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ABSTRACT

Fiber reinforced polymer (FRP) composites have been of interest to the structural engineering so-
ciety since the earliest days of FRP composites industry. The use of such systems has been imple-
mented in both new construction and for repair and rehabilitation of existing structures. Since the
1980s, researchers have developed a significant body of knowledge to use FRP composites in in-
frastructure applications; however, most of this established knowledge was concentrated on the use
of traditional epoxy (EP) systems (epoxy matrix FRPs and epoxy adhesives). FRP composites with
polyurethane (PU) matrices and adhesives have recently attracted the attention of a few researchers
due to their potential advantages in constructibility and mechanical properties. The deployment of
these systems is currently limited by a lack of knowledge on mechanical and durability perfor-
mance. The objective of this research is to quantify the mechanical behavior of PU composites
utilized in externally-bonded repair of common flexural and flexural-axial reinforced concrete sys-
tems. In addition, the mechanical performance, strength, and failure modes are compared directly
with an epoxy-based composite by subjecting reinforced concrete specimens utilizing each of the
matrix types (EP and PU) to the same protocols. The study presented therefore allows an objective
comparison (advantages and disadvantages) between the two composite system used for repair and
rehabilitation of concrete infrastructure. An experimental research program was designed with
different length scales. Small-scale experiments were utilized to characterize the component level
properties of the materials and bond to concrete, which include the flexural behavior as well as
the pure shear behavior. The results of these small scale experiments were used to calibrate ana-
lytical models of the interface behavior between FRP laminate and concrete, and paved the way
for the next level of the research which studied the behavior of each composite system at larger
scales. The large scale experiments included flexural retrofitting of reinforced concrete girders

and retrofitting of circular columns using FRP laminates. The large-scale experimental specimens
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were mechanically damaged prior to FRP repair and testing, making the testing more appropriate

compared to common practice of repairing undamaged specimens.
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CHAPTER 1: INTRODUCTION

1.1 Background

Fiber-reinforced polymer (FRP) composites have been used for decades in aerospace and man-
ufacturing applications where low weight, high tensile strength, and corrosion resistance are de-
sirable properties. FRP composite materials have also received considerable attention from re-
searchers, structural engineers, and contractors for use in structural strengthening and repair appli-
cations around the world. High strength-to-weight ratios combined with superior environmental
durability have made FRP composites a competitive alternative to the conventional strengthening
methods using materials such as steel and concrete. In particular for many civil engineering re-
pair applications, carbon fiber-reinforced polymers (CFRP) have proven to be extremely effective
as externally-bonded reinforcement. Investigations on externally-bonded flexural strengthening
started in the late 1980s. It was shown through numerous experimental and analytical studies that
externally-bonded FRP composites can be applied to improve and/or repair structural performance
criteria such as stiffness, load-carrying capacity, ductility, and even durability of various structural
members including columns, beams, slabs, and walls. Flexural strengthening projects for bridge

beams and slabs have been carried out in almost every state in the US [2].

Retrofitting applications can be classified into two types: (1) Strengthening: the structure’s original
design strength or ductility (typically displacement capacity) necessitates an increase due to new
applied loads (or displacements) for which the structure was not originally designed. The increase
may also be necessitated by the desire to make the structure compatible with existing building
codes, particularly in the case of seismic retrofitting. (2) Repair: the FRP composite is used to
retrofit an existing and deteriorating structure to bring its load-carrying capacity or ductility back

to the loads or displacements for which it was designed. Repair is necessitated by several factors



such as: deterioration due to environmental effects, damage of the structure while in service, or due
to construction or design errors. Fiber reinforced polymer (FRP) composites have become popular

in such retrofitting applications.

There are several advantages offered by FRP retrofitting over conventional strengthening methods
for existing reinforced concrete (RC) structures. The most attractive property of FRP materials
to structural engineers is that they are lightweight, so increases in superimposed dead loads on
structures due to this strengthening solution are negligible. Equally as important, FRP materials
are relatively easy to install with minimal invasive modifications to the existing structures, therefore

attracting architects and contractors to FRP solutions.

CFRP has proven to be extremely effective as externally-bonded reinforcement. Flexural strength-
ening projects for bridge beams and slabs have been carried out in almost every state in the US [2].
Investigations on externally-bonded flexural strengthening started in the late 1980s. FRP systems
have been used extensively in seismic zones for confinement of concrete columns and walls. A
number of FRP systems have been qualified for use for wrapping circular and rectangular bridge
columns. The majority of structural deficiencies in existing concrete columns can be attributed to
lack of transverse reinforcement. This is especially true for columns in seismically active regions,
designed prior to the enactment of modern seismic codes. The FRP wrap method also protects
the RC column from the flexural plastic hinge failure mode. Assuming continuous fibers are used,
the wrap helps prevent concrete spalling and provides lateral support to the steel longitudinal rein-
forcement. The uniform confinement, provided by the composite wrap, enhances both the strength

and ductility of the concrete.

FRP sheets and fabrics have been used in many other retrofitting applications as externally-bonded
FRP. Some of the common application areas for concrete are: flexural and shear retrofitting and

seismic repair of reinforced concrete beams, shear walls, slabs, tilt-ups, and submerged and un-



derwater piles. Masonry has also received considerable attention as a substrate suitable for FRP
repair with applications most commonly as flexural and shear strengthening of masonry parapets
and walls, and wall blast strengthening and protection. While metallic substrates are not typically
as well matched to the strength and stiffness of FRP, numerous retrofitting studies have been per-
formed with steel and aluminum substrates, including flexural and shear retrofitting of beams and
pipes (particularly when they have degraded due to environmental conditions or contain cracks),
flexural and shear retrofitting of columns, and repair of utility poles. Timber applications have also

been investigated, including retrofitting of beams, trusses, and timber piles.

At this point in time, design guidance is only available for FRP retrofitting of reinforced concrete
structures [3] and more recently for unreinforced masonry [4], particularly as applied to strength-
ening. Guidelines are also limited to FRP composites with epoxy matrices and epoxy adhesives

[5,6,7].

1.2 Motivation

The use of FRP composites for retrofitting of concrete structures has evolved in the late 1980s in
the US, Europe, and Japan at relatively the same time. Since then intensive research had been
invested in the topic and researchers have provided the structural engineering field with a lot of
knowledge for the use epoxy composite systems (epoxy matrices and epoxy adhesives) as the only
alternative. Epoxy has several advantages (listed in previous section); however, epoxy also has sev-
eral disadvantages. Polyurethane composites is a material that has been recently been introduced to
this field and has several advantages over epoxy. Table 1.1 shows a comparison between epoxy and
PU FRP composites and shows that PU can be a better option than epoxy, given that the PU FRP
composite materials are suitable for the same retrofitting applications. Moreover, polyurethane is

a unique material that offers the elasticity properties which allow the composite system to perform



Table 1.1: Epoxy Vs. PU FRP Composites

Epoxy FRP Composites

PU FRP Composites

Epoxy systems is most commonly in-
stalled as wet lay ups. The main disadvan-
tage of wet layups is quality control since
the matrices and adhesives are prepared in
the field and more importantly the impreg-
nation of the fibers is dependent on the in-
staller.

The PU composite materials are pre-
impregnated by the manufacturer. The
pre-impregnation ensures high saturation
levels of the matrices in the fibers produc-
ing higher quality and controlled laminate.
The pre-impregnated composite is deliv-
ered in sealed bags because curing is de-
pendent on moisture which is a catalyst
that can be isolated.

While curing, epoxy releases a large con-
centration of fumes that have been proven
to be harmful to the human health if in-
haled. These fumes also cause irritation to
the skin and eyes.

The only byproduct during the cure of PU
systems is COs.

