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ABSTRACT

The purpose of this research was to study a new method of flexurally
strengthening reinforced concrete beams. The proposed method uses multiple
mechanical fasteners unlike current practice, where a fiber reinforced polymer (FRP)
strip is attached to the beam with an adhesive.

In order to study the method of strengthening beams by mechanically attaching
FRP strips, construction engineering, material engineering, and structural engineering
research areas were addressed. Coupon tests were performed on the material
components. Custom FRP strips were designed specifically for use with mechanical
fasteners. Behavior of connections with single and multiple fasteners were examined
experimentally, and small-scale beam tests were conducted to examine the feasibility of
the overall method and to further identify factors affecting the structural behavior of the
strengthened beam. Large-scale experiments were conducted in order to examine the
behavior of larger beams with the custom strips. Parameters such as fastener spacing, pre
drilling pilot holes and edge distance were examined in these tests. To further increase
the understanding of the method, an analytical model was developed and predictions
obtained by analysis were compared to the experimental results. The analytical model
was developed to consider the unique factors that affect the strength of a beam with a
mechanically fastened strip; the fastened connection strength, the total number of
fasteners required to develop the strength of the strip, and the distance between the last
fastener and the support. Issues of strip termination were examined both experimentally

and analytically.



XXI
The research results showed that longitudinal moduli and strength results for the

custom strips closely matched the target design values. Small-scale beams were
successfully strengthened using a mechanically fastened FRP strip, and showed increases
of yield and ultimate moment capacities of 34.2 and 24.8 percent over the unstrengthened
control beams. Large-scale beams with mechanically fastened custom FRP strips showed
increases of 21.6 and 20.1 percent in the yield and ultimate moments over the
unstrengthened control beams. Large-scale beams not only achieved levels of
strengthening comparable to the adhesively bonded method, but the fastened method
resulted in strengthened beams with a gradual failure mode, as opposed to the sudden
failure mode of the adhesively bonded beams. The FRP strip attachment with mechanical
fasteners was completed in less time than it took to attach the FRP strips with an
adhesive.

Analytical and experimental investigations have shown that reinforced concrete
beams can be flexurally strengthened by mechanically attaching a custom FRP strip.
With special attention given to material and construction considerations, this method has
the potential of providing a strengthened member with a gradual failure mode, as opposed

to the sudden failure mode exhibited by current adhesively bonded methods.



1.0 INTRODUCTION

In recent years there has been an increase in the use of lightweight, nonmetallic
fiber reinforced composite materials to strengthen, repair, and retrofit concrete structures
(Emmons et al. 1998a). Strengthening a structural member is done when the strength of
the existing member is insufficient. These deficiencies may arise from a change in the
desired capacity, or from errors in construction, such as rebars that are pushed down too
far in the cross section during construction. Detailing errors can make member strength
less than expected, such as a mistake in detailing calling for smaller rebars than required.
Repair refers to the member strengthening in instances where the capacity has been
reduced by environmental effects, manmade hazards, or human error, such as a tall
vehicle striking the girders beneath a bridge or an overweight vehicle traveling across the
bridge. Modifications made to change the behavior of a structural member are termed
retrofit. Columns are frequently wrapped with steel or fiber reinforced laminates to
increase capacity and to make them behave in a ductile manner, which is desirable to
reduce the loads introduced during an earthquake. A common strengthening method
currently in use is to adhesively bond strips or “plates” of thin FRP laminates to the
surface of concrete beams or slabs in order to increase their capacity.

A new method of flexurally strengthening reinforced concrete beams by attaching
fiber reinforced polymer (FRP) strips to the bottom surface using mechanical fasteners
has been investigated in this study. This system has the potential to be a rapid procedure
that uses simple hand tools, lightweight materials, and unskilled labor. Unlike the

conventional method of adhesively bonding FRP strips to the concrete surface, this
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technique does not require significant surface preparation, and allows for immediate use

of the strengthened structure.

Typical reinforced concrete flexural members are designed such that the tensile
steel reinforcement yields well before the concrete fails in compression. This design
methodology results in a ductile member, which displaces a large amount when the load
approaches the ultimate capacity. A larger amount of tensile steel reinforcement could be
used, which would use a greater amount of the concrete in compression, resulting in a
member with a higher strength capacity. A balanced amount of reinforcement would be
the amount of tensile steel that would yield at the same time the concrete fails in
compression. Current design codes limit the amount of tensile steel to seventy-five
percent of the steel of the balanced condition, and current practice uses approximately
half of this limit (ACI 318-99). If too much tensile steel reinforcement is used, the
member fails in a less ductile manner, allowing fewer visible deflections prior to failure.

Strengthening of reinforced concrete flexural members by using external steel
strips began in the late 1960s. These early methods consisted of bonding a steel strip to
the tension side of an existing flexural member with an epoxy. The concrete surface had
to be made smooth, which required careful grinding, sandblasting, and priming. The two
part structural epoxy was mixed in a carefully controlled manner, and then the steel strip
was be clamped into position until the epoxy cured. Typically anchor bolts at the ends of
the steel strip were used, mainly to prevent the steel strip from falling if the integrity of
the adhesive was destroyed by fire.

The flexural member with the attached steel strip had a greater quantity of tensile

reinforcement than it had without the strip, and is therefore closer to the balanced amount



of reinforcement. The strengthened member has a higher strength than the
unstrengthened member, but will fail in a more sudden manner with less visible
displacements than the unstrengthened member.

In the 1980s, fiber reinforced polymer (FRP) materials began being used in civil
engineering applications. The external strengthening of reinforced concrete members
was an ideal use for preformed FRP strips, which are lighter and easier to install than
steel strips. FRP strips do not rust when exposed to moist environments as do steel strips.
Currently FRP strips are bonded to the concrete surface in the same manner as the steel
strips, and the concrete substrate requires similar preparation as it would for the bonding
of a steel plate.

The adhesive layer between the concrete and strip can present problems for the
behavior of the strengthened flexural member. Peeling stresses are induced in the ends of
the strip, which tend to pull the strip away from the concrete. If these peeling stresses are
larger than the strength of the adhesive, the strip will peel away from the beam suddenly.
This results in the beam losing the increase in strength provided by the strip, and may
cause a sudden and catastrophic failure.

Complications can arise in the adhesive layer when cracks begin to form in the
concrete. The strip may detach from the flexural member if a vertical displacement
occurs between the two sides of a crack that contacts the adhesive layer. This also results
in the beam losing the increase in strength provided by the strip, and may also cause a
sudden and catastrophic failure.

