

§ GFRP-G2-ST 200 4.63 Bond failure

N CFRP-G2-ST 258 6.74 Bond failure

o UN-G3-ST 209 5.24 Bond failure

g GFRP-G3-ST 265 12.48 Bond failure

N CFRP-G3-ST 300 25.24 Bond failure

4.2.1 General Behaviour and Mode of Failure

For all the unwrapped beams, the first cracks developed were flexural cracks within the
constant moment region at both ends of the lap splice. As the loading increased, more
vertical and diagonal flexural cracks appeared within and outside the constant moment
region. As the loading increased further, splitting cracks parallel to the lap splice appeared at
both ends of the lap splice. The longitudinal splitting cracks increased in length from both
ends of the lap splice as the load increased further as shown in Figure 4.1. Figure 4.2 shows
measurements of crack length from one end of the splice versus load in the monotonic test of

an unwrapped beam with a 20 mm cover. The maximum length of the bottom splitting cracks
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reached 120 mm from both ends of the lap splice before failure occurred. These splitting
cracks led to a loss of bond between the steel bar and the surrounding concrete. When the
bottom splitting cracks reached a length of 120 mm the beam experienced a sudden failure
marked by a rapid drop in the load carrying capacity. At failure, longitudinal splitting side
cracks occurred along the lap splice region. Chunks of the concrete cover fell down as the
failure occurred due to the absence of stirrup or FRP sheet confinement. These observations
for the unwrapped beams under monotonic loading were similar to those reported by (Seliem
et al., 2009; Tarabia et al., 2010 and Garcia et al., 2013).
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Figure 4.1 Mode of failure for the unwrapped beam
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Figure 4.2 Increase in splitting crack length with monotonic load for the unwrapped
beam with 20 mm concrete cover

For all the FRP wrapped beams, the first visible cracks were flexural cracks at both ends of
the lap splice. As the load increased, the FRP sheet split vertically to reveal flexural cracks.
The FRP sheet prevented the visual monitoring of splitting cracks. After the test the FRP
sheet was removed and splitting cracks were observed along the entire lap splice length as
shown in Figure 4.3. The failure for the unwrapped and GFRP wrapped beams was by
splitting. However, in the CFRP wrapped beam under monotonic loading a partial failure by

pullout was followed by a splitting failure.

The lap spliced beam wrapped with FRP sheets carried more applied load even after the
longitudinal splitting cracks occurred all along the entire lap splice length. This is attributed
to the fact that the FRP sheets held and confined the concrete cover even after the splitting

cracks extended over the whole lap splice region. Similar behaviour was observed when a lap
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spliced beam with stirrups and FRP wrapping was able to carry more applied load even after
the longitudinal splitting cracks occurred along the entire length of the lap splice region
(Rezansoff et al., 1993; Tocci 1981; Tepfers 1973; Garcia et al., 2013).

Figure 4.3 Mode of failure for wrapped beam

4.2.2 Strain Behaviour

The typical strain distributions along the lap splice for the unwrapped beam are shown in
Figure 4.4. The figure shows the strains (microstrain) measured at the strain gauge locations
for load intervals of 30 kN. The values of the strain gauge readings at the loaded end of the
lap splice and outside the lap splice but within the constant moment region were almost the
same. At a high load level just before failure, the strain gauge reading at G2 from the
beginning of the lap splice jumped, indicating a de-bonding between the steel bar and the
concrete. The strain distribution along the lap splice was found to be similar to that reported
by other researchers (Tepfers, 1973; Judge et al., 1990; Tepfers 1980).
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Figure 4.4 Strain distribution along the lap splice for the unwrapped beam UN-G1-ST
Figure 4.5 shows typical strain distributions along the lap splice for a GFRP wrapped beam
for various load levels. Before the concrete cracked, both the concrete and the steel bars
carried the tensile force, and the strain profile followed the linear behaviour of an uncracked
concrete section along the lap splice length as shown in Figure 4.5. Once the concrete
cracked above 80 kN, all the tensile force at the crack locations was carried by the steel bar
and the strain readings increased at gauges near the crack locations. The values of the strain
at the loaded end of the lap splice and the strain located outside the lap splice but within the
constant moment region were slightly different from each other. As the load increased
further, the strain distributions were similar. Just before failure, the strain gauge reading at
200 mm from the beginning of the lap splices jumped and the slope from there to the end of
the splice decreased, this suggested that a partial de-bonding had occurred between the concrete

and the steel bar for 100 mm length closest to the loaded end.
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Figure 4.5 Strain distribution along the lap splice for the GFRP wrapped beam GFRP-
G1-ST
4.2.3 Load Deflection Curve

The load deflection curves for Group 1, Group 2 and Group 3 are shown in Figure 4.6,
Figure 4.7 and Figure 4.8 respectively. For all of the different concrete covers, the initial
stiffness for the unwrapped, GFRP wrapped and CFRP wrapped beams was almost the same.
As the load increased, the mid-span deflection increased until cracks appeared in the constant
moment region. At that point, the slope of the load versus deflection graph decreased and
continued to decrease as the load increased to its maximum value. After the concrete cracked,
the stiffness for the FRP wrapped beams of Group 1 and Group 3 was higher than that of the
unwrapped beams. However, for Group 2, the stiffness for all beams under monotonic
loading was about the same until failure. For all the unwrapped beams, a brittle and sudden
failure occurred once the side splitting cracks occurred. The confinement provided by the
stiffer CFRP wrapping was greater than that provided by the GFRP wrapping and resulted in

a greater strength and ductility.
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For Group 1, the load deflection curves obtained from the tests are shown in
ultimate loads for the unwrapped, the GFRP wrapped and the CFRP wydpped beams were
180 kN, 230 kN and 307 kN, respectively. The GFRP and CFRP wiapping sheets increased
the maximum load by 28% and 71% compared to the unwrapp€d beam, respectively. The
deflection at the ultimate load increased by 48% and 378% fof the GFRP wrapped and CFRP

wrapped beams, respectively.
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Figure 4.6 Load - deflection curves for unwrapped and FRP wrapped beams of Group 1
(20 mm concrete cover)

For Group 2, the concrete compressive strength was 33 MPa which was less than the
concrete compressive strength for Group 1. Figure 4.7 shows the load deflection curves for
all beams of Group 2 under monotonic loading. The maximum loads for the unwrapped, the
GFRP wrapped and the CFRP wrapped beams were 161 kN, 200 kN and 258 kN,
respectively. The GFRP and CFRP wrapping sheets increased the maximum load by 24%
and 60% compared to the unwrapped beam, respectively. The deflections at the maximum
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load were 3.22 mmiy 4.63 mm and 6.74 mm for the unwrapped, the GFRP wrapped ang-the
CFRP wrapped, respectively. The GFRP and CFRP wrapping sheets increased the-deflection
at the maximum load by 44% and 109% compared to the unwrapped beam, r&spectively.
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Figure 4.7 Load - deflection curves for unwrapped and FRP wrapped beams of Group 2
(30 mm concrete cover)

For Group 3, the concrete compressive strength was 35 MPa. The\load deflection curves
obtained from the tests are shown in Figure 4.8. The ultimate loads for the unwrapped, the
GFRP wrapped and the CFRP wrapped beams were 209 kN, 265 kN and 300 kN,
respectively. The GFRP and CFRP wrapping sheets increased the maximum, load by 27%
and 44% compared to the unwrapped beam, respectively. The deflection at the ultimate load
was increased by 138% and 482% for the GFRP wrapped and CFRP wrapped beams,

respectively.
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Figure 4.8 Load - deflection curves for unwrapped and FRP wrapped beams of Group 3
(50 mm concrete cover)

4.2.4 Bond Strength

The average bond strength is defined as the average shear stress between the steel,rebars and
the surrounding concrete adjacent to the bars over the length of the splice. The average shear
stress at failure is calculated as the force in a steel rebar at failure divided by the surface\area
of the bar over the length of the splice. The bond strength is calculated from the following

equation:
Apfs _ fsdb
= = — 4.1
VTRl T 4l

where A4, is the bar area (mm?); fs is the steel stress (MPa); d,, is the steel bar diameter (mm)

and [ is the lap splice length (mm)
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The stress fs in the steel rebar at the failure of the beam is obtained from the load on the beam
at failure based on a cracked section analysis of the cross section. Orangun et al. (1977)
developed an analytical model to predict the average bond strength as shown below:

c 4.2d
=010 + — + b]\/f’c 4.2
ad, " 1,

where u is the average bond strength (MPa); c is the concrete cover (mm); d,, is the steel bar

diameter (mm); [, is the lap splice length (mm) and f”_ is the concrete compressive strength

(MPa).

Hamad et al. (2004) studied the effect of FRP wrapping sheets on the bond strength of a lap
splice under monotonic loading and proposed the following experimental parameter to
capture the effect of the FRP wrapping on the bond strength along the lap splice:

_ ClAtr,ff}e

= <0.2 .
= gy S 025 43

where C; is a proportionality constant which is equal to = Ay is the total cross sectional

1
16.

area of FRP (mm?), fr is the effective stress in the FRP laminate (MPa), s is the width of the
FRP (mm), d;, is the diameter of the steel rebar (mm) and ny is the number of spliced bars.
The Ky ¢ factor can be used to predict the effectiveness of the confinement due to the external

FRP wrapping on the bond strength.