Epoxy bond can be affected tremendously
by the environment in which substrate is
present. Most importantly, moisture plays
a detrimental role in epoxy bonding to
substrate.

Moisture is needed because H,O is the cat-
alyst for curing of PU matrices.

better than epoxy FRP composites for strengthening of structures in seismic regions and/or under

high cyclic loads, and in certain environmental such as wet conditions.

1.3 Scope and Objectives

It is believed that there is a misunderstanding in the code where the only variable that is considered
for FRP retrofit of structures is the strength of the polymer material and bond. The flexibility of the
material plays an even more important role in such applications. Polyurethanes’ flexibility gives
the FRP material an important role in energy dissipation during cyclic loading and even provides

better performance under static loads. This was proven in the first stage of experiments performed



in this research, which will be presented in later parts of this dissertation.

An experimental procedure to evaluate polyurethane (PU) FRP composites and highlight their ad-
vantages alongside the epoxy systems when used for retrofitting of existing structures is described
below, in Chapter 3. In order to evaluate the mechanical properties for the PU systems at the
component level, small scale experiments were performed. Based on the small scale experimental
program, analytical models are developed to predict the behavior of the material in large scale
retrofitting applications. This paved the way the way for the larger scale experiments to validate
findings from the analytical models. The larger scale experiments include wrapped columns and

reinforced girders.

At the end of the research, the PU FRP composites are evaluated, under the same testing conditions
with the epoxy composites, as an alternative for external retrofitting of common reinforced concrete
members. This research provides the structural engineering field with a much better understanding
of material properties that are overlooked. This research is first of a kind and will have the potential
to change the current design guides’ visions of polyurethane FRP composites as an alternative for

retrofitting.



CHAPTER 2: LITERATURE REVIEW

2.1 Fiber Reinforced Polymer Composite Materials

FRP materials are composites consisting of high-strength fibers encapsulated in a polymeric resin
to form a laminate. Fibers in FRP composite materials carry the load, while the resin protects the
fibers and keeps them in alignment. In addition to encapsulating the fibers, the resin can act as an
adhesive, in the case of epoxy wet layups, to bond the laminate to the concrete substrate. When
polyurethane resins are used, usually the fibers are pre-impregnated by the manufacturer which
allows the use of different types of adhesives to bond to the substrate. Commonly available fibers
are manufactured of carbon, glass, and aramid. The fibers are typically provided in a woven sheet

matrix, pre-cured laminates, or solid bars.

2.1.1 Reinforcing Fibers

The fiber phase of an FRP composite materials is made up of thousands of individual micrometer-
diameter filaments. The mechanical properties of the fibers are typically orders of magnitude
greater than those of the polymer resins that they reinforce. Since these fibers are filamentary
in nature, they must be impregnated with the matrix in order to realize their superior mechanical
properties. There are several kinds of fibers but the most commonly used are carbon, glass, and
aramid. In this research carbon fibers will be the main type to be used; however, during the com-
ponent testing a carbon-glass hybrid type of fabric was also tested when evaluating the different

types of fabric to be used in the larger scale experiments.



Table 2.1: Approximate Properties of Common Grades of Carbon Fibers

Grade of Car- | Density Ib/in® | Tensile Mod- | Tensile Max Elonga-
bon Fiber ulus (Msi) Strength tion (%)
(ksi)
Standard 0.061 36.3 537 1.2
High Strength | 0.065 36.3 696 1.4
High Modulus | 0.068 72.5 435 0.5
Ultra High | 0.076 116.0 348 0.2
Modulus

2.1.1.1 Carbon Fibers

Table 2.1 shows the mechanical properties of carbon fibers and their superiority over other types
of commonly used fibers such as glass. Durability studies have shown that carbon fibers perform
very well in hot and moist environments. They do not absorb moisture and they have a very low
coefficient of thermal expansion in their longitudinal direction giving them excellent dimensional
stability. They also have excellent fatigue life. Carbon fibers are electrically and thermally con-
ductive, which means that care must be taken when used to reinforce metals such as steel. A
galvanic cell can develop due to the electro-potential mismatch between the carbon fiber and the

metal substrate that could potentially lead to degradation [8].

2.1.1.2 Glass Fibers

Table 2.2 lists some mechanical properties of glass fibers and shows that glass fibers are inferior
to carbon fibers when it comes to strength properties. However, there are several advantages to
glass fibers. They are considered excellent thermal and electrical insulators, hence their extensive
use in buildings and the electric power industry as insulation materials and in reinforcing metallic

structures such as steel. They are most inexpensive of high performance fibers. Glass fibers are



Table 2.2: Approximate Properties of Common Grades of Glass Fibers

Grade of Car- | Density Ib/in® | Tensile Mod- | Tensile Max Elonga-
bon Fiber ulus (Msi) Strength tion (%)
(ksi)
E 0.093 10.5 493 2.5
A 0.089 10.6 400 2.5
C 0.089 10.7 340 2.5
S 0.089 12.8 667 3.0

particularly sensitive to moisture, especially in the presence of salts and elevated alkalinity, and
need to be well protected by the resin. Glass fibers are also susceptible to creep and rupture and

lose strength under sustained stresses [2].

2.1.2  Polymer Resins

These polymers include epoxy, polyurethane, unsaturated polyester, vinylester, phenolic and oth-
ers. Unsaturated polyester resins are widely used to make pultruded FRP profiles for use in struc-
tural engineering and is used to make some FRP rebar. When greater corrosion resistance is re-
quired, vinylester resins are generally used in manufacturing FRP rebar. Phenolic resins have not

been very widely used in FRP products due to the difficulty in reinforcing them [9].

2.1.2.1 Epoxy

Epoxy resins are the most commonly used resins although epoxy is considered costlier than other

polymer matrices. The main reasons why epoxy is the most used polymer matrix material are:

e High strength



Table 2.3: Generic Properties of Epoxy Resins

Density Tensile Tensile Poisson’s Coeficient | Cure
g/cm? Strength Modulus Ratio of Thermal | Shrinkage
(ksi) (ksi) Expansion | (%)
(10° in/in/
oF)
1.2-1.3 8-19 400-5950 0.2-0.33 28-44 1-5
e Low viscosity and low flow rates, which allow good wetting of fibers and prevent misalign-
ment of fibers during processing
e A Poisson’s ratio ranging between 0.2 and 0.33 which is similar to the values of steel and
concrete
e [ow shrink rates, which reduce the tendency of gaining large shear stresses of the bond
between epoxy and its reinforcement
e Available in many grades to meet specific property and processing requirements

In addition to the several disadvantages mentioned in table 1.1, epoxies have the highest cost and
a prolonged curing time. Table 2.3 shows the range of mechanical properties for the epoxy resins

[10].

2.1.2.2 Polyurethane

Polyurethane is a broad class of primarily thermosetting polymers with widely varying properties
when cured. A majority of applications of polyurethanes are in foams and plastic parts, and the
constituent materials can be tweaked to achieve hardness values appropriate for different industries.