Flexural members with attached steel strips often have large anchor bolts on the

ends of the strips. These anchor bolts are provided to keep the steel plate from falling



and damaging people or property in case the adhesive layer fails. Recently end
anchorages have been examined for use with FRP strips as well.

A method of flexurally strengthening reinforced concrete members with
mechanically fastened FRP strips is developed in this research study. This new technique
has a potentially faster installation time and a potentially more ductile structural response
than the conventional bonded method. This new technique uses multiple steel powder-
actuated fasteners instead of an adhesive to attach a specially designed FRP strip to the

concrete.

1.1  Approach to Research

In developing this new method of flexurally strengthening reinforced concrete
beams with mechanically fastened FRP strips, structural engineering, construction
engineering, and material engineering disciplines were addressed. Figure 1-1 shows a
Venn diagram of the three research focus areas and their relation to this research study.
Although all three research focus areas pertain to this research study, the main focus of
the research study was on structural engineering and the structural behavior of the
strengthened beams. A Venn diagram showing the three main areas of this research
study are shown in Figure 1-2; the structural engineering focus area is divided into an
experimental and an analytical portion, and the materials and construction engineering

focus areas have been combined into one portion for this research study.
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One specific example of how a research topic in this study fits into the overall
research study is to consider the design of the FRP strip. In order to transport the strip, a
topic in the construction engineering focus area, the thin FRP strip must be coiled into
manageable rolls so that no extra equipment is needed for handling. The design of the
mechanical properties of the FRP strip, in the materials engineering focus area, dictate
the diameter of the roll, and are dictated by the desired overall behavior of the
strengthened system, a structural engineering focus area. With respect to this research
project, an analytical model was used to predict the required strip properties for a desired
structural behavior. Then the custom FRP strips were designed, reinforced concrete
beams were strengthened with the strips, and the minimum roll diameter was calculated.
This shows the interconnectedness of the analytical modeling, the experimental studies,

and the materials and construction research for the strip designed in this research.

1.2 Organization of Text

This work is organized into eleven main chapters, each chapter having a main
topic. Chapter 1 is the introduction, which provides a brief introduction and discusses the
three main areas of research involved in this work. Chapter 2 gives the objectives for
Chapters 4-7, which comprise the main body of this research. Chapter 3 gives a literature
review of the research topics related to the research.

Each of the next four chapters falls into one of the main research areas of this
study, which were previously shown in Figure 1-2. Chapter 4 covers the topics of this
study that fall into the materials engineering and construction engineering research areas,

mainly the design and testing of the custom FRP strips, the developed fastening



procedure, and construction topics. Chapters 5 and 6 report the structural behavior
observed from experimental testing on small and large-scale beams. Chapter 7 discusses
analytical modeling of beams strengthened using the developed method. This chapter
also includes comparisons of the analytical modeling techniques with the experiments of
Chapters 5 and 6. Within Chapters 4-6, each sub-section begins with the desired
objectives followed by the methods used to obtain the objectives, followed by the results.
The next chapter, Chapter 8, contains the conclusions and recommends future
research. Chapter 9 includes the nomenclature used throughout the work, and Chapter 10

contains the references used throughout the work.



2.0 OBJECTIVES AND SCOPE

This study examined portions of the three research areas of construction and
materials engineering, experimental structural behavior, and analytical structural behavior
that were mentioned in the introduction. The overall objective of this study was to
develop a sound knowledge base in these areas as they pertain to this research, and to
increase the understanding of the factors that influence the behavior of a reinforced

concrete beam strengthened with an FRP strip attached with mechanical fasteners.

2.1 Material and Construction Objectives

The primary objective of this portion of the research was to investigate and
understand the material components involved in the method, and to understand how the
system was to be constructed.

A suitable fastening system that was portable, required a minimum of instruction
for installation, and had adequate fasteners and accessories for use with the method had
to be examined. Once a system was chosen, the behavior of types of available powder
actuated fasteners for use with concrete had to be investigated, and the effect of pre-
drilling had to be examined. The permissible distance between the fastener and the edge
of the concrete member also needed to be determined to prevent damage to the concrete
substrate.

A secondary objective was to identify the shortcomings of existing FRP strips that
are produced for the bonded method in order to design a strip that could be attached to
concrete with mechanical fasteners. Custom strips were designed to meet specific fiber

architectures and to have an improved bearing strength over existing strengthening strips.



It was a goal to measure the longitudinal elastic modulus and strength of the
custom strips to compare the experimental measured values with the target values
developed in the design. These values were also needed to predict the amount of
strengthening that could be achieved by attaching the FRP strip to the concrete surface. It
was also an objective to calculate the minimum diameter of a roll the strip could be coiled
into, and the procedures used to coil the strip.

It was an objective to study the behavior of a fastened connection consisting of an
FRP strip fastened to concrete with a mechanical fastener. One of the purposes of
examining a connection was to identify the potential failure modes of a connection in
different FRP strips. Another purpose was to investigate the effects of washers and
clamping pressure provided by washers on the behavior of the connection.

A procedure was developed for attaching an FRP strip to the surface of a
reinforced concrete member with mechanical fasteners. It was a secondary objective that
this procedure was to be faster than attaching the strip with an adhesive. The procedure
had to include a protocol for selecting the charge and power setting of the powder

actuated fastening system.

2.2  Experimental Structural Behavior — Small-Scale Beam Objectives

The primary objective of this portion of the study was to investigate the feasibility
of this method on small-scale reinforced concrete beams, while varying the parameters
concrete strength, fastener edge distance and spacing, strip modulus and area, and

fastener length and type in order to develop a preliminary understanding of the behavior
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of beams strengthened with mechanically fastened FRP strips. It was also desired to test

beams with adhesively bonded FRP strips for comparison purposes.

It was an objective to cause the beams to fail due to tensile steel yielding rather
than due to concrete crushing in the compression zone. To achieve this failure mode, the
FRP strip needed to remain attached to the beam until the concrete failed in compression,
and the strengthened system did not have a sudden drop in load due to a sudden
catastrophic failure. It was an objective to investigate whether a crack with a vertical
displacement of the two sides would cause the strip to detach when mechanically
fastened, as this type of crack is known to cause an adhesively bonded FRP strip to
detach.

The parameters related to fasteners to be examined in the small-scale beam tests
were the including or excluding fasteners in the moment span, different fastener
diameters, different fastener lengths, and using one row of fasteners versus two rows.
The parameters related to the FRP strip to be examined in the small-scale beam tests were
changing the strip modulus, changing the strip area, and changing the strip thickness.
Other areas to be investigated were the cause of initial cracking, the behavior of a
mechanically fastened steel strip, and the behavior of the strengthened beams at

displacements past the displacement at the ultimate strength.