Table 4.2 shows results for the actual bond strength, the predicted bond strength and the
enhancement of the ratio of the bond strength to that of an unwrapped beam due to the FRP
wrapping for the beams tested under monotonic loading. The effectiveness of the CFRP
wrapping sheets was greater than that of the GFRP wrapping sheets due to their greater
stiffness. The bond ratio is given by the actual bond strength divided by the predicted bond
strength. The increment in bond ratio increased as the stiffness of the FRP sheet increased.
The bond ratio varied between 95% and 134%. The Orangun et al. (1977) and Hamad et al.
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(2004) equations give a good prediction of the average bond strength for all different
concrete covers thickness and different wrapping conditions of the lap splice. The ratio of the
actual bond strength to the predicted bond strength for the CFRP wrapped beams was 134%,
115% and 111% for Group 1 (20 mm concrete cover), Group 2 (30 mm concrete cover) and
Group 3 (50 mm concrete cover), respectively. The ratio of the actual bond strength to the
predicted bond strength value for the GFRP wrapped beams was 113%, 99% and 106% for
Group 1, Group 2 and Group 3, respectively. The limitation of 0.25 for Ky ¢ in the Hamad et
al. (2004) equation gives a Ky ¢ value for the GFRP sheets of 0.14. However, the Kyt value
for the new high strength CFRP sheets is 0.89 which is more than three times the value using
this limitation. The limitation of 0.25 for Ky ¢ preceded the introduction of new high stiffness
CFRP sheets and is too conservative for the new high strength CFRP sheet and especially so

for a small concrete cover. The calculation of K+ is shown in the Appendix.
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Table 4.2 Test results and analytical predictions of bond strength for all groups

- Ratio of
Prediction Prediction - Effect of Actual
) of of ERP Prediction  Actual FRP to bond
Specimen concrete of total bond enhance
Group ) bond stress to
notation bond strength bond strength  the bond prediction
strength (MPa) (MPa) ratio
(MPa) (MPa) (%) bond
stress (%)
UN-G1-ST 4.08 - 4.08 4.46 - 109
—
Qo
3 GFRP-G1-ST 4.08 0.97 5.05 5.73 128 113
o
CFRP-G1-ST 4.08 1.62 5.70 7.64 171 134
UN-G2-ST 4.34 - 4.34 4.14 - 95
N
Q.
3 GFRP-G2-ST 4.34 0.85 5.19 5.15 124 99
o
CFRP-G2-ST 4.34 1.43 5.77 6.63 160 115
UN-G3-ST 5.95 - 5.95 5.73 - 96
o
o
3 GFRP-G3-ST 5.95 0.88 6.83 7.26 127 106
o
CFRP-G3-ST 5.95 1.47 7.42 8.23 144 111

4.2.5 Bond Stress versus Slip Responses

The slip was measured only for Group 1 beams. The local bond stress versus slip responses

for the unwrapped, GFRP wrapped and CFRP wrapped beams tested under monotonic load

are shown in Figure 4.9. Slip initiated in the unwrapped beam at a lower bond stress than in

the wrapped beams. The FRP sheet along the lap splice delayed and confined the growth of

the splitting cracks before failure and improved the splitting bond strength compared to the

unwrapped beams. Also, the FRP sheets delayed the slip of the steel reinforcement to a
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higher bond stress than that exhibited by the unwrapped beams. The load to initiate slip of

the steel bar increased as the stiffness of the FRP sheet increased. The increase in bond

strength is attributed to the amount of confinement.
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Figure 4.9 The local bond stress versus slip response for all beams tested under a
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monotonic loading for Group 1 (20 mm concrete cover)

Harajli et al. (2004) and Harajli (2009) proposed the following equations to predict the bond

stress-slip responses for the unwrapped and FRP wrapped reinforced concrete beams:

U, = 2.57

ug, = 0.78 /1!

]CCI
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E:net /3
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Ernet
Uy = Ugp (0.5 + 46%) < Ug 4.6

S c nS
Usp u
Usp
Referring to Error! Reference source not found.: us is 0.35 uy, (MPa), ¢; is 0.15 ¢, (mm), S,

$ 0.35 ¢, (mm). sz is ¢, (mm) and s, is 0.15 (mm) for the unwrapped and 0.2 (mm) for the

FRP wrapped beam.

where u; is the maximum bond stress for a pullout failure (MPa), f. is the concrete
compressive strength (MPa), uy, is the maximum bond splitting failure stress (MPa), c is the
clear concrete cover (mm), Ef is the modulus of elasticity of the FRP (MPa), n, is the
number of FRP layers, t; is thickness of an FRP sheet (mm), E; is the modulus of elasticity
of steel (MPa), ng is the number of bars being spliced, d,, is the steel bar diameter (mm) and
c, is the clear distance between the ribs of the steel. If the steel bar information is not
available, Harajli (2009, 2006) suggested s;,s, and s; can be taken to be equal to 1.5, 3.5
and 10 mm, respectively, a is 0.7 and S is 0.65. From the above equation, the type of the
bond failure can be determined by calculating the value of the bond splitting strength us, then
comparing it to the value of the maximum bond strength for a pullout failure (uy). A splitting
bond failure is expected to occur if the value of the bond splitting strength less than the value

of the maximum bond strength and vice versa.

The actual and predicted bond stress-slip curves for unwrapped, GFRP wrapped and CFRP
wrapped beams are shown in Figure 4.10. For the unwrapped beam, the figure shows that the
predicted peak bond strength is slightly higher than the actual value, and the actual slip value
at the peak bond stress is more than the predicted value. In contrast, the predicted peak bond
strength for the GFRP wrapped beam is slightly lower than the test value and the slip at the
peak bond stress is more than the predicted value. For the CFRP wrapped beam, the peak

bond stress is almost identical to the predicted value. However, the slip at the peak bond
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stress is more than the predicted value. Generally, the actual value of the peak bond stress
falls close to the predicted value and the slip value at the peak stress is much higher than the
predicted value. The FRP wrapping sheets led to an increase of the bond strength compared
to the unwrapped beams. Also, the FRP wrapping sheets allowed more slip of the steel bar at
the maximum bond compared to that for the unwrapped beam. The increase of the slip at
failure gave a significant warning before failure for the wrapped beams unlike the sudden

failure without warning of the unwrapped beam.
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Figure 4.10 The actual and predicted bond stress versus slip for all beams tested under
a monotonic loading

4.3 Monotonic Test Results Discussion

For all the unwrapped beams, the load deflection behaviour was the same for all different
concrete covers. Also, for all the wrapped beams, the behaviour was same for all different
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concrete covers. As the confinement (concrete cover or FRP sheet stiffness) increased, the
bond strength increased. It is worth mentioning that, the 300 mm bonded length used in this
study was less than the development length required to develop the ultimate stress of the
reinforcing steel bar that would result in bar rupture failure for all beams tested under

monotonic loading.

The load deflection curves for all wrapping conditions and for all the different concrete
covers are shown in Figure 4.11. For all the unwrapped beams, the load dropped sharply right
after the failure occurred. For the GFRP wrapped beams, after failure occurred, the load
decreased with increasing deflection. Beyond the ultimate load, the CFRP wrapped beam
maintained an almost constant load level during a significant amount of deflection before the
load decreased at a much lower rate than that exhibited by the other beams.
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Figure 4.11 Load - deflection curves for all the unwrapped and the FRP wrapped

beams
4.3.1 Bond Strength

Orangun et al. (1977) developed an analytical model to predict the averatye monotonic bond

strength for various thicknesses of concrete cover, bar diameter, and concrete

c 4.2d
u = 010+_+_b+Ktrls] flc
ad, T I V

From the above equation, the factors affecting the bond strength by FRP wrapping wa
proposed by Hamad et al. (2004) as follows:
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The factor for the change in bond strength with concrete strength is /f’. . The concrete
compressive strength was different for all groups. The average concrete compressive strength
was 42 MPa, 33 MPa and 35 MPa at the 28-day for Group 1, Group 2 and Group 3,

respectively. The bond strength for Group 1 and Group 3 were normalized to the bond

strength for Group 2. The bond strength was decreased by \/% = 0.88 % and by \/% =

0.97 % for a decrease in concrete strength from 42 to 33 MPa for Group 1 beams and a

decrease in concrete strength from 35 to 33 MPa for Group 3 beams.

Table 4.3 gives the percentage decrease in monotonic bond strength due to a decrease in
concrete strength from 42 to 33 MPa for Group 1 and from 35 to 33 MPa for Group 3
together with the measured values of monotonic bond strengths and an expected bond
strength after normalization for Group 1 and Group 3. Table 4.4 shows the monotonic bond
strength value for the Group 2 and the expected bond strength for Group 1 and Group 3 after
normalization. Also, the table shows the predicted bond strengths for all Groups if they were
made of 33 MPa concrete by using Orangun et al. (1977) and Hamad et al. (2004) equations
and the ratio of the expected bond strength to the predicted bond strength. The ratio of the

expected bond strength to the predicted value varies from 96% to 130%.
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Table 4.3 Normalized monotonic bond strength for different concrete compressive
strength

Percentage ratio of Expected bond

Group Beam notation norma;iti:g gttl?1e bond st':(\a%t;?r: ?IS/InPda) rslgfr:g}?z:tfitg;
(MPa)

UN-G1-ST 4.46 3.93
Group 1 GFRP-G1-ST \/% = 0.88% 5.73 5.04
CFRP-G1-ST 7.64 6.72
UN-G2-ST 4.14 4.14
Group 2 GFRP-G2-ST \/;7_3 = 100% 5.15 5.15
CFRP-G2-ST 6.63 6.63
UN-G3-ST 5.73 5.56
Group 3 GFRP-G3-ST j;:g 097 % 7.26 7.04
CFRP-G3-ST 8.23 7.98

Table 4.4 The ratio of the expected to the prediceted bond strength after normalization
for all Groups

Expected bond Prediction of total Ratio of expected
Group Beam notation strengt_h af_ter bond for concrete bon(_j stress to
normalization strength 33 MPa predicted bond
(MPa) (MPa) stress (%)

UN-G1-ST 3.93 3.61 109
Group 1 GFRP-G1-ST 5.04 4.47 113
CFRP-G1-ST 6.72 5.05 130
UN-G2-ST 4.14 4.14 100
Group 2 GFRP-G2-ST 5.15 5.15 100
CFRP-G2-ST 6.63 6.63 100
UN-G3-ST 5.56 5.77 96
Group 3 GFRP-G3-ST 7.04 6.62 106
CFRP-G3-ST 7.98 7.2 111
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4.3.1.1 Effect of the FRP Wrapping on the Bond Strength