Polyurethane is often inaccurately referred to as a collection of urethanes. However, polyurethane



does not contain ethyl carbamate (which is commonly called urethane). There is not a lot of
published work on polyurethane as a matrix for FRP composites. The majority of the polyurethane
studies have been made on thermosetting polyurethane composites fiber reinforced elastomeric
polyurethanes which do no exhibit mechanical performance suitable for infrastructure applications.
Polyurethanes can also be used as high performance adhesives, and have a number of advantages,

among which include:

e Cost effective
e Adjustable cure time using a catalyst (water)

e Small molecular size allows the adhesive to permeate substrates (such as concrete)

Some of the disadvantages include:

e Limited thermal stability due to molecular constituents
e Issues with hydrolytic stability

e During curing continuous rolling is required to prevent voids due to CO,

2.2 Polyurethane Matrix Composites

Setiadi et al. [11] concluded that a urethane matrix composite performed better, under the imposed
conditions, than of a polyester matrix composite. The researchers studied damage scenarios in-
duced onto FRP composites by static and cyclic loading. Two different types of polymeric matrices
were considered for the study: a thermosetting polyurethane and a modified polyester employing
a methyl ethyl ketone peroxide (MEKP) initiator. Test specimens per ASTM D 628-01 were re-

inforced with 5 layers of random oriented E-glass mat. The static loading tests showed that the
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urethane matrix composite had significantly higher ultimate strength, strain, and energy absorption
at failure than the polyester composite. However the urethane composite had lower tensile stiff-
ness. Fatigue testing was conducted at 0.3 Hz at a stress range of 0 to 50% of the ultimate stress
of each of the two specimen types. Results from fatigue testing lead the authors to believe that
both matrix types show an increase in strains with cycle number. However, it was observed that
the strain increases in the urethane composite were smaller than those observed in the polyester
composite. Furthermore, a decrease in elastic modulus was observed for both specimen types but
was less significant in the urethane composite. The urethane matrix composite also exhibited a
lower amount of matrix cracking at 1000 cycles. Moreover, cracks in the urethane matrix were

observed to originate from micro-voids caused by CO during cure.

Saenz et al. [12] completed a field project that focused on the repair of severely damaged un-
derwater bridge piles using the same polyurethane composite system. After two years of service,
direct tension bond pull-off tests revealed that the polyurethane system tended to exhibit inter-layer
failure. Such a failure indicates good bond to concrete but poor layer-to-layer adhesion. Further-
more, the ease in which the system could be used was noted. Mechanical testing to determine the

ultimate load-bearing capacity of strengthened piles was not completed.

Haber et al. [13] published the results on PU composite system performance and durability. The
PU system showed considerable consistency ductility, load bearing capacity, failure modes, and
post conditioning bond integrity. According to Haber, the governing mode of flexural failure was
de-bonding in the adhesive layer. Micro analysis on PU composite samples showed micro voids
forming during curing due to CO, release tend to propagate and connect under applied loads,

however these observations did not affect the mechanical behavior of the material.
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2.3 Polyurethane and Epoxy Adhesives

Polyurethane adhesives were developed in early 1960s. They are very versatile and adjustable
to meet design requirements. This is due to the chemistry of polyurethanes which is discussed
in details in the literature [14]. The key determining factors which influence the properties of
polyurethanes is that they are mainly built up via difunctional and trifunctional OH-terminated
molecues which react with di- or triisocyanates. This chain length and stiffness of the chain de-
termine the mechanical properties of the final polymer [14]. The structural stiffness of the cured
polyurethane is adjusted by adjusting the concentration of the trifunctional molecules which de-
termines the cross-link density [15]. In structural applications, a trifunctional groups must exist
to guarantee a covalent 3-dimensional network; otherwise the polymer would have thermoplastic
properties [15]. Polyurethanes become the adhesive of choice in many applications where the stiff-
ness and brittleness of epoxies may become detrimental in its application because of this inherent

flexibility of the polyurethane chain.

The reaction between a hardener and an epoxy resin or the reaction between the epoxy resins with
themselves create the properties of epoxy adhesives. Epoxy resins are a large class of polymers and
prepolymers containing glycidyl or oxirane groups [14]. The majority of epoxy resins are derived
from petroleum and are themselves the result of a reactive process involving epoxide units. Due
to the chemistry of the epoxy adhesive, the end product stiffness can be controlled; however, the

higher level of flexibility provided by the PU adhesives cannot be achieved in epoxies.

2.4 Current Design Methodology

The American Concrete Institute (ACI) Committee 440 produced design guidelines [3] for FRP

strengthening of reinforced concrete structures. Some of its key requirements include:
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1. Strengthening Limit - Prior to strengthening a concrete structure with FRP, the unstrength-
ened structure must have a reasonable level of existing load capacity in the event that the
proposed FRP retrofit is damaged by fire, vandalized, or negated by other causes. The cur-
rent strengthening limit requires that the existing structure have sufficient capacity to resist
service loads. ACI 440.2 [3] is based on the load and strength reduction factors of ACI 318
[16]. If the structure does not satisfy these criteria, then FRP strengthening is probably not
a viable option. It is the responsibility of the engineer of record to verify adherence to this

criteria prior to specifying FRP as a repair solution.

2. Environmental Exposure - Environmental conditions should be verified to determine whether
the FRP application could be damaged by exposure to detrimental factors such as ultraviolet
light, salt water, chemicals, high temperatures, high humidity, or freeze/thaw. ACI 440.2 [3]
provides FRP strength reduction factors depending on the application exposure conditions -
interior, exterior, or aggressive environmental exposures. A UV-resistant top coating can be

applied in an exterior application to extend the service life of the retrofit.

3. Failure Modes - Several failure modes should be considered in the design calculation for the
FRP retrofit solution, since the failure of the applied FRP material may not control the design
capacity. Examples include concrete crushing prior to steel yielding, steel yielding followed
by rupture of the FRP, steel yielding followed by concrete crushing, cover de-lamination,

and FRP de-bonding.

4. Strength Reduction for Multiple Plies - Multiple-ply FRP applications have a greater stiff-
ness and are subject to a strength reduction since they are more prone to peeling/ de-lamination
or FRP de-bonding. Increasing the number of plies does not necessarily equate to a better
performing strengthening option. The maximum ply limit is typically 4 to 5 plies, due to the

diminishing strength gain from additional plies.
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5. Debonding is still not a desirable failure mode due to the complex behavior and “unpre-
dictability”. ACI 440 also stipulates that an unacceptable failure mode is within the adhesive
layer. Although explicitly frowned upon in the ACI440.2R, cohesive failure of substrate ma-
terial is considered an acceptable mode of debonding failure. Stresses in FRP materials are
limited in design guidelines to prevent the failure triggered in the bond line [3]. These guide-
lines lead to stress limitations preventing high strength FRP to be fully utilized in externally

bonded FRP systems in flexural retrofitting applications.

6. ACI 440.2R specifies that for bond critical applications (flexural and shear retrofitting for
example), the tension adhesion strength shall exceed 200 psi and the failure shall be exhibited
within the concrete substrate. Figure 2.1 shows a schematic diagram of the test method. The
test method requires a dolly to be bonded to the surface of the FRP concrete system. A
tensile force, perpendicular to the surface, is applied to the dolly until it is detached (that
is, until failure occurs). Typically, the surface of the FRP at around the dolly is scored or
cut into the concrete substrate. The size of the cut depends on the size of the dolly and
ranges between 0.25 in and 0.50 in. Scoring the surface is done to ensure that the load is
applied uniformly over the surface area of the dolly. The resulting stress is solely tensile.
Because of the heterogeneous nature of concrete, 2 in diameter test dollies should be used.
The maximum tensile stress or bond strength is calculated based on the applied load and the

area of the dolly face.

While ACI 440.2 [3] primarily addresses FRP applications to buildings, the technology can be (and
is) applied to other structures such as bridges and dams. The ACI guidelines continue to evolve
with changes in materials, research, and new laboratory test findings. As this research evolves,
light will be shed on a lot of misconceptions in the standard for FRP applications for retrofitting of

structures.
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Figure 2.1: Schematic Diagram Showing Pulloff Test Application

2.5 Flexural Retrofitting

The most common retrofitting applications of CFRP are flexural strengthening of beams and gird-
ers. Flexural strengthening projects for bridge beams and slabs have been carried out in almost
every state in the US [2]. Investigations on externally-bonded flexural strengthening started in
the late 1980s [2]. It was found that applying externally-bonded FRP to the tension soffit of an
RC beam could significantly increase the load bearing capacity of the member. Typically, flexural
strengthening is achieved by bonding pre-formed FRP plates or field impregnated fiber sheets to
the tension face of the member using a number of different adhesive systems, i.e., epoxy, polyester,
vinylester, and polyurethane. Furthermore, different types of reinforcing fiber can be selected de-

pending on the application environment, i.e., glass, aramid, carbon, and basalt.