2.3  Experimental Structural Behavior — Large-Scale Beam Objectives
The primary objective of this portion of the study was to investigate the effect of
increasing the scale of the beams strengthened, paying attention to the parameters of

concrete strength, fastener edge distance and spacing, strip modulus and area, and
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fastener length and type in order to further understand the behavior of beams

strengthened with mechanically fastened FRP strips. Of particular importance was to
examine the use of pre drilling a shallow pilot hole prior to driving the mechanical
fastener to attach the FRP strip. Obtaining the strain distribution along the length of the
strip was also an objective.

An objective was to investigate the effect of strengthening with strips of different
types with varying elastic moduli increasing in the ratio of 1:2:4, and to observe the
differences in using a 50.8 mm (2 in.) fastener spacing versus a 76.2 mm (3 in.) fastener
spacing. It was desired to investigate the effect of strengthening with two strips
alongside one another, creating a larger strip area but a smaller edge distance. It was

another objective to investigate a bearing failure around the fasteners in the FRP strip.

2.4 Analytical Structural Behavior Objectives

An analytical model was developed to predict the behavior and to develop an
understanding of the behavior of FRP strengthened beams. The development of the
analytical model was also required for future development of a design procedure for
strengthening beams with mechanically fastened FRP strips. Predictions of the failure
modes were compared to experimental data.

The three models developed were the strength model, which uses the Whitney
stress block to approximate the stress in the compression concrete at failure, the moment-
curvature model for any state of concrete stress, and the load-deflection model. It was an
objective to add a check for failure by strip detachment to the strength method. It was

desired to develop an analytical model that could predict the moment-curvature behavior
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of a beam strengthened with a mechanically fastened FRP strip. The model needed to

include the effect on the behavior of the individual connection strength, insufficient
fasteners in the shear span, and the distance of and spacing of the last set of fasteners
from the support in a simply supported beam.

It was another objective to develop an analytical model to predict the load-
deflection behavior in order to compare the analytical model to experimental results,
since typically deflections, not curvatures are measured in experimental tests. It was
desired to develop this model using mechanistic models and not a curve fit to limited
experimental data. The next objective was to automate the analytical model with a
computer program. It was a goal to compare the analytical predictions with the
experimental results to gain further insight to the factors affecting the behavior of a beam

strengthened with the fastened method.

2.5  Scope of this Study

The purpose of this research was to investigate and understand the material
components involved in the method, and to understand how the system was to be
constructed, rather than an exhaustive examination of all factors and issues related to the
development of a method of flexurally strengthening reinforced concrete beams with
mechanically fastened fiber reinforced polymer (FRP) strips.

This study focused on simply supported rectangular reinforced concrete beams
loaded in four-point loading. The beams considered were all adequately reinforced in
shear such that the failure mode of the strengthened beam would not switch from flexural

to shear when strengthened in flexure. Small scale and large-scale reinforced concrete
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beams were tested as part of this study. Results from large T beam tests, which were

conducted elsewhere, were compared to the analytical model developed in this study.

Factors specifically excluded from this study were the strengthening of
prestressed beams, either post-tensioned or pre-tensioned, or beams without any cover
concrete. These beams were excluded to reduce the number of parameters to be
examined, and because the effect of a power driven fastener striking a rebar or tensioned
prestressing cable is unknown.

Beams under load when the strengthening system is applied, and beams loaded in
a scheme other than four-point loading were also excluded in an attempt to reduce the
number of parameters to be examined in this research study. Four-point bending was
chosen because it is a common loading scheme, and provides a region of constant
moment.

It was thought that severe spalling would occur in beams under a load other than
self-weight, or rebar rupture could occur if a power actuated fastener were to strike the
bar. Only flexurally strengthening of reinforced concrete beams was studied.
Strengthening of a beam for shear or compression was excluded from this study, as was
the strengthening of steel or wood beams.

Fatigue, cyclic, and dynamic loading was also excluded from this study. These
factors will be investigated in future work, following this study in which the method of
flexurally strengthening reinforced concrete beams with mechanically fastened FRP
strips was developed and better understood in static loading. Environmental durability

was also not studied in this research for the same reasons.
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3.0 LITERATURE REVIEW

In recent years there has been an increase in the use of lightweight, nonmetallic
fiber reinforced composite materials to strengthen, repair, and retrofit concrete structures
(Emmons et al. 1998a). A structural member is strengthened when the strength or
stiffness of the existing member is insufficient, whether from increased traffic loads or
errors in construction or in the initial detailing have made the member strength less than
expected. A common strengthening method currently used is to adhesively bond strips or
“plates” of thin FRP laminates to the surface of concrete beams or slabs in order to repair

them or to increase their capacity.

3.1  Materials and Construction

The materials used in the conventional bonded method are typically structural
adhesives and FRP laminates. An alternative to bonding preformed FRP laminates is to
use dry fiber reinforcements in a structural adhesive, creating an FRP laminate directly on

the surface of the beam.

3.1.1 Pultruded Fiber Reinforced Polymer Strips

The FRP strips used to externally strengthen reinforced concrete members are
manufactured by the pultrusion process. Pultrusion is used to manufacture components
of a constant cross-sectional shape, such as rods, tubes, I-beams, and plates. With this
technique, continuous fiber rovings or tows are first soaked with a thermosetting resin
bath. A roving is a loose bundle of continuous glass filaments that are drawn together as

parallel strands. A tow is similar to a roving, only with carbon filaments. A
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thermosetting resin is a liquid polymer that sets upon heating. Once the rovings or tows

are passed through the resin bath, they pass through a fiber guide, which locates the fibers
in the pultruded shape. The location of the reinforcement within the FRP is critical
(Smith et al. 1998). The fibers then pass through a curing die, which imparts the shape
and is heated to initiate curing of the resin matrix. Figure 3-1 shows the fibers entering
the resin bath from the left, and the wet out fibers leaving the resin bath and entering the
die on the right. A device pulls the final shape through the die and can be adjusted to
change the pultrusion speed. Figure 3-2 shows an FRP strip exiting the die. The dry
fibers can be seen entering the resin bath from the right. Principal reinforcements are
normally added in concentrations between 40 and 70 percent by volume (Callister 1997).

The pultrusion process is described in detail by Meyer (1985) and Hollaway (1989).

ath

Figure 3-1: The fibers are entering the resin bath from the
left, and leave from the right to enter the die.
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Figure 3-2: An FRP strip leaving the die on a
pultrusion line.