Table 4.5 shows the effect of the FRP wrapping on bond strength for the three different
concrete covers. The increase of the bond strength due to the low stiffness GFRP 430 sheet
was close to 126% for the three different concrete covers. The GFRP wrapping increased the
normalized bond strengths for the 20 mm, 30 mm and 50 mm concrete cover beams by
128%, 124% and 127% compared to those of the unwrapped beams, respectively. However,
for the CFRP wrapped beams, the rate of the increase of the normalized bond strength
decreased as the concrete cover increased. The CFRP wrapping increased the normalized
bond strengths for the 20 mm, 30 mm and 50 mm concrete cover beams compared to those of
the unwrapped beams by 171%, 160% and 144%, respectively. The normalized bond
strength of all concrete covers and wrapping conditions are shown in Figure 4.12.
Table 4.5 Effect of FRP wrapping to the bond strength

_ Normalized Effect of
Group Beam notation bond strength wrapping %
(MPa)

UN-G1-ST 3.93 100
Group 1 GFRP-G1-ST 5.04 128
CFRP-G1-ST 6.72 171
UN-G2-ST 414 100
Group 2 GFRP-G2-ST 5.15 124
CFRP-G2-ST 6.63 160
UN-G3-ST 5.56 100
Group 3 GFRP-G3-ST 7.04 127
CFRP-G3-ST 7.98 144
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Figure 4.12 Effect of the FRP wrapped on normalized bond strength at different
concrete covers

4.3.1.2 Effect of the Concrete Cover on the Bond Strength

Table 4.6 shows the effect of the concrete cover on the bond strength for the three different
wrapping conditions. For the unwrapped beams, the normalized bond strength increased by
5% and 41% as the concrete cover increased from 20 mm, to 30 mm and 50 mm,
respectively. For the GFRP wrapped beams, the increases in normalized bond strength with
concrete cover were similar to those of the unwrapped beams. Also, the bond strength of the
50 mm concrete cover CFRP wrapped beam was 18% greater than that of the beam with a 20
mm concrete cover while the bond strength of the 30 mm cover beam was almost the same as
that of the 20 mm cover beam. The normalized bond strengths of the beams for all wrapping

conditions and concrete covers are shown in Figure 4.13.
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Table 4.6 Effect of concrete cover thickness to the bond strength

Normalized Effect of the

\é\érnagi?i'gr? Beam notation bond strength  concrete cover
(MPa) %
Unwrapped UN-G1-ST 3.93 100
UN-G2-ST 4.14 105
UN-G3-ST 5.56 141
GFRP GFRP-G1-ST 5.04 100
wrapped  GERp.G2-ST  5.15 102
GFRP-G3-ST 7.04 140
CFRP CFRP-G1-ST 6.72 100
wrapped  crpp.G2.ST 663 99
CFRP-G3-ST 7.98 119
9
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Figure 4.13 Effect of the different concrete cover on the normalized bond strength for
all wrapping condition
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4.4 Fatigue Results

A total of forty four beams were tested under fatigue loading divided into three groups.

Group 1, Group 2 and Group 3 that consisted of 14 beams, 14 beams and 16 beams,

respectively. Table 4.7 summarizes the minimum and the maximum loads, the load range as

a percentage of the monotonic failure load, the stress range in MPa, the number of cycles to

failure and the failure mode for all of the tests.

Table 4.7 Fatigue test results for all groups
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Load S
. tress .
Group  Lorbion  Notation vax  Load Range  (HTMT FECE
Min (KN) (kN) range (MPa)
(%)
UN-G1-83 18 168 83 223 57 Bond
UN-G1-78 18 158 78 205 179 Bond
Unwrapped ~ UN-G1-75 18 153 75 200 42,086 Bond
= UN-G1-65 18 135 65 174 52,741 Bond
()
3 UN-G1-55 18 117 55 147 1,000,000  Run Out
g GFRP-G1-83 23 213 83 282 144 Bond
£ GFRP-G1-78 23 203 78 267 296 Bond
2 GFRP
£ . GFRP-G1-75 23 196 75 257 3,782 Bond
= wrapping
S GFRP-G1-65 23 173 65 223 49,086 Bond
E_' GFRP-G1-61 23 163 61 208 585,114 Bar Rupture
S CFRP-G1-80 31 276 80 364 48 Bond
5}
CFRP-G1-73 31 256 73 334 1,689 Bond
CFRP  crrp.G1-67 31 225 67 304 6,352 Bond
wrapping
CFRP-G1-65 31 230 65 297 18,623 Bond
CFRP-G1-62 31 220 62 282 165,174  Bar Rupture
o E 23 UN-G2-80 16 145 80 200 300 Bond
L £ g ¢ Unwrapped
UN-G2-70 16 129 70 174 9,072 Bond



UN-G2-63 16 117 63 155 22,168 Bond

UN-G2-59 16 111 59 146 1,000,000  RunOut

UN-G2-55 16 105 55 136 856,250 Bond

GFRP-G2-80 20 180 80 247 4,840 Bond

GFRP-G2-75 20 170 75 231 1,125 Bond

Wfa';Rpil g GFRP-G2T0 20 160 70 216 83,575 Bond

GFRP-G2-63 20 146 63 194 356,800 Bond

GFRP-G2-58 20 136 58 179 1,000,000  RunOut

CFRP-G2-80 26 232 80 318 471 Bond

CFRP-G2-76 26 221 76 300 2,341 Bond

CErRp  CFRP-G2-71 26 209 71 282 5,713 Bond

wrapping  CFRP-G2-69 26 203 69 274 87,805 Bond

CFRP-G2-63 26 189 63 251 137,950 Bond

CFRP-G2-59 26 178 59 235 387,486 Bar Rupture

UN-G3-85 21 198 85 292 365 Bond

UN-G3-83 21 192 83 283 12,002 Bond

Unwrapped  UN-G3-75 21 177 75 258 25,125 Bond

UN-G3-70 21 166 70 240 1,982 Bond

= UN-G3-63 21 152 63 216 1,000,000  RunOut

% GFRP-G3-82 27 243 82 357 482 Bond

5 GFRP-G3-80 27 238 80 348 6,790 Bond
5

5 GFRp  GFRP-G3-73 27 219 73 318 1,352 Bond

£ Wrapping  GFRP-G3-72 27 216 72 313 26,949 Bond

3 GFRP-G3-67 27 203 67 291 199,250 Bar Rupture

‘S_ GFRP-G3-60 27 184 60 261 266,538 Bar Rupture

S CFRP-G3-81 30 275 81 404 121 Bond

© CFRP-G3-76 30 259 76 377 1,324 Bond

CErRp  CFRP-G3-73 30 250 73 362 5,215 Bond

wrapping  CFRP-G3-66 30 230 66 330 26,317 Bond

CFRP-G3-59 30 207 59 202 243783  Bar Rupture

CFRP-G3-53 30 189 53 263 425147  Bar Rupture

*Percentage of static load
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4.4.1 Mode of Failure

All beams tested under fatigue loading were first loaded manually up to the maximum load,
and then the load was decreased to the mean load before load cycling commenced. For all the
unwrapped beams, flexural cracks appeared at both ends of the lap splice and within the
constant moment region during manual loading to the maximum load. Within a few cycles of
loading, random flexural cracks appeared outside the constant moment region. The flexural
cracks grew vertically and diagonally and stopped growing at about 80% of the beam depth.
During the first cycle, splitting longitudinal cracks occurred on the bottom face at both ends
of the lap splice. Then the cracks continued to grow with cycling until failure. The splitting
cracks grew in width until failure occurred. The rate of growth of the splitting cracks
increased as the applied load range increased. At the failure, the splitting cracks traversed the
entire lap splice length as shown in Figure 4.14. The concrete in front of the steel bar lugs
was clear without any abrasion as shown in Figure 4.15. The concrete chunks were larger for
the small concrete cover than for the larger concrete covers as shown in Figure 4.16. The
failure of all unwrapped beams was by a bond splitting failure between the concrete and the

steel bar.

Figure 4.14 Flexural and splitting cracks on the unwrapped specimen
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beam

A: for Group 1 B: for Group 3

Figure 4.16 Size of chunk of concrete for different concrete cover

The presence of the FRP sheets prevented the visual monitoring of the splitting cracks in all
the wrapped beams. During the initial manual loading to the maximum load, flexural cracks
appeared outside the constant moment region in all the test beams and the FRP sheet split at
both ends of the lap splice due to flexural cracks. A post-failure investigation was conducted
for the GFRP and CFRP wrapped beams. The splitting cracks were finer in width compared
to those in the unwrapped beam as shown in Figure 4.17. It is worth mentioning that the
splitting cracks were finer in width and larger in number for the CFRP wrapped beams than
for the GFRP wrapped beams. Also, as the concrete cover increased the chunks of broken
concrete cover became smaller. Moreover, the concrete in front of the steel bar lugs was
crushed and abraded for the FRP wrapped beams, as shown in Figure 4.18.
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Figure 4.18 The interface of the concrete ahead of the steel bar ribs for the FRP
wrapped specimens

4.4.2 Strain in a Steel Reinforcing Bar

Figure 4.19 shows typical strain distributions in a steel bar along the lap splice for an
unwrapped beam. As the beam was loaded monotonically before starting the fatigue loading,
random flexural cracks occurred at both ends of the lap splice and within the constant
moment region. In the first cycle, the strain gauges located at 100, 200, 300 and 400 mm
from the beginning of a bar at a lap splice recorded a sudden increase in the strain reading.
From the first cycle to 85 percent of the fatigue life, all of the gauge readings slowly
increased. During the last 5% of the fatigue life, the gauge readings at 200 mm from the
beginning of the lap splice increased rapidly to high strains approaching those at the end of
the lap splice. This flattening of the strain profile is a trend to a constant force in the bar
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indicating a lack of shear stress and a partial de-ponding between the steel bar and the

concrete from the loaded end of the lap splice to the location of the stain gauge.
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Figure 4.19 Strain distribution along the lap splice for beam UN-G1-75
Typical strain distributions along the lap splice under fatigue loading for an FRP wrapped
specimen failed by bond are shown in Figure 4.20. As the number of cycles increased, the
strain readings at 200 mm increased toward the level of the strain at the loaded end of the lap

splice. This indicates that debonding between the steel bar and the concrete along the lap

splice from 200 mm to the loaded end.
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Figure 4.20 Strain distribution along the lap splice for beam GFRP-G1-75
4.4.3 Fatigue Life

As the load range increased, the fatigue life decreased linearly on logarithmic axes of the
load range versus number of cycles to failure for all the unwrapped and FRP wrapped beams
tested under fatigue loading, as summarized in Table 4.7. The mode of failure for all the
unwrapped beams was a splitting bond failure. For all the FRP wrapped beams, the mode of
failure was a splitting bond failure, except for those beams that exceeded the fatigue life
limits for a longitudinal bar proposed by (Helgason and Hanson 1974) which failed by
fatigue rupture of the longitudinal steel bars. Helgason and Hanson (1974) studied the fatigue

of steel bars and proposed the following equation for the bar fatigue life:

log,oN = 6.696 — 0.0055f; 4.10
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where N is the fatigue life and f,. is the applied stress range in a steel rebar (MPa).