Extensive research and engineering practices in the past decade proved the efficiency in strength-
ening RC members in flexure using externally bonded FRP reinforcement. The primary concern

for this type of retrofitting is the local de-bonding in the FRP/concrete interfaces, which negatively
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affects the structural integrity and long-term durability of strengthened members. Typically when
local interface de-bonding initiates, the de-bonding propagates fast and leads to a sudden drop in
loads and loss of ductility or brittle failure of the whole FRP/RC composite system. In general,
stresses in FRP materials are limited in design guidelines to prevent the failure triggered in the
bond line [3]. These guidelines lead to stress limitations preventing high strength FRP to be fully

utilized in externally bonded FRP systems in flexural retrofitting applications.

Chajes et al. [17] experimentally investigated fourteen reinforced concrete beams with the same
steel reinforcement in. The authors evaluated the strength behavior by retrofitting beams with
aramid fabric (1 layer), E-glass fabric (3 layers) and carbon fiber fabric (2 layers) and their thick-
ness of 0.041, 0.056 and 0.048 inches, respectively. They found that use of external composite
fabric reinforcement increased the flexural capacity by 36 to 57% and 45 to 53% increase in flex-

ural stiffness.

Brena et al., [18] carried out experiments on twenty rectangular beams. Two beams were control
beams and eighteen beams were strengthened using CFRP. Four composite material systems used
such as two of which were uni-directional carbon fibers, and the others were woven fabrics and
pultruded plates. The CFRP composites were applied to the surface of the beams using four differ-
ent layouts. In the first layout the composites were attached to the soffit of beams (tension side). In
the second layout FRP straps were wrapped around the bottom of the cross section and extended
vertically to within 3 inches of the compression face. The third layout had longitudinal compos-
ites applied on the sides of the beams rather than on the bottom surface. In the fourth layout the
longitudinal composites were applied on the sides of the beams rather than on the bottom surface
and transverse straps were applied also on the sides. The author concluded that the de-bonding
can be prevented or delayed by adding transverse straps along the shear span. Also the authors
concluded that the flexural capacity of reinforced concrete beams can be increased by attaching

CFRP laminate than control beams.
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Grace, et al. [19] investigated the effect of repeated loading on the flexural response of CFRP
strengthened RC beams. Specimens were loaded in a 4-point bending configuration at 3.25 Hz for
2 million cycles, with load ranges at 15%, 25%, or 40% of the ultimate flexural capacity. The study
concluded that fatigue did not affect the ultimate load carrying capacity of the strengthened beam.
It was noted that for the 40% of ultimate load range that specimens for both CFRP plate and fabric

experienced softening without increase in applied load.

Toutanji, et al. [20] investigated the cyclic behavior of reinforced concrete beams strengthened
with CFRP sheets impregnated and bonded with an inorganic matrix. The fatigue load ranges were
between between 50% and 80% of the ultimate static load capacity. It was concluded that crack
initiation and propagation occurs during that first few hundred fatigue cycles. However, since the
failure mode was rupture of steel rebar, the study concluded that member deflections and laminate
strains are not significantly affected. It was also concluded that due to the higher ultimate strength
of CFRP compared to that of steel that the application of CFRP can increase the fatigue load

capacity of a strengthened RC member.

The PU- FRP-retrofitted beams under cyclic loading was investigated by Haber [13] The authors
concluded that cyclic loading had little or no negative effects on strengthening of this system.
Among the conclusions also was that PU retrofitted beams under fatigue loads are expected to

crack more due to softer adhesive interface.

2.5.1 Flexural Bond

Bonacci and Maalaj [21] compiled a database of laboratory beam specimens that were tested in
flexure with bonded FRP laminates. The study concluded that 69% of laboratory specimens failed
via laminate de-bonding. The failure mode most commonly associated with flexural retrofitting of

concrete with externally bonded FRPs is laminate de-bonding. De-bonding is a complex mode of
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Figure 2.2: Typical Failure Modes Associated with Debonding of FRP from Concrete substrate

failure that depends on a number of variables such as concrete strength, FRP composite properties,

and adhesive properties [22]. The debonding modes of failure are shown in figure 2.2[13].

2.5.2 Shear Characterization

In external retrofitting of structures, the performance of the FRP-to-substrate bond is of crucial im-
portance in providing an effective stress transfer. A number of failure modes in FRP-strengthened
concrete members are directly caused by de-bonding of the FRP from the concrete. These are
shown in figure 2.2 [13]. On the other hand the failure modes in de-bonding of FRP-to-steel would
never be in the substrate layer. For the safe and economic design of externally-bonded FRP sys-
tems, a sound understanding of the behavior of FRP-to-concrete and FRP-to-steel bond needs to

be defined and a reliable bond-slip model needs to be established.

In various de-bonding failure modes, the stress state of the interface is similar to that in a shear
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Figure 2.3: Lap Shear Schematic and Test Setup

test specimen in which a plate is bonded to a concrete prism and is subject to tension (figure 2.3).
Existing studies only exist for epoxy FRP composites and most suggest that the main failure mode
of FRP-to-concrete bonded joints in shear tests is concrete failure under shear, occurring generally
at a few millimeters from the concrete-to-adhesive interface [23]. In addition, the plate-to-concrete

member width ratio also has a significant effect.

A very important aspect of the behavior of these bonded joints is the transfer length. The transfer
length is also known as the effective length. It is a property of the material that defines an effective
bond length beyond which an extension of the bond length cannot increase the ultimate load. This
transfer length provides the fundamental difference between an externally bonded plates and an
internal reinforcing bar for which a sufficiently long anchorage length can always be found so that

the full tensile strength of the reinforcement can be achieved.
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2.5.2.1 Bond-Slip Models

Existing research has led to a numerous of bond stress-slip models based on the direct interpretation
of results from shear tests [24, 25]. The general process of force transfer from the concrete to the
FRP, through bond, is described in figure 2.4. Up to point A, the bond forces vary pretty much
linearly from the point of zero force in the laminate to the point where the force in the laminate is
a maximum [26]. With continued loading, points B and C are reached on the bond stress versus
slip curve with the bond stresses being developed further as the initiation point moves along the
specimen. Point D defines the limit of bond and integrating under the bond-stress curve along
the effective length, le, gives the theoretical maximum force that can be applied to the specimen.
Any attempt to increase the applied load beyond this point leads to a rapid shifting of the bond
region along the specimen until the initiation point reaches the end of the laminate. In reality, a
small increase in force may occur due to variances in the preparation of the glued region and some
friction along the debonded length. Nevertheless failure occurs rapidly as the energy stored in the

specimen is released and the test becomes unstable [27].