Reinforcing fibers are usually glass, carbon, or aramid, and the resins are usually
vinyl ester, polyester, or epoxy resins. Pultruded strips are economically competitive
with traditional steel strips because of their reduced weight and increased corrosion
resistance, and are ideal for strengthening purposes because of the ability to tailor the
longitudinal and transverse properties to a desired application. FRP materials are an
excellent choice for externally strengthening reinforced concrete beams because they are
linear elastic to failure with high ultimate strengths that are greater than the yield strength

of reinforcing steel.
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3.1.2 Connections in FRP

The primary ways to make connections in FRP materials are to adhesively bond
the pieces or to mechanically fasten them. While adhesively bonded joints minimize
stress concentrations, the adhesives used can be severely weakened by environmental
effects. Adhesively bonded joints also require significant surface preparation and their
integrity is difficult to verify by inspection. Mechanically fastened joints do not require
surface preparation and are relatively easy to inspect; however, they create unavoidable
stress concentrations. In civil engineering applications, bolted connections are practical
because they can be easily assembled and disassembled (Rosner and Rizkalla 1995).

There are typically four failure modes for mechanically fastened connections.
The first failure mode is a net-tension failure, which is characterized by a fracture across
the net section, perpendicular to the direction of loading. The second failure mode is
cleavage failure, which is characterized by a crack parallel to the applied load that starts
at the edge of the composite and propagates toward the bolthole, leading to the initiation
of other cracks across the net section due to the formation of in plane stresses. Cleavage
failure is also called block shear. The third failure mode of bearing failure is
characterized by crushing of the material around the bolt contact area. Following bearing
failure, a fourth failure mode called shear out failure is often observed. The four failure

modes of mechanically fastened connections in FRP are shown in Figure 3-3.
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Net-Tension  Cleavage Bearing Shear-Out

Figure 3-3: The four typical failure modes of mechanically fastened
connections in FRP.

For mechanically fastened FRP materials, a bearing failure can be achieved if the
strength in the transverse direction is adequate. Rosner and Rizkalla (1995) have shown
that increasing the width-to-hole-diameter ratio up to a limiting value of 5 can increase
the bearing strength. They recommend a minimum ratio of 5. Other authors also have
recommended a minimum width-to-hole-diameter ratio of 5 (Godwin and Matthews
1980). A connection with a threaded portion of a bolt bearing on the FRP material has
been found to have a substantially lower capacity than a connection with a smooth
portion of a bolt bearing on the material (Erki 1995). In a study of connections in
composite materials for aircraft, Hart-Smith (1978) notes “the performance of mechanical
joints in fibrous composites is sensitive to such things as fiber stacking sequences,

bunching or dispersing of parallel plies, and resin content.”
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It has also been shown that the bearing strength of FRP materials can be increased

by the application of a clamping pressure (Stockdale and Matthews 1976, Abd-El-Naby
and Hollaway 1993a). The experimental results of bolted joints in glass FRP with two
bolts have shown that the load distribution between the two bolts tends to approach
uniformity near failure (Abd-EI-Naby and Hollaway 1993b). In connections with
multiple fasteners, the achievement of full load redistribution between the fasteners is
possible in cases where bearing failure develops. Hassan et al. (1997) have shown that

the load-deformation curves for all types of connections in FRP are linear up to failure.

3.1.3 Environmental Degradation of FRP Materials

FRP materials are affected by a variety of environmental conditions such as
temperature, moisture, and chemicals. Environmental effects are important to consider
with any construction material. An overview of the environmental factors that affect FRP
materials can be found in Bank et al. (1997). Glass fibers are the most commonly used
fibers in pultruded FRP materials, and glass fibers are known to degrade in the presence
of water, acidic, and alkaline solutions (Doremus 1994). Degradation of glass fibers is
the most severe in the presence of an alkaline solution, and the pore solution of concrete
is highly alkaline and will degrade glass fibers in contact with it (Neville 1997). Bledzki
et al. (1985) has shown that acidic environments clearly adversely affect the fatigue
properties of glass fiber reinforced polymers.

Aramid (often referred to by the Dupont trademark name as Kevlar) fibers are
another choice for fiber reinforcement in polymer matrices, but FRP reinforced with

aramid fibers suffers from material property degradation when exposed to moisture.
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Results by Allred (1981) have indicated that degradation from thermal and moisture

effects in aramid-reinforced polymers can be extensive (Allred 1981a). This study
showed that moisture at room temperature reduced strength considerable, and that highly
stressed aramid FRP materials should be limited to temperatures under 120 degrees
Celsius (248 degrees Fahrenheit). It has been shown that the delamination failures
increase with moisture in Kevlar laminates, which suggests that moisture degrades the
interfacial region around the fibers, thereby promoting delamination (Allred 1981b).
Doxsee et al. (1991) have shown that treating the fiber surface can increase the inter-
laminar strength for both dry and moist aramid reinforced laminates, reducing the
degradation effect of moisture. Aramid FRP materials embedded in portland cement
concrete have been shown to have “promising behavior with respect to the corrosive
environment” of the alkaline pore solution (Nanni et al. 1992).

Graphite (carbon) fibers are a popular choice for fiber reinforcements because
carbon FRP materials do not show much degradation when exposed to moisture and
typical outdoor temperatures. Haque et al. (1991) have shown that the degradation in the
strength at temperatures below 100 degrees Celsius (212 degrees Fahrenheit) is
negligible, and that moisture degradation is less severe than temperature degradation.
Other researchers have supported this with experiments showing that carbon/epoxy
composites at 50 degrees Celsius (106 degrees Fahrenheit) and at 95 percent relative
humidity show almost no degradation in mechanical properties (Birger et al. 1989).

The three most popular polymers resins for pultruded FRP materials are
vinylester, polyester, and epoxy. A summary of effects of moisture on epoxy resins with

carbon fibers is given by Wright (1981). Some research shows that moisture diffusion
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into a matrix material may potentially reduce residual stresses in the FRP material (Wolff

1993). Vinylester resins show a better resistance to alkaline environments than polyester
resins in general (Anderson et al. 1994).

Degradation of the matrix material due to UV radiation is the primary concern
when FRP materials are intended for outdoor use. UV radiation from sunlight effects the
top few micrometers of the surface of the material, and this degradation can be reduced
by adding a stabilizer to the polymer to reduce the radiation sensitivity (Delre and Miller
1988). The FRP parts can be made slightly larger than needed, with a sacrificial layer at
the surface that will degrade from UV radiation but will not reduce the intended strength
of the FRP part.