All the fatigue results obtained from the tests for Group 1, Group 2 and Group 3 are shown in
Figure 4.21, Figure 4.22 and Figure 4.23, respectively. These figures show the load range in
kN versus the fatigue life on logarithmic scales. The fatigue life of the beams varies linearly
with the load range on the logarithmic scales used and the monotonic failure test results fall
close to the best fit for the fatigue test data. For all the different concrete covers, the FRP
sheet increased the fatigue bond strength and fatigue life compared to that of the unwrapped
beams, with an incremental improvement that was higher for the CFRP sheet than for the
GFRP sheet. Best fit linear curves fitted to the fatigue data are shown in the figures. For
Group 1, the fatigue data shows a good correlation to the best fit curves with R? values of
0.90, 0.98 and 0.98 for the unwrapped, GFRP wrapped and CFRP wrapped beams,
respectively. Also, the fatigue data for Group 2 fall close to their best fit curves with R?
values that vary from 0.94 to 0.97. However, for Group 3, the scatter of the fatigue data for
unwrapped beams and the GFRP wrapped gave larger R? values of 0.80 and 0.87,
respectively. The R? value for the CFRP wrapped beams for Group 3 was 0.99.
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Figure 4.21 Fatigue test results for the unwrapped and FRP wrapped beams with best
fit curves for Group 1 (20 mm concrete cover)
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Figure 4.22 Fatigue test results for the unwrapped and FRP wrapped beams with best
fit curves for Group 2 (30 mm concrete cover)
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Figure 4.23 Fatigue test results for the unwrapped and FRP wrapped beams with best
fit curves for Group 3 (50 mm concrete cover)

Fatigue data plots in terms of stress range versus fatigue life on logarithmic- logarithmic
scales for Group 1, Group 2 and Group 3 are shown in Figure 4.24, Figure 4.25 and
Figure 4.26, respectively. For all the groups, the bond fatigue strengths were lowest for the
unwrapped beams, higher for the GFRP wrapped beams and highest for the CFRP wrapped
beams. For each group, a minimum of one beam exceeded the fatigue life limits for a
longitudinal bar proposed by Helgason and Hanson (1974) and failed by bar rupture as
shown in Figure 4.24, Figure 4.25 and Figure 4.26for Group 1, Group 2 and Group 3,
respectively. In each group, one unwrapped beam tested at a low load range did not fail
within the one million cycles chosen as an endurance fatigue limit and was retested at a
higher load range. The endurance fatigue limit for the unwrapped beams was 55%, 59% and

63% of the monotonic failure load for Group 1, Group 2 and Group 3, respectively.
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Figure 4.24 Stress range versus fatigue life for the test data with the bar fatigue limit
for Group 1 (20 mm concrete cover)
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Figure 4.25 Stress range versus fatigue life for the test data with the bar fatigue limit
for Group 2 (30 mm concrete cover)
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Figure 4.26 Stress range versus fatigue life for the test data with the bar fatigue limit
for Group 3 (50 mm concrete cover)

For each group, the fatigue results were normalized to the ultimate load under the monotonic
test and the normalized load range versus fatigue life data are shown in Figure 4.27,
Figure 4.28 and Figure 4.29 for Group 1, Group 2 and Group 3, respectively. For each group,
best fit curves were fitted to the normalized experimental fatigue data that failed by bond
using an Excel least squares program and the fatigue data for the unwrapped, GFRP wrapped
and CFRP wrapped beams show a good correlation to the best fit curves. The normalized
data shows a good correlation to the best fit curves and the R® values were 0.92, 0.95 and
0.85 for Group 1, Group 2 and Group 3, respectively. This suggests that a single mechanism
is responsible for the monotonic and fatigue failures for all wrapping conditions and all

different concrete covers.
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Figure 4.27 Normalized data of the fatigue results for unwrapped and FRP wrapped
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Figure 4.28 Normalized data of the fatigue results for unwrapped and FRP wrapped

beams of Group 2 (30 mm concrete cover)
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Figure 4.29 Normalized data of the fatigue results for unwrapped and FRP wrapped
beams of Group 3 (50 mm concrete cover)

The fatigue data for all different concrete covers, thicknesses and wrapping conditions were
normalized to their ultimate monotonic load as shown in. One single best fit curve was used
to fit all the fatigue data that failed by bond strength. The R? value for this best fit curve was
0.91. This suggests that, a single mechanism is responsible for the bond failure for all

monotonic and fatigue beams.
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Figure 4.30 Normalized fatigue results for unwrapped and FRP wrapped beams for all
different concrete cover with a best fit curve for all data

4.4.4 Increase in Beam Deflection with Number of Cycles

Typical deflection versus load cycles plotted as cycles and as a percentage of the fatigue life

for the beams tested at the highest applied load range for each of the unwrapped, GFRP

wrapped and CFRP wrapped beams are shown in Figure 4.31, Figure 4.32, Figure 4.33,
Figure 4.34, Figure 4.35 and Figure 4.36 for Group 1, Group 2 and Group 3, respectively. At

the beginning of each test, the deflection increased rapidly as the steel bars started to move

breaking the adhesion and friction forces and then deforming the concrete ahead of the ribs to

activate a resisting bearing force. For all the unwrapped beams under fatigue loading, the

deflection showed only a small change from 10% to 95% of the fatigue life and then

increased rapidly during the last 5% of the fatigue life and the failure happened suddenly
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without warning. For all the GFRP wrapped beams, the deflection behaviour was similar to
the unwrapped beams with a slow increase from the beginning of a test until 90% of the
fatigue life; however, during the last 10% of the fatigue life the deflection increased
continuously providing a warning before failure. The deflection of all the CFRP wrapped
beams is characterized by a rapid initial deflection followed by a phase of slower deflection,
but more rapid than for the other two types of beams, and finally a rapid deflection in the last
ten percent of the fatigue life. The rapid deflection at the end of the fatigue life again

provided a warning of failure.

10
9 -
g -

—~ [

£ 6 N

:C: ) ’..J

g I B « B BF

8 3 - CFRP-G1-80
2 - B GFRP-G1-83
1- #UN-G1-83
’ 1 1|o 160 1000

Cycles

Figure 4.31 Deflection versus load cycles for Group 1 (20 mm concrete cover)
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Figure 4.32 Deflection versus load cycles as percentage of the fatigue life for Group 1
(20 mm concrete cover)
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Figure 4.33 Deflection versus load cycles for Group 2 (30 mm concrete cover)
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Figure 4.34 Deflection versus load cycles as a percentage of the fatigue life for Group 2
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Figure 4.35 Deflection versus load cycles for Group 3 (50 mm concrete cover)

86



20

Deflection (mm)

6 i
4 i
2 1 —e—CFRP-G3-81  —@—GFRP-G3-82 UN-G3-85
O T T T T T T T T T
0 10 20 30 40 50 60 70 8 90 100

Percentage of the fatigue life
Figure 4.36 Deflection versus load cycles as percentage of the fatigue life for Group 3
(50 mm concrete cover)

4.4.5 Slip Behaviour

Only for Group 1 was the slip measured during the test. Load versus slip data were recorded
only at the minimum and maximum applied loads of loading cycles. The cyclic load versus
slip behaviour for the highest load range tested under fatigue load and the slip behaviour
under monotonic load are shown in Figure 4.37, Figure 4.38, Figure 4.39 for the CFRP
wrapped, GFRP wrapped and unwrapped beams, respectively. The stress at the applied
maximum loading for all wrapping conditions was higher than the concrete tensile strength.
At the beginning of each fatigue test, the load was increased manually using the set point of
the controller to reach the desired maximum load. Then the load was decreased manually to
the mean load. During the manual loading in cyclic tests, the slip behaviour was expected to

follow the monatomic slip behaviour until the maximum load. On the return to the mean
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load, the slip was expected to be higher than/the corresponding slip during monotonic

Load (kN)

3 4 5
Slip (mm)

gure 4.37 The slip behaviour of the monotonic CFRP wrapped beam and the fatigue
CFRP-G1-80 beam
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Figure 4.38 The slip behaviour of the monotonic GFRP wrapped beam and the fatigue
GFRP-G1-83 beam
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Figure 4.39 The slip behaviour of the monotonic unwrapped beam and the fatigue UN-
G1-83 beam
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The slip increased with the number of cycles, taken here as a fraction of the fatigue life.
Figure 4.40 and Figure 4.41 show the slip behaviour for the beams tested at the highest
applied load for the unwrapped, GFRP wrapped and CFRP wrapped beams respectively.
During the first few cycles of fatigue loading, the slip of the steel bar increased significantly
as the chemical adhesion and friction forces were broken and a resisting bearing force was
activated by deforming the concrete in front of the steel bar ribs. For the unwrapped beams,
the slip then increased slowly from 5% to 90% of the fatigue life followed by a rapid increase
in the last 5% of the fatigue life. The slip behaviour for the GFRP and CFRP wrapped beams
was characterized by a more rapid increase between 5% and 90% of the fatigue life. During
the last 10% of the fatigue life, there was a rapid increase in slip similar to that seen for the
unwrapped beams. This rapid increase in slip near the end of the fatigue life provided a

corresponding increase in beam deflection and a warning of failure.
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Figure 4.40 Typical slip versus number of cycles as a fraction of the fatigue life curves
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Figure 4.41 Slip versus cycles as percentage of the fatigue life for Group 1 (20 mm
concrete cover)

4.4.6 Deflection versus Slip

For all Group 1 beams, the slip of the steel bar was monitored; there was a linear relationship
between the slip and the inelastic deflection (total deflection minus the calculated elastic
deflection) behaviour for all different wrapping conditions as shown in Figure 4.42. Also,
the figure shows that at the beginning of a fatigue test, the rate of increase of deflection with

slip was higher than later in the test. After that, the relationship became linear.
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Figure 4.42 Typical slip versus deflection (subtract the elastic deflection) for Group 1
(20 mm concrete cover) for different wrapping conditions

4.5 Discussion of the Fatigue Test Results

For the unwrapped beams, for all different concrete covers, flexural cracks grew at both ends
of the lap splice and within the constant moment region during the initial manual loading.
After a few cycles, random flexural cracks appeared within and outside the constant moment
region. As the number of cycles increased, the splitting longitudinal cracks initiated and

propagated from one end of the lap splice to the other.