2.6 Column Retrofitting

FRP systems have been used extensively in seismic zones for confinement of concrete columns.
FRP materials are increasingly being considered for use as wraps/jacket/casings, due to their
high strength-to-weight and stiffness-to-weight ratios, corrosion and fatigue-resistance, and overall
durability. Several types of FRP systems have been qualified by researchers and practicing engi-
neers for retrofitting circular and rectangular bridge columns. Such systems include wet layups,
procured systems, near surface mounted applications. The first two of-which would be investigated
in this study. Considerable improvements in ductility factors of have been achieved through the

use of FRP column wrapping without considerable stiffness amplifications, thereby maintaining
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Figure 2.4: Development of Bond Stresses in Single Lap Shear Test

the structure’s dynamic properties [28]. The retrofit techniques for reinforced concrete columns,
commonly critical components due to lack of redundant vertical load-carrying mechanisms, are
aimed at increasing the confinement for the concrete. This follows from the well-known fact that
lateral confinement enhances the strength and, more importantly, ductility of reinforced concrete

columns.
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The majority of structural deficiencies in existing concrete columns can be attributed to lack of
transverse reinforcement. This is especially true for columns in seismically active regions, de-
signed prior to the enactment of modern seismic codes. Many older bridges were designed primar-
ily for gravity loads with little or no consideration of lateral forces from seismic loading. Another
detail commonly used in the pre-1971 columns is insufficient splicing length of the longitudinal
bars at the base of the columns, which is a potential plastic hinge region [28, 29]. As a result of
such deficiencies, older columns are more susceptible to premature shear failures, brittle crushing
of unconfined concrete and/or reinforcement splice failure when the longitudinal splices are lo-
cated near a potential plastic hinge region. FRP sheets provide an excellent opportunity to enhance

column resistance in all three areas of weakness.

Picher at el. [30] conducted a series of tests on confined circular, square and rectangular concrete
specimens. Axial loads were applied to concrete specimens wrapped with different orientation
of carbon FRP wraps. It was clearly shown and concluded that the confinement of concrete with
CFRP wraps increased the compressive strength and ductility of the tested specimen. The results
showed increase in the axial strength of up to 41% and about 500% axial strain increase for cylin-
ders confined with three layers of carbon sheets with fibers oriented in the hoop direction compared
to unconfined specimens. The authors also showed that the axial stiffness decreases with the in-

crease of fiber angle orientation; however, the ductility and modes of failure remain the same.

Lateral confinement increases the strength and ductility of concrete in the axial direction. The
stress-strain curves of confined concrete show a remarkably enhanced energy dissipation charac-
teristic for confined concrete. Such behavior is of great importance as it can prevent sudden and
catastrophic failures structures under overload conditions. Figure 2.5 shows stress-strain curves

for confined and unconfined concrete [31].

Many researchers [32, 33] study the effects of confining pressures due to FRP wrapping using the
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Figure 2.5: Stress-Strain Curves for confined and Unconfined Concrete

mechanics of thin walled cylinders. The confining pressure in a confined column can be determined

to be

fr=2(fe-t-n)/D .1

where ¢ is the thickness of the wrap per layer, f; is the circumferential stress of wrap, n is the

number of wrap layers, and D is the diameter of the concrete cylindrical column.

The maximum confining pressure, f,., is determined by the ultimate tensile strength of the wrap
ftu given by:
fru=2(fu-t-n)/D =2(Fey -t-n)/D (2.2)

where F is the modulus of elasticity of the wrap and ¢,,, is the wrap ultimate strain. The relationship

between confined compressive strength (f7.), unconfined compressive strength (f7), and the lateral
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stress in core concrete produced by confining pressure ( f;.) is:

fle=TiFk- [, (2.3)

The average value of the confinement effectiveness coefficient k£ was found to be equal to 4.1 [34].

For circular column with spiral steel, the confining pressure f, is given by [35].

24,
fr= d—’;fy 2.4)

where A, is the cross-sectional area of the spiral steel, d. is the outside diameter of the spiral, s is

the pitch of the spiral, and f, is spiral steel yield stress.

Substituting f,, from equation (2.2) into equation (2.3) yields the maximum compressive strength
due to confinement with FRP wraps. More generally, for round and rectangular cross sections, the

maximum confining pressure may be expressed as [36]:

fru = 0.5K5p; Bt (2.5)

where p; = 4n/D for circular columns, p; = 2n(d +b) /db for rectangular columns, n is the number
of layers of wrap, D is the overall diameter of circular column, b is the overall width of rectangular
column, and d is the overall depth of rectangular column. k, is a shape factor determined as the
ratio of effectively confined concrete to the gross area of the section and is equal to 1 for circular

columns.

Circular and rectangular specimens and full scale columns wrapped with glass and carbon FRPs
were studied by Kestner at el. [32]. They found that axial strength and deformation improvements

are proportional to jacket strength and stiffness. It was also found that due to the ineffectively
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confined concrete region in the square cross sections, the jackets provided to square cross sections
were not as effective as those provided to circular cross sections. A shape factor, x,, was used to
account for the ineffectively confined regions of concrete within the rectangular and square cross

sections.

One of the more recent studies was performed by Rutledge et al. [37] where two damaged RC
bridge columns which had buckled longitudinal bars were repaired by relocating the plastic hinge
using CFRP. In the study by, the circular columns were tested under a earthquake lateral loading.
6% axial load ratio was applied to represent the super structure mass. The first column was dam-
aged with buckled longitudinal bars. The second column was also subjected to the same loading
as the first column with additional cyclic loading to represent “aftershock” loads. The result of the
damage phase was also buckled longitudinal bars in addition to concrete failure and spalling. The
first column in the study [37] was repaired by having the formed plastic hinge retrofitted with lon-
gitudinal and transverse CFRP plates externally anchored to the footing using carbon fiber anchors.
CFRP composites were also wrapped around the expected new plastic hinge region (transverse di-
rection) to achieve higher curvature at the new plastic hinge location. This was done with the
goal of restoring the displacement capacity at the top of the column. Test results revealed that
the repaired column under the same constant axial load and cyclic lateral displacements showed
an increase in lateral load capacity compared to that of the original column. However, the plastic
hinge region did not form in the expected location. This was attributed to underestimation of the
confinement provided by the spiral reinforcement. The repair of the second column was similar to
that of the first one, with one difference: CFRP composites were not wrapped around the new ex-
pected plastic hinge. The test results of the repaired second column revealed that a similar increase
in lateral load capacity compared to the column from the damage phase, and the plastic hinge
was relocated to the expected location. The conclusion of the experimental work that the repair

procedures were able to restore the initial stiffness and increase the lateral strength capacities.
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Figure 2.6: Column Wrapping with FRP (Photo Courtesy of Neptune Research, Inc Website)

An example of a column being wrapping with FRP is shown in figure 2.6.
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CHAPTER 3: EXPERIMENTAL PROGRAM

3.1 Introduction

An experimental program was designed to evaluate the mechanical behavior of concrete and rein-
forced concrete members strengthened with both polyurethane and epoxy FRP composites. The
component-level investigations involved small-scale experiments on composite plates (tension
tests), single-lap shear tests of laminates bonded to concrete, and small-scale flexural beams (with-
out internal steel reinforcement). The primary focus of the component-level investigations was to
investigate the FRP bond to concrete. After the small scale experiments were performed, the larger-
scale tests were performed on flexurally retrofitted reinforced concrete girders, and cyclic testing
of columns confined with FRP jackets. Each of the component-level investigations is described
in more detail in the subsections below. Based on the results, analytical models were generated
and calibrated to understand the transfer of forces between the concrete and polyurethane or epoxy
laminates. The comparison of analytical and experimental results is presented at the end of the pa-
per, with the bond behavior determined from lap shear testing providing a good model of observed
cracking in the flexural specimens. The analytical models enable future investigations on alterna-
tive geometries and flexural systems, as well as allowing predictive modeling for the larger-scale

testing program.

The component-level tests were performed on all permutations of different fiber and matrix com-
binations. There were a total of three types of fibers and two types of matrices (polyurethane and
epoxy) utilized in the study. In addition, for the polyurethane matrix composites, three different
types of adhesives/primers were evaluated. All materials were provided by Neptune Research Inc.
(NRI). The three types of fibers considered were a unidirectional carbon (denoted as Uni), a bidi-

rectional carbon (denoted as 12k3k), and a bidirectional carbon/glass hybrid (denoted as VS). All
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the fabrics had a weight of 18 0z/yd2 and a thickness of 0.02 in. The bidirectional carbon (12k3k)
has 12k tows in the longitudinal (warp) direction and 3k tows in the transverse (weft) direction.
The hybrid carbon/glass is a balanced weave with carbon in the longitudinal (warp) direction and

glass in the transverse (weft) direction.