A concern for FRP materials that contain carbon and are connected by steel bolts
is galvanic corrosion. A galvanic cell is created when two dissimilar conductive
materials are in direct contact through a conductive solution. A carbon fiber reinforced
polymer material in contact with steel, such as a bolt, that becomes a galvanic cell will
generate hydroxyl ions (OH") and perhydroxyl ions (HOQO") at the carbon fiber as a result
of the oxygen reduction reaction (Alias and Brown 1992). The perhydroxyl ions have
been shown to attack any ester bonds present in the polymer matrix (Sloan and Talbot
1992). The increased concentration of hydroxyl ions in the composite may diffuse to a
location near any glass fibers, if present, and initiate an attack on the glass. Using an
epoxy can reduce the degradation of the matrix, as epoxies do not contain the ester bonds

that are present in a vinylester or polyester matrix.
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3.1.4 FRP Bond to Concrete

When FRP materials are bonded to a concrete substrate, the behavior of the
overall structure depends on the combined action of the entire system. The failure mode
of the overall structure is highly dependant on the integrity of the bond and the interfaces
between the dissimilar materials. Quality of the cohesive bond between the adhesive and
the concrete and the adhesive and the FRP strip is typically provided by the use of an
appropriate structural adhesive and the proper preparation of the concrete and FRP
surfaces.

Care must be taken to choose an adhesive that will match the concrete and the
FRP strip elastic moduli and coefficients of thermal expansion. An interlayer such as a
putty, paste, or filler, which is softer and more compliant than the adhesive and concrete,
should be provided to reduce the stresses from crack propagation and fracture (Karbhari
2001). In evaluating bond properties, testing methods typically use many small tests as
opposed to a few larger tests. It has been shown that specimen size has an effect on the
strength of an FRP strip bonded to concrete, and this should be considered when
determining the method of testing bond (Minoru et al. 2001). Chajes et al (1996) studied
the mechanism of bond between FRP strips and concrete, and observed either direct
concrete shearing beneath the concrete surface or cohesive failure. Test results showed
that the surface preparation of the concrete influences bond strength, and that if shear
failure in the concrete occurs, the ultimate bond strength is proportional to the square root
of the concrete compressive strength. This leads to the conclusion that the condition and
quality of the concrete substrate contribute to the bond strength between FRP strips and

concrete.
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3.1.5 Post-Installed Fasteners in Concrete

Fasteners that are typically used for structural purposes in concrete can be divided
into two main categories: cast in-situ anchor bolts or post-installed anchor bolts. Cast in-
situ anchors are fastened to the formwork and cast into the concrete. A common example
is a steel plate with welded-on anchor bolts, the threaded end of the bolt protruding from
the concrete surface. Post-installed anchors can be fastened in almost any position
desired in the hardened concrete by installing them in a hole drilled after the concrete is
cured.

The tensile capacity of post-installed anchors is governed by the anchor steel, by
pullout or pull through of the anchor, by failure of the concrete along a roughly conical
failure surface, or if the edge distance is small, by local bursting around the anchor head
(Fuchs et al. 1995). Pullout or pull through failure is failure by sliding out of the
fastening device or parts of it from the concrete, without breaking out a fairly substantial
portion of the surrounding concrete. Ductile tensile failures occur when the fastening
device or system fastened to the concrete fails before any breakout of concrete occurs,
while brittle tensile failures occur by concrete breakout or splitting of the structural
concrete member before yielding of the anchor (Klingner and Mendonca 1982).

Idealized load-deformation curves for fasteners under tension load are shown in Figure

3.4.
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Figure 3-4: Idealized load-deformation curves for fasteners under tension load
(adapted from Fuchs et al. 1995).

Shear capacity of anchors is governed by steel failure, pullout failure, bursting of
the concrete near edges, or pryout concrete failures in anchors away from the edges of the
concrete member. Steel failure is often preceded by a local concrete spall in front of the
anchor, and will only be observed for fasteners sufficiently far away from the edges of
the concrete member. Pullout failure may only occur if the ratio of anchorage depth to
the anchor diameter is very small and the tensile capacity is very low. A brittle failure
will occur for fasteners located close to member edges and cannot be avoided by
increasing anchorage depth. Concrete pryout failure occurs for fasteners located far away

from the edge. The critical factors for concrete pryout failure depend on the anchor
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strength, concrete strength, and the number and spacing of fasteners (Fuchs et al. 1995).

Klingner et al. (1982) showed that by using special hairpins in the reinforcing details it is
possible to allow an anchor bolt to develop its full shear strength even when placed at less
than the minimum critical edge distance.

If fastener failure occurs by anchor steel fracture and the anchors have a large
elongation at fracture, a plastic design method may be used to compute the capacity of
multiple anchor connections loaded in tension, shear, or a combination of tension and
shear (Lotze and Klingner 1997). The elastic design approach of multiple anchor
connections gives conservative results in these cases. However, failure by ductile
yielding followed by steel fracture of the steel anchor shank do not automatically
guarantee ductile behavior of the connection. Low steel strength, small anchor diameters,
and high strength concrete can all lead to small deformation capacities and non-ductile
anchor behavior (Lotze et al. 2001).

In a recent study by Gross et al. (2001) it was shown that for most anchors, the
concrete cone breakout capacity was increased by 12 — 20 percent for quick, dynamic
loading. For multiple anchor loadings, the capacity of the anchor closest to the load was
increased the same amount, but the capacity of the anchor farthest from the load was
unchanged for dynamic loading (Rodriguez et al. 2001).

It is known that the presence of cracks can substantially reduce the concrete
capacity of fasteners. Many concrete structures are designed under the assumption that
the concrete is cracked due to external loads, and the location of the tension zone in
continuous beams or slabs subjected to bending can be rather large if all possible loading

cases are considered. It has also been shown by Eligehausen and Balogh (1995) that
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fasteners placed in a reinforced concrete member may effect the tensile stress distribution

in the member so that the fastener actually attracts or induces cracks precipitated by
subsequent external loads, and so in general the design of fastenings should be based on
the assumption that the concrete is cracked. Fasteners suitable for use in cracked
concrete show a reduction of anchor stiffness and of concrete failure load of 25 to 35
percent compared to the value in uncracked concrete (Eligehausen and Balogh 1995). It
should be noted that torque controlled expansion anchors designed for use in uncracked
concrete may behave poorly in cracked concrete because of the large reduction in

expansion force caused by a crack opening.

3.1.6 Power Driven Fasteners in Concrete

Power driven fasteners are defined by ICBO (1998) as fasteners driven by “a
system that uses explosive powder, gas combustion, compressed air, or other gas to
embed the fastener into base materials.” The system is completely portable and requires
no electrical power. Power driven fasteners are typically used for secondary systems,
such as installing hangers for sprinkler risers or air conditioning ductwork (Hilti 2001).
Powder driven fastening systems are power driven fastening systems that use a
gunpowder charge to embed the fastener into the base material. The greatest advantage
of power actuated fastening systems is its low in-place fastening cost, attributable mainly
to the speed of fastening: a half a minute or less per fastenings (Baldwin 1978).