For the wrapped beams of all concrete cover thicknesses, flexural cracks appeared outside the

constant moment region and the FRP sheets split at both ends of the lap splice during fatigue

tests. The failure of all the FRP wrapped beams was by bond splitting failure except for those

beams that exceeded the fatigue life limits for a longitudinal bar proposed by Helgason and

Hanson (1974). These beams failed by fatigue rupture of the longitudinal steel bars. The

splitting cracks were finer in width and larger in number for large concrete covers than for
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small concrete covers. For all different concrete cover thicknesses, the concrete in front of

the steel lugs of the rebars was crushed and abraded.

4.5.1 Fatigue Life

The concrete compressive strength was different for each group. The concrete compressive
strength was 42 MPa, 33 MPa and 35 MPa for Group 1, Group 2 and Group 3, respectively.
To allow a comparison, the applied fatigue load range was normalized for Groupl and Group
3 by 88% and 97%, respectively, as discussed in section 1.3.1.

Figure 4.43, Figure 4.44 and Figure 4.45 show the normalized fatigue data for all concrete
covers with their best fit curves for the normalized data for the unwrapped, GFRP wrapped
and CFRP wrapped beams, respectively. The slopes for the best fit curves for the fatigue load
range versus fatigue life curves for all different concrete covers were almost the same for the
unwrapped beams and the GFRP wrapped beams as shown in Figure 4.43 and Figure 4.44,
respectively. However, for the CFRP wrapped beams, the slope of the best fit curve for the
normalized data for Group 2 (50 mm concrete cover) was higher than the other groups as
shown in Figure 4.45.

All the monotonic test results for all different concrete covers and different wrapping
conditions fell close to their fatigue life curves. This suggests that a single mechanism is
responsible for the monotonic and fatigue failures for all wrapping conditions and concrete
cover thicknesses and that the percentage changes in fatigue strength with changes in
wrapping condition and cover thickness are the same as those found in the monotonic tests.
As the concrete cover increased, the endurance fatigue limit increased for the unwrapped

beams.
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Figure 4.43 Fatigue test results for the unwrapped beams for all concrete covers with
the best fit curves for the normalized data
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Figure 4.44 Fatigue test results for the GFRP wrapped beams for all concrete cover
with the best fit curves for the normalized data
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Figure 4.45 Fatigue test results for the CFRP wrapped beams for all concrete covers

with the best fit curves for the normalized data

The fatigue test results for all different concrete cover beams in each of the three wrapping

conditions tested were normalized to the ultimate loads of their respective monotonic tests

and the resulting normalized stress range versus fatigue life data on logarithmic scales are

shown in Figure 4.46. One single best fit curve was used to fit the fatigue beams data for all

different concrete covers and all different wrapping condition that failed by bond using an

Excel least squares program. The R? value for the best fit curve was 0.91. The data for the

various wrapping options fall into a compact band in the normalized presentation of the

figure. This suggests that a single mechanism is responsible for the monotonic and fatigue

failures for all wrapping condition and all different concrete covers.
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Figure 4.46 Normalized fatigue results for unwrapped and FRP wrapped beams for all
different concrete covers together with a best fit curve for all the data
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Chapter 5 Modeling of Experimental Results

5.1 Introduction

A mechanism model used to describe the experimental data are presented in this chapter.
First, the shear stress distribution and the associated crack growth model used in a previous
study by Wahab et al., 2015 will be presented followed by the shear stress distribution and
crack growth model used for this study. Then the parameters of the crack growth model will
be derived from the fatigue life versus shear stress curve. Finally, a comparison will be made

between the observed fatigue life, slip and deflection behaviour and the model results.

5.2 Mode of Failure

A single mode of bond failure was observed for all beams tested under fatigue loading
namely: splitting bond failure. This bond failure was characterized by longitudinal splitting
cracks that resulted in a partial debonding of the reinforcing steel bar from the surrounding
concrete in the lap splice region. For the unwrapped beams, longitudinal splitting cracks
occurred on the bottom face at both ends of the lap splice at the beginning of the fatigue tests.
As the number of cycles increased, the splitting cracks propagated at both ends of the lap
splice. The cracks grew in length and width until failure occurred. The rate of growth of the
splitting cracks increased as the applied load range increased.

It was noticed that, in the lap splice beam confined with stirrups, splitting cracks initiated at
the beginning of the fatigue test from both ends of the lap splice and propagated toward the
other end as load cycling continued Rezansoff et al., (1993); Tocci, (1981) and Tepfers,
(1973). For the lap splice beams confined with FRP sheets, the presence of the FRP sheets
prevented the visual monitoring of the splitting cracks.
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5.3 Shear Stress Distribution and Crack Growth Model (Wahab et al., 2015)

Wahab et al., 2015 studied the shear stress distribution and crack growth in the bond of near
surface mounted prestressed FRP bars. It was found that, during a fatigue test, the bond
length can be divided into two regions: a fully bonded region and a partially or fully
debonded region as shown in Figure 5.1. Also, the shear stress distribution was exponentially

distributed along the fully bonded region.
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Figure 5.1 Bonded regions and shear stress distribution (Wahab et al., 2015)
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5.3.1 Shear Stress Distribution Parameters

Wahab et al., 2015 used enough strain gauges along the bonded length to deduce the form of
the shear stress distribution and its changes during their fatigue tests. It was reported that the
value of the shear stress in the partially bonded region varied from 1 MPa to 2.25 MPa. The

following exponential equations were used to describe the force distribution:

F(x) = Fexp(=¢®) 5.1

The C value was constant for each beam type but varied from 0.004 to 0.012 for the various

beam types they tested.

5.3.2 Crack Growth Model

Figure 5.2 shows the crack growth curve used by Wahab, 2011 and Wahab et al., 2015. The
following equation was used for the rate of the crack growth:

da_

where

da is the incremental increase in crack length (mm), dn is the incremental number of cycles
(cycles), F is the force in the CFRP rod at the crack tip which was proportional to the local
shear stress driving the crack (kN), fis a constant that depended on the rod type and «is a
constant that depended on the rod type, the presence or absence of internal steel and the

prestressing force in the CFRP rod.

The g and « are different for each beam type.
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Figure 5.2 Rate of crack growth versus force in the reinforcing bar on a log-log scale
Wahab, 2011 and Wahab et al., 2015

5.3.2.1 The procedure to find o and 3

Wahab et al., 2015 determined the values of o and  from the fatigue life curves plotted in
terms of load range versus fatigue life. The intercept (o) of the best fit load versus fatigue life
curves at one cycle was different for each set of beams for a given rod type. Also, the slope
of the fatigue life curve for beams of a given rod type was almost constant and that a single

value of B for each rod type gave a good fit to the experimental data.
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5.4 Shear Stress Distribution and the Crack Growth Model Used in the Current
Study

5.4.1 Crack Growth Model

The crack growth model used in the current study was similar to that used by Wahab et al.,

2015; however, the average shear stress 7,4, has been used instead of the force in the steel

bar at the crack tip as shown in Figure 5.3 and the following equation:
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Figure 5.3 The rate of the crack growth versus the average shear stress on log- log
scales
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5.4.1.1 Procedure to find oo and B in the current study

The procedure used to determine the constants o and f3 in the crack growth model in current
study was the same as the one used by Wahab et al., 2015 except that the fatigue life curves
used were of the average shear stress versus fatigue life instead of the load range versus
fatigue life. The derivation of the shear stress at the crack tip as the crack advances is given
in the next section. Figure 5.4 shows the type of fatigue life curve that was used to calculate
the o and .