The pre-impregnated (pre-preg) polyurethane matrix was paired with each type of fiber as well
as each primer/adhesive, for a total of 9 pairs. The same three types of fibers (bare fibers in this
case) were also paired with one epoxy system (where the epoxy was used as both the impregnating
matrix and the adhesive). The combinations are summarized in Table 2. The three polyurethane

primers were labeled Adl, Ad2, and Ad3 (detailed below).

e Adl is the same type of water-cured polyurethane used in the matrix of all the prepreg fibers

in this paper.

e Ad2 and Ad3 are similar in chemical content (also polyurethane based), but with major dif-
ferences in the consistency and viscosity of the adhesives prior to application and difference

in cure time. Ad2 is more viscous than Ad3.

A total of three specimens per combination from table 3.2 were prepared and tested. The epoxy
composite system was installed on the specimens using a wet layup procedure. The manufacturer
provided the dry fibers and the same type of epoxy for the primer and matrix of composite. The
concrete blocks were primed with epoxy. After the epoxy became slightly tacky (2 to 3 minutes
after the primer application), the dry fiber was laid and more epoxy was placed on top and rolled
with a FRP roller to ensure complete impregnation of the fibers in the matrix. In the case of PU
specimens, each different primer was placed on the concrete blocks until they become slightly
tacky, then the pre-impregnated FRP composite was placed on the top of the primer after being

misted with water to catalyze the curing procedure. After laying the PU composites on the concrete
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Table 3.1: Fabric Properties

Uni) 12k-3k ViperSkin
Weave and Fiber Type | Unidirectional Carbon | Bidirectional Carbon | Bidirectional hybrid:
Carbon in long di-
rection and Glass in
Transverse
Weight (oz/yd?) 18 18 18
Thickness (in) 0.02 0.02 0.02

Table 3.2: Combinations of Fibers, Matrices, and Primers for Steel and Concrete Specimens

Fiber Primer Matrix
Pre-impregnated Uni Adl, Ad2, Ad3 PU
Bare Uni Epoxy Epoxy
Pre-impregnated 12k- | Adl, Ad2, Ad3 PU

3k

Bare 12k-3k Epoxy Epoxy
Pre-impregnated Adl, Ad2, Ad3 PU
ViperSkin

Bare ViperSkin Epoxy Epoxy

blocks, the laminate was rolled for 15-30 minutes to ensure that there are no air bubbles (carbon

dioxide) in the adhesive layer.

The larger scale concrete girders were poured on February 11, 2011. Concrete cylinders were

taken and the slump was measured at 3 inches. The control girder was tested on March 28, 2013.

Based on the results from the control beam, the damage loading protocol was generated. The

damage phase for the 8 beams occurred between March 28, and March 30th of 2013. The girders

were repaired after the damage phase and epoxy-injected between April 24 and April 25 of 2013.

Concrete cylinders were tested between March 30th and April 30th. The average concrete strength

was 6325 psi. The concrete design mix details can be found in Appendix B. Three FRP systems

were used in retrofitting of the damaged girders: Titan 118, LV Titan 118 and Viper Skin 118.
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Table 3.3: Reinforced Concrete Girders Testing Matrix

Specimen ID) Damage Ductility | Repair System
Level

0 (Control) Complete Failure None

1 1 Titan 118 (EP)

2 1 Viper Skin 118(PU)

3 1 Viper Skin 118(PU)

4 1 LV Titan 118 (EP)

5 1 LV Titan 118 (EP)

6 1 Titan 118 (EP)

7 3 Viper Skin 118 (PU)

8 2 Viper Skin 118 (PU)

Titan 118 and LV Titan 118 are epoxy based systems. Viper-Skin 118 uses a pre-impregnated PU
matrix FRP composite with the same PU materials used as a primer. All 3 systems use the same

type of unidirectional carbon fiber. The testing matrix is shown in table 3.3.

The concrete columns were poured on January 07, 2013. Concrete cylinders were taken and the
slump was measured at 8 inches. The control column was tested on November 13, 2014. Based
on the results from the control column, the damage loading protocol was generated. The damage
phase for the 6 columns occurred between December 7, 2014, and January 26, 2015. The columns
were repaired after the damage phase and epoxy-injected between February of 2015. Concrete
cylinders were tested February 5, 2013 and June 7, 2013. The average concrete strength was 7023
psi. Three FRP systems were used in retrofitting of the damaged girders: Titan 118 (epoxy), and
Viper Skin 118 (PU) All systems use the same type of unidirectional carbon fiber. The testing

matrix is shown in table 3.4. The concrete design mix details can be found in Appendix B.
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Table 3.4: Reinforced Concrete Columns Testing Matrix

Specimen ID) Damage Ductility | Repair System
Level
1 Complete Failure | Viper Skin 118(PU)
(Monotonic  Lateral
with Axial Load)
2 4 (Monotonic Lateral | Viper Skin 118(PU)
without Axial)
3 1 Titan 118 (EP)
4 2 Titan 118 (EP)
5 1 Viper Skin 118(PU)
6 2 Viper Skin 118(PU)
Table 3.5: Concrete Mix Details for Small Scale Beams
Cement Type Portland Type I/II
Maximum Aggregate Size 1in
Specified 28 Day Strength 5000 psi
Measured Slump 3.75in
Average Strength (June 1, 2011 Just After | 6100 psi

Test Completion)

3.2 Small Scale Flexural Beams

Along with the lap shear specimens, all the small-scale concrete beams were poured on February
11, 2011 in the UCF structures laboratory. During casting, 90 (4 in x 8 in) concrete cylinders were
poured according to ASTM C39. Details regarding the concrete mix used for small-scale beam
specimens can be found in table 3.5. All specimens were allowed to cure undisturbed in forms for

a minimum of 7 day prior to removal. During curing, forms were covered with plastic to ensure

minimal escape of moisture.

Once removed from forms, beams were prepared for application of FRP. The substrate surface of
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Figure 3.1: Small Scale Flexural Test Setup for Concrete Beams

each beam was treated with a grinder to remove the thin layer of cement and exposing the aggregate
where the FRP would be laid. Also, a 0.1 in saw cut was introduced in the mid span to initiate
the flexural crack at the specified location. A single layer of FRP was applied to each beam and a
single 5 mm foil-backed strain gage was installed at mid span. The bond length was 16 in, 8 in on

each side of the induced crack (saw cut).

The testing employed a three-point bending configuration. Displacement measurements were taken
at the mid-span of specimens using one Duncan 9600 series LVDTs and at the two supports using
an LVDT of the same type. The LVDT displacements are representative of the section displace-
ments at the LVDT location. On the other hand the table displacements obtained from the UTM
measure the relative displacement of the beam at the load location with respect to a global axis.
The table displacements include any support or local displacements that affect the global displace-
ment of the beam. This small-scale beam flexure test setup is shown in figure 3.1 and photographs
taken during testing can be found in figure 3.2. A total of 40 beams were tested for each type of
substrate. 3 control unreinforced beams and 3 beams for each combination of fibers and primers

(27 PU FRP composite reinforced beams and 9 epoxy FRP composite reinforced beams).
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Figure 3.2: Photos from Small Scale Flexure Test

3.3 Lap Shear

All the lap shear specimens were poured along with the small scale concrete beams and a brief
description of the pour and concrete properties is found in table 3.5. The direct lap shear method
shown in figure 2.3 was implemented in this experiment to get the bond properties, where the

following were dimensions were used: L = 6 in, bonded length L, =4 in, by = 2 in, and b, = 4 in.