There are two types of power-actuated tools: direct acting and indirect acting. In

direct acting tools, the expanding gasses of the igniting power load directly propel the
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fastener down the barrel of the tool and into the concrete. In indirect acting tools,

expanding gasses propel a captive piston that drives the fastener into the concrete.

The primary mode of operation of power-actuated fasteners in concrete is that the
fastener compresses concrete as material is displaced as the material is penetrated. When
the fastener is installed in the concrete, the surface of the fastener becomes deformed and
generates friction with the surrounding material. The heat generated in this process
causes sintering that creates a bond between the concrete and fastener (CEB 1994). The
compressed concrete around the fastener and the sintering are the two factors that give
the fastener its holding capacity.

The action of the fastener penetrating the concrete may cause localized shear
failure at the surface. Some researchers believe that shallow spalling is a surface effect
that does not influence the holding power of the fastener (Baldwin 1978). When the
appearance of spalling is objectionable, the fastener may be driven through large washers
to hide spalling, or a spall-reducing adapter can be used.

The most pertinent ASTM testing procedure for powder actuated fasteners is
ASTM E1190 “Standard Test Methods for Strength of Power-Actuated Fasteners
Installed in Structural Members.” This standard is primarily for anchors that have a
threaded top, so that a pulling fixture or shear plate can be placed over the fastener and
secured with a washer and a nut. ACI Committee 355 recently released a draft of a new
standard, ACI 355.2 “Evaluating the Performance of Post-Installed Mechanical Anchors
in Concrete.” This standard applies to post installed anchors that are placed into pre-
drilled holes and anchored by mechanical means, such as expansion anchors. ICBO AC

70 “Acceptance Criteria for Power-Driven Fasteners in Concrete, Steel, and Masonry
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Elements” gives terminology, fastener spacing, base member criteria, and load

interpretations for power driven fasteners, but does not provide a method for conducting
the load test.

In a recent research study, Choi et al. (1999) used large powder-driven nails to
transfer shear forces across the interface between new and existing concrete. The
researchers drove 120 mm (4.72 in.) long, 10 mm (0.4 in.) diameter high strength steel
nails into predrilled holes in existing concrete slabs. A concrete overlay was poured onto
the existing slab with portions of the nails protruding from the existing slab. The overlay
was then loaded in shear while the existing slab was held fixed. Test results indicated
that the large powder actuated nails enhanced the bond and shear transfer between the old

concrete and the new concrete overlay.

3.2  Strengthening by Steel Strip Bonding

With the invention and refinement of epoxy adhesives, the plate bonding
technique was introduced in the late 1960s as a new repair and strengthening technique
(Fleming and King 1967, lino and Otokawa 1982, Van Gemert and Maesschalck 1983).
Previous strengthening techniques primarily consisted of section enlargement, which
considerably reduced room height or clearance underneath bridges. The bonding of steel
plates to concrete has been used in compression and shear zones as well as in the tensile
zone. It has been shown that adhesively bonded steel plates in the tensile zone can
increase the ultimate flexural capacity of a reinforced concrete beam by 10 to 15 %, can
reduce the steel reinforcing bar strains, and can increase the flexural stiffness (Swamy et

al. 1987). The restraining effect of the epoxy on first cracking was seen even in cases
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when adhesive alone was present without plates (Jones et al. 1980). As a result of the

reduced overall deflections, service loads were significantly increased.

In most cases, experimental studies have been conducted on strengthened beams
that were not loaded before attaching the steel strip. In one study of the strengthening of
pre-cracked beams, the beams were loaded up to 70 % of their ultimate flexural strength,
and then either strengthened while under this load, or the load was released prior to
strengthening (Swamy et al. 1989). It is important to note that in this reported study the
tensile steel did not reach its yield stress during this initial loading. In most strengthening
scenarios the live load is removed from a structure before the structure is strengthened.
The plating of the pre-cracked beams in this study was shown to be structurally efficient
and the strengthened beams showed improved stiffness and strength over the uncracked
beams, even in the case of the beams strengthened while under load. In a more recent
study, pre-cracked beams that were initially loaded to 85 % of their ultimate flexural
strength were repaired effectively by the steel plate bonding technique (Hussain et al.
1995). The initial loading of 85 % was after the yielding of the tensile steel. In both of
these studies of pre-cracked beams, it was noted that by increasing the thickness of the
bonded plate the failure mode changed from that of pure flexure to plate delamination.

The effect of end anchorages on the behavior of adhesively bonded steel plates
has been unclear. Some research has shown that plate separation occurs because of
peeling stresses at the ends of the plates, which reduces the ultimate strength if anchorage
at the end is not provided (Jones et al. 1988). Mohamed Ali et al. (2001) remarked that
the peeling mechanism at the ends of “adhesively bonded steel plates is rapid and is

always caused by the formation of critical diagonal shear cracks.” Other research shows
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that while end anchorage improves ductility, it has no overall effect on the ultimate load

capacity (Hussain et al. 1995). A more effective means than anchor bolts of anchoring
the ends of the plates is to use bonded, angled sections that extend beneath and partway
up the sides of the beams (Roberts and Haji-Kazemi 1989). This technique appears to
increase both the strength and ductility of the strengthened beam. It should be noted that
whether or not end anchorages are required for strength, some form of mechanical
anchorage should be provided to prevent the steel plate from injuring people or property

in the event of failure in the adhesive layer.

3.3  Strengthening by FRP Strip Bonding

The conventional method used to strengthen concrete beams with composite strips
is similar to the method that has been used to strengthen concrete beams with steel plates.
Steel plates suffer from an inherent durability problem when exposed to moisture. Fire
damage can weaken the epoxy layer attaching a steel plate to the underside of a concrete
beam, causing the heavy steel plate to fall. FRP systems offer several advantages over
steel systems, such as excellent corrosion resistance and a low weight coupled with high
stiffness and strength. Carbon fiber composites also possess a very low linear thermal
coefficient of expansion in the fiber direction, which makes these composites ideal for
use with concrete (Meier 1992).

The failure mechanisms of reinforced concrete beams strengthened with FRP
strips are detailed in the paper by Buyukozturk and Hearing (1998). The six failure
modes explained are:

1. FRP rupture after the tensile steel has yielded.
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2. Concrete compression failure.

3. Shear failure.
4. Debonding of the cover concrete along the layer of tensile rebar.
5. Delamination of the FRP strip from the end due to peeling.