Deriving the crack growth curve from the fatigue life curve is solved as an inverse problem.
A crack growth curve is constructed by trial and error that gives the observed fatigue life
curve shown on log-log linear scales of average shear stress versus fatigue life in Figure 5.4.
The assumed power function crack growth of Equation 5.3 shown in Figure 5.3 is derived
from the log-log linear curve of average shear stress range versus fatigue life shown in
Figure 5.4 by calculating values of a and f that result in a correct prediction of the fatigue
life curve. The procedure starts with assumption of initial values of the « and B to define the
crack growth versus average shear stress curve. The initial values of a and  were assumed
to be equal to those found by Wahab et al., 2015. Then, the fatigue life was calculated at a
long fatigue life (the fatigue limit shear stress level was used). If the calculated fatigue life
was shorter than N¢; , then the rate of the crack growth (da/dn) was too high and a was
reduced to increase the calculated number of cycles to failure (if the calculated fatigue life
was too long a was increased). This step is repeated until a value of a is found for which the
calculated fatigue life matches the observed fatigue life. This value of a and the initially
assumed value of B are used to calculate the fatigue life at a high shear stress and short
fatigue life (the shear stress corresponding to a fatigue life of 1,000 cycles was used). At this
level B was varied until the calculated fatigue life matched the observed value. The values of
o and B were further modified by repeated adjustments to match calculated and actual fatigue

life at the chosen stress levels respectively until changes in their values were negligible.
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Figure 5.4 The fatigue life curve used to determine the a and p showing the shear stress
ranges used in the iterative calculations

5.4.2 Shear Stress Distribution along the Lap Splice as a Crack Advances

In this study, the length of the lap splice was small and we did not want to affect the bond
strength of the lap splice by using many strain gauges. As a result we did not have a
sufficient number of strain measurements in the reinforcing bar to describe the bond shear
stress distribution and its changes during fatigue. The shear stress distribution was assumed
to follow the exponential distribution with a partly debonded region having a uniform stress
behind the advancing crack tip found by Wahab et al., 2015.
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The initial shear stress distribution along the lap splice before cracking is shown in
Figure 5.5a. As the applied load increased in a monotonic test or as the number of cycles
increased in a fatigue test, cracks in the concrete between the bars accompanied by splitting
cracks propagated from each end of the lap splice toward the other end. The shear stress
distribution was divided into two regions partially debonded regions and a fully bonded

region as shown in Figure 5.5b.
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Figure 5.5 Fully bonded and partially debonded regions along the lap splice
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5.5 Shear Stress Distribution

The exponential steel force distribution curve of Wahab et al., 2015 is replaced by the shear
stress distribution described by the following equation:

7(x) = Toexp = 54

where:

7(x) is the shear stress along the lap splice at any distance x (MPa)

T, IS the peak shear stress at zero distance before the splitting cracks took place

C is a constant that describes of the shape of the shear stress distribution

X is the distance from the beginning of the lap splice (mm)

As noted above it was assumed that, since the peak load of the cycles in a fatigue test
remains constant, the elastic component of the peak deflection will remain constant and
increases in deflection will be due to slip (and, at very high loads, inelastic cyclic creep
strains in the highly stressed region of the concrete). The slip as measured in these tests has
three components: delta steel & an increase in steel bar length in the cracked region where
force is transferred from the concrete to the steel as debonding occurs resulting in an increase
in steel stress and strain, delta concrete &; a decrease in concrete length in the cracked region
where force is transferred from the concrete to the steel as debonding occurs resulting in a
decrease in concrete stress and strain and delta lug embedment & the translation of a steel bar
as the lugs on the bar break the chemical bonds with the surrounding concrete and deform the
concrete ahead of them to resist the applied shear stresses. Figure 5.6 shows the shear stress
and bar force distributions for one of the bars of a lap splice before and after a splitting crack

occurs.

Total slip = s + 8c + 61

5.5

4 4
0s = i>|<a6c=ﬁ>ka
Eg ! E.
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Where:
ds = steel elongation, §c = decrease in concrete elongation, 61 = deformation of the concrete
in front of the rebar lugs, Af; and Af, = change in steel and concrete stress due to cracking

respectively, Es= steel modulus elasticity, E.= concrete modulus elasticity and a= crack

length.
Shear stress
distribution

I 300Mm |

a- Uncracked beam

Shear stress
distribution

' 300mMm |

b- Cracked beam

Figure 5.6 The shear stress and the force on the bar distributions along one bar of a lap
splice for a cracked and uncracked beam
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5.5.1 Derivation of the Shear Stress Distribution as a Crack Advances

Wahab et al., 2015 used a constant value of C in equation 5.1, a measured value of the
residual shear stress after debonding and the equilibrium condition that the total shear force
remain constant as the crack advances under constant amplitude loading to describe the
variation of the shear stress distribution as the crack advances. In the present case, the short
bonded length of the lap splice led us to expect the bond shear stress would become more
uniform and the value of C would decrease as the crack advanced. For simplicity, this
reduction was assumed to be linear as shown in Figure 5.7. The condition imposed to
determine the three variables governing the evolution of the shear stress distribution as the
crack advances where: the equilibrium condition of a constant total shear force, matching of
the crack advance during the first cycle with the measured value for the load level as shown
in Figure 4.2 and a calculated value of the fatigue life equal to that given by the best fit of the
fatigue life curve. It was hoped that single values of the initial value of C, the rate of decrease
of C with crack length and the residual of bond stress expressed as a fraction of the average
of the bond stress would apply to all the beam configurations. Values of the shear stress
distribution parameters where arrived at by trial and error calculations using the crack growth
model calibrated as described in the next section. They are Cq of 0.037, a linear decrease of C
to zero at a crack length of 135 mm and the residual shear stress (z,-) of 0.3 times the initial
average shear stress 7,,,. The shear stress distributions at various crack length and the locus
of the maximum of shear stress values are shown in Figure 5.8 and Figure 5.9, respectively.
Equation 5.6 describe this locus,

4 x3 xZ

X
122+107 681+10%  945+102 135

T(x) = Tavg( + 5.54) 5.6

The residual stress behind the crack decreases the shear force on the uncrack ligament and
initially its average shear stress. This together with the decrease in C reduces the peak shear
stress (and slows crack growth). As the crack advances and the un-cracked ligament becomes
smaller, the average and peak shear stress increase and the crack growth rate increases.
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Figure 5.7 The C versus the crack length curve used for all beams
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5.5.2 Values of the Constants a and

The value of the constants a and B for the three cover thicknesses of CFRP wrapped beams
determined and used to calibrate the model. Then, the model was used to predict the fatigue

life for the unwrapped and the GFRP wrapped beams.

The fatigue life data for the CFRP wrapped beams for three different concrete cover
thicknesses are shown in Figure 5.11. From the figure, the intercept of the fatigue curves at
one cycle fell close to the monotonic failure stress which was plotted at that point. When
values of a (shown in Table 5.1) were plotted against the monotonic failure stresses as

shown in Figure 5.10, a linear relationship was obtained.

The value of the constant a can be calculated for each set of beams by using the following

equation as shown in Figure 5.10:

t(monotoic shear stress for each set) = —0.572 * Ln(a) — 11.954 5.7
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a = e_(%)

Table 5.1 Value of a and monotonic shear stress for CFRP wrapped beam for each

cover
Wranpin Concrete The average
conc?i?ior? cover Alpha (o) monotonic
thickness shear stress (t)
20 mm 3.96E-16 7.64
CFRP 30 mm 2.83E-15 6.63
50 mm 1.26E-16 8.23

i T

1 =-0.572In(c)) - 11.954

o]

(4]

SN

w

Monotonic shear stress

20 mm concrete cover
2 30 mm concrete cover
50 mm concrete cover

1

0 T
1.00E-16 1.00E-15 1.00E-14

Alpha

Figure 5.10 The monotonic shear stress at failure versus a for each set of beams
different concrete cover thicknesses of CFRP wrapped beams
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The values of g which are determined by the slopes of the shear stress versus life curves were
almost the same for all different concrete cover thicknesses of CFRP wrapped beams. This
single B value taken from the CFRP wrapped beams were used to predict fatigue lives of all
other wrapping conditions and concrete cover thicknesses. The values of a for all concrete
cover thicknesses for GFRP wrapped beams and unwrapped beams were estimated using
equation 5.7. Table 5.2 shows the values of the a and B for each of the combinations.

Table 5.2 Value of a and p for each combination of concrete cover and wrapping

condition
Wrapping
Group condition Beta Alpha
Unwrapped 3.44E-13
Group 1 GFRP 10.84 3.74E-14
20 mm
CFRP 1.3E-15
Unwrapped 6.03E-13
Group 2 GFRP 10.84 1.03E-13
30 mm
CFRP 7.76E-15
Unwrapped 3.74E-14
Group 3 GFRP 10.84 2.58E-15
50 mm
CFRP 4.73E-16
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Figure 5.11 The average shear stress versus fatigue life for the test data on log-log scales
with best fit curves for CFRP wrapped beams (20 mm, 30 mm and 50 mm concrete
covers)

5.5.3 Review of the Crack Growth Calculation Procedure

The fatigue life of a given beam can be calculated using the following steps:

1. The monotonic bond strength for a beam with a given wrapping and concrete cover can
be calculated by using the Orangun et al. (1977) and Hamad et al. (2004) equations as
follows:

4.2

c d
u=1010+—+ b+Ktrf]\/f'c
4d,, ly ’

5.8
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2. The value of the crack growth parameter a for each cover and wrapping condition can
then be calculated from its linear relationship with the monotonic maximum shear stress

by using the following equation:

a= e_('f‘*;)gl—-;);‘})
5.9

3. The peak of the exponential shear stress distribution at a given length may be calculated

from the following equation:

4 3 2

X X X X

- - 5.54 5.10
122+107 681+10° ' 945+102 135 9

T(x) = Tavg(

4. The increment of the crack growth (da) for a given cycle (dn,) is then given by :

d —>
da(n) =—= ath da(n;) = ath 5.11
And the crack length is obtained by summing successive increments of crack growth
6a(n;)until one of the following failure criteria are met.

1) When a > 150 mm (the half of the lap splice length) the beam has failed.

If the a < 150 mm, then the next condition is checked.

2) When the peak average shear stress is greater than the 5.5 times the average shear

stress at monotonic failure the beam is assumed to have failed. If neither of the failure
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criteria is met the above procedure is repeated for subsequent cycles. The number of

cycles at failure is the value of N; when one of the two failure criteria is met.