The free 2 in free zone is an un-bonded length of FRP introduced at the loaded end in order
to prevent a transverse shear failure of the concrete at the edge closest to the loaded end. Five
3 mm foil-backed resistive strain gages were installed along the length of the bonded region. A
schematic of the lap shear experimental setup and details regarding the gage locations can be found
in figure 3.3. A photo of the test setup is shown in figure 3.4. While the experiment is designed to
impose a state of pure shear between the laminate and the concrete, the true behavior inadvertently
includes some out of plane stresses, in addition to normal stresses within the concrete due to the

boundary conditions of the concrete block.
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Figure 3.4: Lap Shear Test Setup Photo

3.4 Large Scale Girders

Nine reinforced concrete girders were designed, built and tested at a full scale at the UCF structures
lab. figure 3.5 shows half the span of the girders. The other half is symmetrical. 4 point bending
tests were performed for a clear span of 102 inches. The 2 loads were applied mid-span with 12
inches separation. Linear variable differential transformers (LVDTs) were used to measure the

mid-span and end displacements. A photo of the setup is shown in figure 3.6.

General use foil strain gages with 3 mm and 6 mm gage lengths were used to monitor the strains
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Figure 3.5: Large Scale Girder Test Setup for Retrofitting with FRP

in the rebar and concrete during the experiment. The strain gage instrumentation is shown in
figure 3.7. Strain gages were installed at the concrete surface before the damage phase. During
the damage phase some of the strain gages were lost and replaced with 5 mm general purpose foil
strain gages. After the repair was done, 5 mm general purpose strain gages were installed on the

FRP at the same locations shown in figure 3.7.

The reinforced concrete girders were designed per ACI 318-08 [16] to allow the reinforcing steel
to yield at a combined load of 13 kips and the concrete crushing to occur at 14 kips. The design
was based on an assumed concrete compressive strength of 5000 psi, grade 60 reinforcing steel (F,
= 60 ksi) and without any FRP retrofitting, the reinforced concrete beams were designed to allow
the reinforcing steel to yield at a combined load of 13 kips and the concrete crushing to occur at

14 kips. The ultimate design shear capacity of the girders exceeded 32 kips.
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Figure 3.6: Large Scale Girder Test Setup for Retrofitting with FRP

3.5 Medium Scale Columns

The 6 circular columns were constructed using bridge design typical details of bridges in California
in accordance with the Seismic Design Criteria [38]. The structural configuration is similar to
columns tested at University of Nevada at Reno [39]. The scaling factor is 1/4, therefore the
diameter was 12 in. and the height 54 in. yielding an aspect ratio was 4.5, which allows for flexural

dominated behavior [39]. The columns were reinforced with 10 Number 4 deformed longitudinal
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Figure 3.7: Large Retrofitting with FRP

bars, distributed uniformly around the perimeter and fully developed with 90 degree hooks in the
footing. This resulted in a longitudinal reinforcement ratio of 2%. The confinement consisted of
a continuous spiral made from steel wire reinforcing (W5.0) steel wire with a diameter of 0.25 in.
and a pitch of 1.5 in. The clear cover was set to 0.75 in. and the resulting volumetric ratio of the
spiral reinforcement was 0.92%. Because the confining effect of spiral steel was based on outward
hoop stress and not the development bond stresses, using undeformed wire was acceptable. The
column details are shown in figure 3.8, figure 3.9 figure 3.10. A photo of the column reinforcing

prior to concrete placement and forming is shown in figure 3.11.

The column setup is shown in figure 3.12. The concrete footing was attached to a reaction block
(Reaction Block 2) using four 17 diameter post-tensioned rods. One MTS Actuator was attached

to the second reaction block using four 17 diameter post-tensioned rods. This actuator applied
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Figure 3.11: Photo of Column Reinforcing

the axial load on the column to represent the superstructure mass which was defined as 40 kips,
which is equivalent to an axial load of 6% of A,f/. The second MTS Actuator was attached to
the structural steel built-up reaction frame. This actuator was used to apply the lateral load on the
columns. The steel reaction frame and concrete reaction blocks were attached to the laboratory’s
strong floor using 2.5” post-tensioned rods. The reaction blocks were grouted after the PT rods

were tensioned.

General use foil strain gages with 3 mm and 6 mm gage lengths were used to monitor the strains

in the longitudinal rebar during the different phases of the experiment. The strain-gage instrumen-
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Figure 3.12: Column Setup at The UCF Structures Laboratory

tation is shown in figure 3.8. Many strain gages were lost while the columns were stored outside

the Stormwater Lab at the UCF main campus even though protection was provided.
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CHAPTER 4: EXPERIMENTAL TESTING AND RESULTS

4.1 Lap Shear Experimental Results and Bond-Slip Models from Experimental Data

Experimental strains along the FRP plate have been post-processed to calculate shear stress and
slip distributions along the bonded lengths. Denoting by x; the strain gauge position and ¢, the
corresponding measured strain, the average value of shear stress between two subsequent strain

gauges can be written as:
EPAP(€i+1 — ;)

bp(l'iﬂ - Scz)

4.1

T(it+1) =

»

With A, being cross section of the composite. Moreover, assuming, for the sake of simplicity,
perfect bonding (no slip) at the last strain gauge position and neglecting concrete strain with respect
to FRP counterpart, integration of strain profile gives the following expression for the slip at =, with

Ty S < Tigy

T . . 2
s(x) = s(x;) + / e(z)dr = s(x;) + Sl T & T + €x 4.2)
0

Tit1 — T 2
The above equation is used to compute the average slip between the two positions z;, ;. 1, denoted
by s;41/2. When computing shear stresses and slips, some irregular values in FRP strain profiles
for high loadings have been removed. For the four bonded lengths, shear stress - slip data obtained

from experimentally measured FRP-strains.

The bond slip models were obtained for all the systems. Figure 4.1 shows the bond slip models for
the PU matrix Uni + Ad1 to concrete, and figure 4.2 shows the bond slip model for the Uni epoxy
system to concrete. The slopes of the shear stress-slip are very close, while the peak shear stress is

greater for the reference specimens. The peak shear stress depends not only on the maximum load,
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Figure 4.1: PU Matrix Uni + Ad1 Bond Slip Model

but also on the distribution of the stresses along the bond length.

The epoxy systems have consistently higher local bond strengths and higher stiffnesses (initial
slope of the bond-slip curve) than the polyurethanes. Figure 4.1 illustrates the similar stiffness and
strength values obtained between specimens, attributable to the consistent failure of all polyurethane
systems in the adhesive layer. The epoxy Uni (1) specimen results in an unusual bond-slip curve
because of the fluctuations observed in the strain data recorded in the top strain gage. The bond-slip
curve obtained by post-processing the shear stress data between the second and third gages yields
a curve similar to the other two; however, with a lower peak stress. The bond-slip curves were
subsequently fit for inclusion in the analytical models, as described in the finite element section of

the dissertation.

The average bond stresses at ultimate load (ultimate load divided by the total bonded area) for all
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Figure 4.2: Epoxy Uni Bond Slip Model

of the concrete specimens are shown in figure 4.3, separated by composite system and specimen
number. While the local bond strength from the bond-slip curves indicates the peak interfacial
shear stress the adhesive can transfer at a material point, this plot is more representative of the
transfer length and consistency of bond over the entire bonded area. For example, the epoxy local
bond strength was approximately 2.5 times the polyurethane for the Uni fabric (figure 4.2), whereas
the average bond stresses at ultimate load are approximately equal. The Ad2 primer was even more
successful at bond promotion and resulted in typically a 50% increase in average bond stress over

the epoxy counterparts, except for the hybrid fabric (VS).