6. Delamination of the FRP strip from the interior due to a crack.

3.3.1 FRP - Concrete Bonding Procedure

In one method currently used, the composite strip is adhesively bonded to the
concrete surface with a room-temperature curing, two-part epoxy adhesive (Sika 1999).
This procedure is time consuming, as it takes substantial time to clean and smooth the
concrete surface, which may require sandblasting, to make it suitable for bonding. In
some cases, a hand grinder must be used before sandblasting, and in some cases a
vacuum pressure must be maintained over the surface of the FRP for six hours in order to
properly cure the adhesive (Stallings et al. 2000). In addition, the two part epoxy system
must be mixed in a precisely controlled fashion and must be applied in a labor intensive
manner to produce a good bond line. Following the application of the adhesive, the strip
must be clamped in place while the adhesive cures. Other available systems apply the
epoxy resin system simultaneously to preformed fiber fabrics and the concrete surface.
These systems encounter the same difficulties with concrete surface preparation and post
curing (Emmons et al. 1998b).

The bond between the composite strip and the concrete surface depends mainly on
the quality of the surface preparation and the quality of the concrete substrate itself

(Chajes et al. 1996, Bizindavyi and Neale 1999). It has been standard procedure in
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almost all strip-bonding techniques to prepare the concrete surface for bonding by

mechanically abrading or sandblasting followed by the application of a primer. New
research has shown that a concrete surface that is roughened by chiseling may be better
than a surface that is prepared using the standard procedure of sandblasting (De Lorenzis
et al. 2001). The FRP strips are usually abraded with fine grit sandpaper prior to

bonding.

3.3.2 Behavior of Beams Flexurally Strengthened with Bonded FRP Sheets

Beams flexurally strengthened with conventionally bonded FRP sheets exhibit
increased strength and stiffness. Significant improvements in ultimate load capacity, and
to a lesser extent, flexural stiffness are seen in many research studies. An overview of
twenty-three different studies showed that one third of the strengthened beams showed
strength increases of 50 percent or more along with considerable increases in stiffness
(Bonacci and Maalej 2001).

Most studies have investigated strengthened beams which have not been pre-
cracked by initial loading. The behavior of a strengthened pre cracked section is not
significantly different from that of a strengthened virgin specimen (Arduini and Nanni
1997, Rahimi and Hutchinson 2001). The beams in these studies were pre cracked with
an initial loading of 30 to 70 percent of the ultimate capacity of the member, below the
yielding of the tensile steel. At higher load levels, the crack patterns in beams with
externally bonded FRP strips have exhibited a shift from several widely spaced large

cracks to many smaller cracks at a much closer spacing (Richie et al. 1991, Fanning and
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Kelly 2001). This shifted crack pattern is desirable for serviceability purposes, as smaller

cracks make the beam less susceptible to corrosive solution ingress.

The main problem with flexurally strengthening beams with FRP strips has been
failures in the attachment: failure within the adhesive layer, failure of the bond between
the concrete and adhesive, and failure within the concrete cover. Debonding failures
cause the FRP strip to detach suddenly and explosively from the concrete surface.
Failure in the adhesive layer can be prevented by the selection and proper use of an
adequate structural epoxy. The majority of delamination failures occur from problems in
the bond between the concrete and adhesive. In one research study it was shown that the
bond performance improved when the concrete surface was chiseled, the notches seeming
to anchor the strip to the concrete (De Lorenzis et al. 2001).

It has been well established that bonding FRP strips to beams without
consideration of the complex stresses at the ends may cause the failure mode of the beam
to switch from a ductile flexural failure to a sudden and explosive delamination failure.
Cases have been reported where the delamination has initiated in the midspan region and
progressed outward toward the supports (Bonacci and Maalej 2000). Sebastian (2001)
provides a preliminary analysis of midspan delamination and observes from experiment
that the use of thin plates in the presence of large shear span loading encourages midspan
delamination as opposed to end peeling delamination.

Delamination failures were the prevalent mode of failure in the study by Bonacci
and Maalej (2001). Thicker strips provide a larger area of FRP and can provide greater
amounts of strengthening. As the thickness of a strip is increased, the peeling stresses at

the strip end increase as a result of moving the tensile force resultant farther from the
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bottom surface of the concrete beam. These peeling stresses tend to pull the end of the

strip away from the beam, causing a delamination failure. It has also been seen that the
smaller the length the sheet is extended into the shear span of a beam loaded in three or
four point bending, the more likely the strip is to peel off. This phenomenon is attributed
to a high strain gradient in the adhesive layer in the shear span by some researchers
(Fanning and Kelly 2001). Other researchers believe that the cause of this peeling is a
high shear force to bending moment ratio (Garden and Hollaway 1998). End
delamination failures have been shown to be favored by large member depth, small
adhesive thickness, low plate stiffness, and small contact area between the strip and the
adhesive (Leung 2001, Oehlers and Moran 1990).

Many researchers have found that adding anchorages at the ends of the strips can
prevent brittle strip delamination failure. The majority of these strip end anchorages are
either large anchor bolts epoxied into a drilled hole or large bolts placed with a
mechanical expansion system that holds the bolt in a drilled hole. These holes are drilled
through the FRP strip, and the bolts are employed with large washers or cover plates to
keep the strip from peeling away from the concrete surface. External anchorages
constructed from FRP or steel placed over the longitudinal strip, wrapped up the sides of
the beam, and bonded in place have also been successfully employed to prevent strip
peeling (Spadea et al. 1998). Grace (2001) successfully reduced strip delamination by
using an interlocking-anchorage system consisting of carbon fiber fabrics bonded to the
concrete surface underneath the adhesively bonded FRP strip. Many researchers have
gone to great lengths to prevent sudden delamination failures in bonded strengthening

systems because these failure modes are more unpredictable than other potential failure
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modes such as strip rupture or compressive failure in the concrete. Some researchers

believe that suitably designed end anchorages enable more ductile failures of
strengthened beams (Spadea et al. 2001).