5.6 Comparison between the Experimental Results and the Model

5.6.1 Fatigue Life

Figure 5.12, Figure 5.13 and Figure 5.14 show the actual fatigue life data and curves
calculated using the calibrated model on log-log scales of shear stress versus fatigue life for
Group 1(20 mm concrete cover), Group 2 (30 mm concrete cover) and Group 3 (50 mm
concrete cover), respectively. The calculated number of cycles was in good agreement with
the actual fatigue data for all different wrapping condition and all different concrete cover

thicknesses.
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Figure 5.12 The actual fatigue test results for the unwrapped and FRP wrapped beams
with fit curves of the calculated number of cycles for Group 1 (20 mm concrete cover)
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Figure 5.13 The actual fatigue test results for the unwrapped and FRP wrapped beams
with fit curves of the calculated number of cycles for Group 2 (30 mm concrete cover)
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Figure 5.14 The actual fatigue test results for the unwrapped and FRP wrapped beams
with fit curves of the calculated number of cycles for Group 3 (50 mm concrete cover)
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5.6.2 Inelastic Slip and Deflection Due to Changes in Steel and Concrete Strains and

Total Slip and Deflection as a Crack Advances

Figure 5.15 shows typical curves of crack length versus cycles expressed as a percentage of
fatigue life. Figure 5.16, Figure 5.17 and Figure 5.18 show calculated values of inelastic slip
due to stress changes in the steel and concrete due to cracking together with measured values
of total slip versus cycles expressed as a percentage of the fatigue life to failure. It can be
seen that only a small amount of the inelastic slip is due to the stress changes in the steel and
concrete. The remaining slip which is due to deformation of the concrete in front of the steel

rebar lugs is much larger.
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Figure 5.15 Typical crack growth curve for the three different wrapping conditions
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Figure 5.16 The measured total slip and the slip due to changes in the steel and the
concrete strains due to crack advance for the unwrapped beam with a 20 mm concrete

cover
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Figure 5.17 The measured total slip and the slip due to changes in the steel and the
concrete strains due to crack advance for the GFRP beam with a 20 mm concrete cover
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Figure 5.18 The measured total slip and the slip due to changes in the steel and the
concrete strains due to crack advance for the CFRP beam with a 20 mm concrete cover

Figure 5.19, Figure 5.20 and Figure 5.21 show calculated values of the inelastic deflection
due to stress changes in the steel due to cracking together with measured values of inelastic
deflection versus cycles expressed as a percentage of the fatigue life to failure. It can be seen
that only a small amount of the inelastic deflection is due to the stress changes in the steel
and concrete. The remaining inelastic deflection which is due to deformation of the concrete

in front of the steel rebar lugs is much larger.
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Figure 5.19 The measured total deflection and the deflection due to changes in the steel
and the concrete strains due to crack advance for the unwrapped beam with a 20 mm
concrete cover
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Figure 5.20 The measured total deflection and the deflection due to changes in the steel
and the concrete strains due to crack advance for the GFRP beam with a 20 mm
concrete cover
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Figure 5.21 The measured total deflection and the deflection due to changes in the steel
and the concrete strains due to crack advance for the CFRP beam with a 20 mm
concrete cover

Figure 5.22 presents typical curves of inelastic deflection versus crack length. The deflection
as expected increases as the crack length increases. The relationship is almost linear
throughout most of the fatigue life. At the beginning of a test there is an increase in the slip
as the rebar lugs deform the concrete ahead of them until an equilibrium is achieved and slip

slows.
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Figure 5.22 Inelastic deflection versus calculated crack length for different wrapping
condition for Group 3 (50 mm concrete cover)

5.7 Discussion

5.7.1 Crack Growth versus Slip and Deflection Curves

There was a large amount of slip during the first cycle together with a large predicted crack
growth. The slip due to the crack growth can be estimated as the sum of the elongation in the
steel due to its increased stress as the stress is transferred from the debonded concrete and the
decrease in the elongation of the concrete as its stress is decreased due to debonding.
However, an elastic calculation of the slip due to these factors indicates that they are
responsible for only a small amount of the observed slip. The remainder is presumed to come
from the movement of the rebar in the uncracked region as it breaks the bond with the
concrete and embeds itself in the concrete to a depth sufficient to develop the necessary bond
force to support the shear force.
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This process of deforming the concrete to produce the force in the lugs to resist the shear
force would explain the increase in slip shown at the beginning of a test (see the circled

region of Figure 5.23).
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Figure 5.23 The actual deflection and the calculated cracks growth versus fatigue life as
percentage CFRP-G1-80

123



Chapter 6 Non-Destructive Test (NDT)

6.1 Non-Destructive Test (NDT)

6.1.1 Introduction

Nondestructive test methods have become more popular and are now used to evaluate the
condition of existing structures such as the bridges, buildings, deep foundations and many
other reinforced concrete structures (Breysse, 2012). The NDT methods are more economical
and faster than the traditional destructive testing. The ACI 228.2R (2013) listed four primary
uses of NDT for dealing with concrete members:

1. Determining the quality of new construction

2. Troubleshooting problems for new and the existing construction

3. Evaluation of the condition of old concrete for rehabilitation purposes
4. Determining the quality of concrete repairs

There are several non-destructive test methods that are used to assess the condition of
reinforced concrete members including surface wave methods and ultrasonic methods. The
surface wave testing method was used in this study to evaluate the changes in the condition

of chosen beams with fatigue cycling.

6.1.2 Techniques of Using the Wave Testing Method for NDT Evaluation

There are three techniques that use the wave testing method. They are direct, semi direct and
indirect transmission ultrasonic testing as shown in Figure 6.1. The direct technique should
be used when it is possible because it is the most accurate of the three methods. The semi
direct technique method is more accurate than the indirect technique. The indirect technique
is the least accurate but the most easily used technique (Breysse, 2012).
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Figure 6.1 Three techniques can be used for the transmission ultrasonic testing
(Breysse, 2012)

In the indirect technique used in this study, the transducers and the receivers must be
mounted on same line with a minimum of four receivers as shown in Figure 6.2. The
minimum distance between the receivers should be greater than five times the average
concrete aggregate size. The distance between the transducers and the receivers is measured
from center to center. The direct wave velocity is faster than the indirect wave velocity by

about 15%.
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Figure 6.2 Indirect method principle (Breysse, 2012)

6.1.3 Surface Wave Testing

The surface wave method is usually used for reinforced concrete structures when the
geometry allows propagation of the wave through body of a component. The surface wave
method uses Rayleight waves (R-waves) that propagate through solid materials. The R-waves
propagate through the concrete and provide information about the condition of a concrete
member (Hevin et al., 1998). The dispersion of the R-waves varies with concrete stiffness,
leading to a variation in velocity of the R-waves termed phase velocity. Also, a change in
frequency of the R-wave results in a change in wave velocity. The main characteristics of the
surface wave are the wave propagation velocity and the amount of wave energy that reflect
from the interface between two distance media. These characteristics are a function of the
Young’s modulus of elasticity, the Poisson’s ratio, the density and the geometry of a member
(ACI 228.2R, 2013). The surface wave method has been used to measure the crack depth
(Goueygou et al., 2008; Yang et al., 2009), to evaluate the condition of repaired concrete
(Aggelis et al., 2009) and to assess amount of concrete damage (Kirlangic, 2013).
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6.2 Experimental Program

6.2.1 Instrumentation of NDT

Nondestructive testing was used to evaluate the deterioration of our concrete lap splice due to
fatigue loading. Five beams were tested under fatigue loading to evaluate the usefulness of
the nondestructive test method. One beam was unwrapped and four beams were wrapped
with FRP sheets.

The surface wave testing method used consists of a wave generating transducer (this can be a
hammer) and receivers as shown in Figure 6.3. The hammer was used to send waves and the
receivers were used to record the arrival times of the waves. As the number of receivers
increases the quality of the results increases and we can draw the phase velocities curves. The
hammer generates an R-wave by impacting the surface. The typical wave frequency range
used with concrete varies from 20 kHz to 300 kHz (ACI 228.2R, 2013). The most commonly

used transducers operate between 24 kHz and 54 kHz.

—_——— Computer
for signal
analysis

Data
L 1 acqguisition

Hammer : .I aysiem
R-wave Receiver 1 %' Receiver 2

Figure 6.3 Surface method configuration

6.2.2 Test Setup

For all the five beams, the first NDT test measurement which was taken before the initial
manual loading to the peak of the following fatigue loading recorded the condition of the

undamaged beam for use as baseline. Then, during the manual loading, the NDT

127



measurement was taken at the mean and the maximum load before switching to the automatic
cycling of the remainder of a fatigue test. Then NDT data were collected at regular intervals
throughout a fatigue test. Figure 6.4 shows the setup of the NDT test equipment.

Figure 6.4 NDT test setup

6.3 Test Results

6.3.1 NDT Test Results

Figure 6.5 and Figure 6.6 show the changes in wave velocity with frequency in the lap splice
region after various numbers of cycles for the CFRP wrapped beam with a 20 mm concrete
cover and for the unwrapped beam with 50 mm concrete cover. As the number of cycles
increased, the wave velocity decreased at all frequencies. The change in the velocity is
attributed to damage to the concrete providing the bond between the lap splice bars and the
concrete. For each set of NDT measurements the wave velocity versus frequency curves
initially decrease with increasing frequency and then become flat. These curves become
flatter and the decrease of velocity with frequency decreases as the number of cycles in a

fatigue test increase.
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Figure 6.6 Change of wave velocity for UN-G3-75 beam at different stage of fatigue life
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Figure 6.7 shows wave velocity versus the number of cycles as a fraction of the fatigue life
curves on logarithmic scales for both the CFRP wrapped beam and the unwrapped beam at
three frequencies. The initial undamaged velocity was arbitrarily plotted at one cycle. The
same data is plotted on linear scales in Figure 6.8. The initial wave velocity for the
unwrapped beam was higher for all frequency levels than the wave velocity for the CFRP
wrapped beam. However, as the number of cycles increased, the wave velocity at all
frequencies for the unwrapped beam decreased more rapidly than the wave velocity for the
CFRP wrapped beam until near the end of the fatigue life they became lower than those of
the wrapped beam. The reductions in wave velocity for the unwrapped beam and the CFRP
wrapped beam indicate a decrease in stiffness of the material along the lap splice and may be
used as an indicator of the damage that has occurred in the lap splice region of the beam.

2500
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@40 kHz ®50kHz A60kHz

* Red results for UN-G3-75
* Blue results for CFRP-G2-69

Velocity (m/s)

500 .

1 10 100 1000 10000 100000
Fatigue life (N;)

Figure 6.7 The change of the wave velocity versus fatigue life for different frequency
levels for UN-G3-75 and CFRP-G2-69 beams
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Figure 6.8 The change of the wave velocity versus fatigue life for different frequency
level for UN-G3-75 and CFRP-G2-69 beams

6.3.2 Relationship between the Wave Velocity with the Deflection and Crack Length

Figure 6.9 and Figure 6.10 show plots of wave velocity versus deflection and crack length
respectively. The large amount of deflection and crack growth during the first few cycles
found earlier is shown here as a significant decrease in velocity. However, the decrease in
wave velocity with these variables is more rapid thereafter. Since the wave velocity is
proportional to the stiffness of the material that the wave passes through, we suggest that this
second phase corresponds to the progressive breaking up of the concrete adjacent to the
spliced bars noted at failure. The initial wave velocity is greater for the unwrapped specimen
than for the wrapped specimen but its decrease of frequency with cycling is more rapid so
that at the end of the fatigue life its velocity is lower than that of the wrapped specimen.
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6.3.3 Discussion

The wave velocity decreases with cycling while the crack length and deflection increase.
Taking any one of the number of cycles, the crack length or the deflection as measures of
damage during fatigue we have a correlation with decreasing wave velocity as a test
progresses. It is hoped that further work on this non-destructive monitoring may make it a

useful tool for the inspection of lap splice deterioration with fatigue cycling.
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Chapter 7 Conclusions, Contributions and Recommendations for
Future Work

7.1 Introduction

This chapter presents the conclusions for this study and recommendations for future work.
This study investigated the effect on lap splice bond fatigue behaviour of wrapping the lap
splice region with FRP sheet for different concrete cover thicknesses. A total of 53 beams
with three different wrapping conditions and three different concrete cover thicknesses were
cast and tested under monotonic and fatigue loading. The following conclusions were drawn

from the observations and an analysis of the results:
7.2 Conclusions

7.2.1 Monotonic Beam Tests

The conclusions drawn from the monotonic tests are listed below:

e The failure for almost all the beams with different wrapping conditions and different
concrete cover thicknesses under monotonic loading was by a simple splitting bond
failure. Only for two beams (CFRP-G1-ST and CFRP-G3-ST) out of the nine beams
tested under monotonic loading, did the steel bar reach the yield stress level. Those
beams also failed by a splitting bond failure.

e The GFRP wrapping increased the normalized bond strengths for the 20 mm, 30 mm
and 50 mm concrete cover beams by 128%, 124% and 127% compared to those of the
unwrapped beams, respectively.

e The CFRP wrapping increased the normalized bond strengths for the 20 mm, 30 mm
and 50 mm concrete cover beams compared to those of the unwrapped beams by
171%, 160% and 144%, respectively.
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Increases in the thickness of the concrete cover resulted in increases in the ultimate
load and deflection at failure for all wrapping conditions.

The Orangun et al. (1977) and Hamad et al. (2004) equations gave good predictions
of the average bond strength for all concrete cover thicknesses and wrapping
conditions.

The longitudinal splitting cracks of the unwrapped beams were wider than those of
the FRP wrapped beams.

For Group 1 (20 mm concrete cover), the FRP sheet along the lap splice delayed and
confined the growth of the splitting cracks before failure and improved the bond

strength compared to the unwrapped beams.

7.2.2 Fatigue Tests

The conclusions drawn from the fatigue tests are listed below:

The failure for all the unwrapped beams under fatigue loading was by a splitting bond
failure. The absence of the FRP sheet in the unwrapped beams allowed a separation
of the bottom concrete cover from the beam and failure as the rebar lost support.

The failure of all FRP wrapped beams was also by a splitting bond failure except for
those beams that exceeded the fatigue life limits for a longitudinal bar proposed by
Helgason and Hanson (1974). These beams failed by fatigue rupture of the
longitudinal steel bars.

The longitudinal splitting cracks for the FRP wrapped beams were finer in width and
larger in number compared to those cracks for the unwrapped beams.

It is worthy of mention that, the presence of the FRP sheets along lap splice resulted
in smaller chunks of broken concrete than those observed for the unwrapped beam.
Also, the concrete in front of the steel bar lugs was crushed and abraded for the FRP

wrapped beams. Moreover, the presence of the FRP sheets delayed the separation of
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the bottom concrete cover which provided the rebar with support to continue resisting
load.

e The GFRP and CFRP sheets increased the fatigue strength (measured as the applied
load range) of the wrapped beams for all concrete covers compared to that of the
unwrapped beams.

e Beams strengthened with CFRP and GFRP sheets had significantly greater
deflections at failure than unstrengthened beams for both monotonic and fatigue
loading.

e For all the beams loaded in fatigue the deflection increased abruptly during the first
cycle then slowed to a low rate of increase after the first 5 % of the fatigue life. This
slow increase in deflection with cycles persisted to about 90 % of the fatigue life
followed by an increasingly rapid increase until failure.

e For Group 1 (20 mm concrete cover) beams, the slip versus fatigue cycles behaviour
was similar to the deflection versus cycles behaviour. The slip at failure of the FRP
wrapped beams was greater than that of the unwrapped beams.

e The monotonic failure test results fell close to the intercept of the fatigue life curves
at one cycle for all concrete covers and wrapping conditions of the beams. This
suggests that a single mechanism is responsible for the monotonic and fatigue failures
for all wrapping conditions and concrete cover thicknesses and that the percentage
changes in fatigue strength and monotonic failure strength with wrapping condition
and cover thickness are the same.

e There was a good correlation between the best fit fatigue life curves obtained by
enforcing an average slope of the fatigue life curves for all the groups and the fatigue
data.

7.2.2.1 Analysis

e A crack growth model based on a mechanism of crack growth similar to that reported
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by Wahab et al., 2015 was developed to calculate the fatigue life of the bond
specimens. The calculated number of cycles was in good agreement with the actual
fatigue data for all wrapping conditions and concrete cover thicknesses. Also, the
model was used to calculate the slip and the deflection due to changes in the stress of
the steel and concrete due to cracking and compare their sum to the measured slip and
deflection.

It is worthy of mention that, only a small amount of the inelastic slip and deflection
are due to the stress changes in the steel and concrete due to cracking. The remaining
changes in slip and deflection with cycling which are due to deformation of the

concrete in front of the steel rebar lugs are much larger.

7.2.2.2 Non-Destructive Test

The NDT test results showed a reduction in the wave velocity as a fatigue test
progressed. Data for the changes in wave velocity with cycles, crack length and
deflection were presented. It is anticipated that these correlations can be used to relate

NDT measured changes in wave velocity to bond deterioration in a lap splice.

7.3 Contributions

The outcome of this research will enable engineers to use FRP sheet wrapping to
strengthen and repair RC beams containing a lap splice under fatigue loading

conditions.

The outcome of this research will enable engineers to predict the fatigue life for RC

beams containing a lap splice under fatigue loading conditions.
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7.4 Recommendations for Future Work

The current study has contributed information on the performance of a lap splice under
fatigue loading for three different concrete covers and three wrapping conditions. Additional

work to increase our knowledge of lap splice bond behaviour in fatigue should include:

e the use of different bond lengths ranging from 100 to 500 mm,

o the use of different steel bar diameters (12 to 36 mm) to a cover wide range of bond
strength where the bar diameter has a major role,

e the use of high strength concrete due to its effect on the bond strength of concrete
beams and there are different criteria to model bond mechanism using high strength
concrete,

e an investigation of the effect of corrosion and repair on the strength of a lap splice
under fatigue loading due to the impact of the corrosion product on deteriorating the
bond strength,

e the use of bidirectional FRP sheets for the wrapping reinforcement to prevent the split
of the FRP sheet using the unidirectional sheet as seen in this study, and

e the use of the new cement based thin sheet composite rather than an epoxy based
sheet to enhance the fire resistance, and lower the wrapping cost, in addition to its

structural compatibility with concrete material.
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Appendix

Bond prediction equation with FRP sheet:

4.

c 2d
u= 0.10+—+l—b+Ktr,f]\/ﬁ
d

4d,

K. s is contraption factor of FRP sheet to bond strength which added by (Hamad et al. 2004) to

bond equation.

c =25mm,

dp = 20mm,

l; = 300mm,

f! (Assume) = 40 MPa

Steps:

GFRP

CFRP

The nominal strength and strain of the FRP
sheet:

fru = Cgfru (Cg is environmental reduction

factor = 1.0 to get nominal tensile strength)

Efu = CE Efu

I, is active bond strength length. For U
wraps:

23,300
¢ (nty Ep)°ss

k, and k, are coefficients to account for
concrete strength and sheet layout

respectively:

ffu = 1%537 =537 MPa

& = 1%0.022 = 0.022

23,300

I =
¢~ (1+0.51 * 26,500)0-58

= 94mm

- (5)2/3:1.14

27

i _(350—94)_073
27\ 350 /T

150

fru =1%1120 = 1120 MPa

& = 1%0.011 = 0.011

B 23,300
" (1%1.3%100,000)°58

L

=25mm

ky = (2)2/3:1.14

27

i _(350—25)_093
27\ 350 /T



Calculate stress reduction factor:

_ kikyl, 0.004
T 11,900g5, ~ £y

Calculate effective stress of fiber reinforced

polymer sheet:

ffe =R *ffu

Calculate area of fiber reinforced polymer

reinforcement as follows:

Atr,f =2n tf Wf

Calculate Ky, ¢

_ Atr,f ffe

Ky r = <0.25
tnf ¢ dpnySs

114 x0.73 94

R=TT900+0022 = *%°
0.004
=018
£y

R=0.29<0.18

Use R = 0.18

fre = 0.18 % 537 = 97 MPa

Agp=2%1%0.51%600

= 612 mm?

o 612 % 97
tf T 16.6 * 20 * 2 * 600
=0.148

Kir; = 0.148

_ 1.14%0.93 %25

= 11900 x0011 _ 220
0.004
=036
£y

R=0.20<0.36

Use R = 0.20

fre = 0.2 % 1120 = 224 MPa

Ay =2%1%13%600
= 1560 mm?

o 1560 * 224
7 16.6 % 20 * 2 * 600
=0.89

According to Hamad et al.
(2004) Ky,¢ is limited t00.25
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