Delamination failures may also be initiated by flexural cracks in the center of the
span near the region of maximum moment. In beams loaded in three or four point
bending, the larges flexural cracks tend to occur just outside the loading points, where
peaks in moment and shear occur. Where as delamination failures initiated by improper
end anchorage propagate from the end of the strip inwards, delamination failures initiated
by flexural cracks propagate from the interior of the strip to the end. When flexural
cracks begin to open, they create a local bending of the strip, causing the strip to exert a
vertical tensile force on the adjacent adhesive and concrete to one side of the inclined
crack. A schematic of an open flexural crack and an adhesively bonded FRP strip is
shown in Figure 3-5. Assuming an adequate structural adhesive is used to prevent failure
in the adhesive layer or the concrete-adhesive or FRP-adhesive interface, the vertical
force fractures a thin layer of concrete along a roughly horizontal plane (Sebastian 2001).
This horizontal fracture suddenly runs the entire length of the bonded strip, delaminating
the plate from the beam. Sometimes the energy released from the delamination is

sufficient to dislodge wedges of concrete bounded by cracks (Sebastian 2001).
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Figure 3-5: Schematic of an open flexural crack and
an adhesively bonded FRP strip.

3.3.3 Analytical Modeling of Beams Flexurally Strengthened with Bonded Sheets
The moment-curvature relationship for a reinforced concrete section subjected to
flexural load can be derived assuming that plane sections before bending remain plane
after bending and that the stress-strain curves for concrete and steel are known. The
curvatures and corresponding bending moments may be determined using these
assumptions and from the requirements of strain compatibility and equilibrium of forces
(Carreira and Chu 1986, Park and Paulay 1975, Wang and Salmon 1998). Trisegmental
moment-curvature relationships include pre cracked, pre yield, and post yield behavior,
while bisegmental moment-curvature relationships include only the pre yield and post
yield behavior. Trisegmental relationships predict the actual behavior of reinforced
concrete beams better than bilinear relationships, which tend to overestimate
deformations. In some comparisons between moment-curvature theory and experimental
data, the overestimation was between 10 to 100 percent (Rao and Subrahmanyam 1973).

Panagiotakos and Fardis (2001) have recently shown that for reinforced concrete
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members that “the scatter of the prediction of curvature at yielding is acceptable, but that

associated with ultimate curvatures is very large.” Experimental evidence and rigorous
theoretical analysis indicate that the bending stiffness up to failure of reinforced concrete
beams with adhesively bonded steel plates is very close to that based on fully composite
action (Roberts 1989).

The addition of a composite strip bonded to the tension side of a reinforced
concrete beam can be included in the development of the moment-curvature relationship
by adding another tensile force, similar to adding a second layer of tensile reinforcing
steel (An et al. 1991). This simple addition of an additional tensile force assumes there is
no bond slip between the concrete surface and the FRP strip, and does not model strip
delamination of any kind. Test results have confirmed that in most cases using the
assumption of no bond slip between the externally bonded FRP strip and the concrete is
satisfactory. The addition of a composite strip modifies the analytical predictions by
increasing the stiffness, yield moment, ultimate moment, and reducing the curvature at
failure, relative to an unstrengthened beam.

In most of the approximate procedures for computing deflections in uncracked
sections under service loads, linear elastic stress-strain diagrams for concrete in tension
and compression are assumed. For cracked sections under service loads, the tensile
strength of concrete is typically ignored; however, in a cracked reinforced concrete
flexural member, the concrete between the tensile cracks assists the steel, through the
remaining bond, in carrying tensile load (Hegemier et al. 1985). Thus the stiffness of the
cracked reinforced concrete section is higher than that calculated using just the

reinforcing bars acting in tension. This phenomenon is called tension stiffening.
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Razagpur et al. (2000) presents a rational method for calculating deflections for

concrete beams reinforced with glass FRP rebars. In this method, the moment-curvature
relationship for the cross section is developed in the same way as it is for a conventional
unstrengthened reinforced concrete section. Deflections are then calculated by the
method of virtual work, using either the uncracked or cracked moment of inertia. This
method can be applied to any load and boundary conditions, and explicit expressions are
derived for several common loading cases in the reference. The authors found that in
concrete beams reinforced with the glass FRP rebars the movement of the neutral axis
after cracking was relatively small, leading to the use of a simpler semi-empirical
expression for computing deflections.

Since the ductile flexural failure of the original beam maybe changed to a sudden
brittle failure of the strengthened beam if end-peeling delamination occurs, end-peeling
delamination has been the focus of a large amount of recent research. It has been
established that the shear and normal stiffness of the adhesive, axial stiffness of the strip,
and the distance of the support to the strip end all effect the stress concentrations that
develop at the strip end (Roberts 1989). The most significant factor which effects the
strip end peeling load is the distance of the strip end from the support. EI-Mihilmy and
Tedesco (2001) present an overview of analytical methods proposed by several authors to
calculate end peeling, and then recommend the use of a modified version of the analytical
method proposed by Roberts (1989). Terminating the strip as close to the support as
possible will minimize the amount of peeling stresses according to any of these analytical
models. If an adequate structural adhesive is chosen, the failure leading to delamination

occurs in the concrete, generally at a few millimeters below the concrete surface (Chen
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and Teng 2001). Finite element models such as the one presented by Arduini et al.

(1997) have been used with some success; however, they are very labor intensive and are

structure specific.

3.3.4 Semi-Empirical Deflection Predictions

The tension stiffening effect is often included into the global load-displacement
relationships of reinforced concrete beams, similar to the method developed by Branson
(1968), which was adopted by ACI and is still used today (ACI 318 1999). Cracked and
uncracked values of the moment of inertia, I, are easily calculated; however, since most
sections through a reinforced concrete beam are only partially cracked, transition values
are required between these two extreme limits in order to compute deflections. For
design purposes, ACI 318 allows the omission of deflection calculations for beams and
one-way reinforced concrete slabs that meet minimum thickness requirements. ACI 318
utilizes the I-effective method, which varies the moment of inertia of a member
depending on the maximum moment present in the member. Using the I-effective
method “under controlled laboratory conditions, there is approximately a 90 percent
chance that the deflections of a particular beam will be within the range of 20 percent less
to 30 percent more than the calculated value” (ACI 435 1972). The majority of the
models used to predict deflections use a modified moment of inertia, based on the
cracked and uncracked moments of inertia and factors derived from curve fitting
experimental data. The major drawback of this approach is that it requires an extensive

database be created for a specific structure under review.
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Many attempts have been made to develop improved formulas for the effective

moment of inertia. Models for predicting the deflection of unstrengthened reinforced
concrete beams vary from the recommending different exponents in the ACI 318 I-
effective equation, to developing an I-modified value based on the loading scheme of the
particular beam to be analyzed (Gangarao and Faza 1992), to the use of a block model
that requires an explicit bond-slip relationship (Aiello and Ombres 2000). For reinforced
concrete beams strengthened with FRP strips, the current ACI 318 I-effective formula
does not provide an accurate estimate for calculating deflections, and in light of this,
various authors have attempted to modify the I-effective equation to better fit the

available strengthened beam data (EI-Mihilmy and Tedesco 2000).