As mentioned previously, the polyurethane specimens all failed in the adhesive layer, as shown in
figure 4.4. These types of failures are consistent with other published work [26, 13]. Of the three

polyurethane primers, only Ad3 yielded inconsistent results, exhibited both in the average bond
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Figure 4.3: Average Shear Bond Stress at Ultimate Load from Lap Shear Experiments

stress, as well as the uniform failure in the adhesive layer. Interestingly, this may have been related
to not only the increased mechanical properties of the primer, but also the ability of the primer to
penetrate the top concrete substrate layer to promote bond. However, this caused occasional failure
within the substrate, which is the failure mode typical of all the epoxy lap shear specimens, as seen
in figure 4.5. The right image in figure 4.5 shows the substantial thickness of concrete substrate
that remains on the laminate after failure that is typical of both the lap shear specimens as well as
the flexural specimens discussed next. This failure in the top layer of substrate also implies the
resulting bond-slip relationships are not indicative of purely the behavior of the adhesive, but also

contain a component of the cohesive energy of the concrete itself.

46



Figure 4.4: Photo of a Typical PU FRP Composite Lap Shear Failure

4.2 Small Scale Flexural Beams Experimental Results

The results of the load versus displacement of polyurethane Uni + Adl and epoxy Uni FRP-
reinforced beams are presented in figure 4.6 and figure 4.7, respectively, consistent with the sys-
tems presented from the lap shear testing. These two figures show the behavior of the strength-
ened beams for each composite system compared with the non FRP-reinforced control beams.
The strengthened beam response followed a characteristic progression of initial concrete cracking
(small drop in load) after the elastic region, post-cracking stiffness representative of the contribu-
tion of the bond between concrete and the laminate, and an ultimate load governed by debonding

failure of the laminate. Due to the presence of the saw cut at the center of the beam and the three-
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Figure 4.5: Photo of a Typical Epoxy FRP Composite Lap Shear Failure

point loading, the flexural crack opens and continued to widen in all the specimens. However, the
epoxy specimens tended to also crack at additional locations near the saw cut, as discussed in more

detail below.

Comparison between the plots in figure 4.6 and figure 4.7 illustrates distinctive differences between
the epoxy and polyurethane behaviors. The additional stiffness of the epoxy delays the initial crack
formation, and results in a higher cracking load (also less noticeable drop in the load at cracking).
However, after cracking, the additional strength and stiffness of the epoxy bond does not allow the
beam to reach the same ultimate load as the case of polyurethane. This is because of the selected
bond length and the ability of the polyurethane to redistribute the stress more evenly over the

bonded region, as illustrated in figure 4.3 with the average bond stress at ultimate load.

All tested polyurethane systems, with the exception of the systems employing Ad3, reached signifi-

cantly higher ultimate loads than the epoxy systems. Debonding, in both PU and epoxy specimens,
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Figure 4.6: Load Versus Displacement for PU Uni + Adl Compared with Unreinforced Beams

initiated near the flexural crack in the midspan of the FRP-reinforced beam and propagated out-
wards towards the end of the FRP plate. The crack forms at a load only slightly higher than the non
FRP-reinforced control beams, and none of them were able to delay the cracking load as much as
the epoxy systems. The significant drop in load after cracking was a result of immediate transfer
of stress to the laminate, and an opening of the flexural crack at the saw cut location. The charac-
teristic failure mode of all the polyurethane specimens is a clean flexural crack in the center after

debonding, as shown in figure 4.8.

The epoxy systems fail when the cohesive energy of the top layer of concrete is reached, which
happens sooner because of the shorter transfer length. This is apparent from viewing the common
failure mode of the epoxy systems (see figure 4.9), whereby the initial flexural crack opens, but

also additional flexural cracks approximately 1 in to each side of the saw cut. At the ultimate
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Figure 4.7: Load Versus Displacement for Epoxy Uni Compared with Unreinforced Beams

failure load, the cracks are joined by a diagonal shear crack that results in a triangular wedge of

concrete that separates with the laminate, referred to as a mixed-mode failure in this paper.

It is concluded from the flexural tests that the polyurethane systems are a viable retrofitting solution
when compared to the epoxy system, when based on the criteria of the ultimate load that is reached
after the cracking of the section rather than the normal or shear strength of the matrix alone. As in
the lap shear results, the ultimate shear capacity is dependent on the stress distribution along the
interface and not only the local bond strength. The flexibility of the polyurethane system allows a
better distribution of the stresses along the interface and therefore can outperform stronger epoxy

systems under the static loading considered in the study.
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Figure 4.8: Polyurethane Uni + Ad1 De-bonding in Adhesive Layer

4.3 Large Scale Girders Experimental Results and Findings

4.3.1 Damage Phase

From table 3.3 which shows the girder testing matrix, the first control beam was tested without
any FRP retrofitting. The load vs displacement results are shown in figure 4.10. The loading
was paused at increments of 5 kips and the cracks were marked. The control beam failed in a
progressive manner: Concrete cracking in tension zone, tension steel yielding, and finally concrete

crushing. The global yielding of the girder occurred at a load of 12.4 kips at and a displacement
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Figure 4.9: Epoxy Uni De-bonding in Substrate Layer plus Mixed mode Failure in Concrete

of 1.2 inches. The concrete crushing in the compression zone occurred at a load of 16.9 kips and
a displacement of 2.3 inches. The loading continued until a displacement of 4 inches was reached

and one of the tension bars ruptured. Photos from the loading procedure are shown in figure 4.11.

Based on the results obtained from the control, the damage phase loading protocol was generated
for the remaining 8 girders. The loading protocol is shown in figure 4.12. The loading protocol is
based on the ICC AC 125 sinusoidal loading protocol [1] but altered in order to prevent subject-
ing the bottom beam (which would be FRP-retrofitted) to compression. The maximum load and

displacement levels achieved during the damage phase are shown in figure 4.13.
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Figure 4.10: Girders Control: Load vs. Displacement

4.3.2 Repair Phase

To understand the bond behavior, the girder FRP repair system was designed with the intension
that debonding would occur and not laminate rupture. At the time, the girder testing commenced,
the bond characteristics were not clearly defined to obtain the exact number of layers required to
restore the flexural capacity of the girders and force a debonding mode of failure. Therefore, two
test girders were retrofitted by the application of 2 layers of FRP. One girder was retrofitted with
an epoxy system and the other was retrofitted with a PU system. Two layers of FRP were applied.
These test girders were not damaged prior to the application of the the FRP laminates. Test results

were consistent and revealed that the bond strength was underestimated. Both test girders failed
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Figure 4.11: Girders Control: Load vs. Displacement
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Figure 4.12: Girders Control: Load vs. Displacement
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Figure 4.13: Girders Control: Load vs. Displacement

when the FRP laminates ruptured. After the results were analyzed, it was determined that 3 FRP

layers would be enough to ensure debonding as a mode of failure.

The beams that were damaged up to ductility level 1 did not need any geometric restoration or
compression zone restoration. After beam 8 was damaged to ductility level 2, there was minor
(less than 0.5 in) residual deformation after it was unloaded. Therefore it was not reverse-loaded
to restore it geometrically. Beam 7 which was damaged up to ductility level 3 had more residual
deformation after it was unloaded. It was geometrically restored by reverse-loading the beam. The
compression zones for beams 7 and 8 had to be repaired by grouting the areas where concrete
spalling occurred. 5000 psi grout was used after chipping the cracked zones in the compression

zone only.

The cracks in all 8 beams were epoxy-injected by Vector, a specialty concrete restoration group
before FRP was applied. Photos from the epoxy-injection procedure are shown in figure 4.14.
After the epoxy injection was performed and prior to applying the CFRP laminate, the tension face

of each beam was prepared for FRP installation by grinding the surface to expose the aggregate
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Figure 4.14: Epoxy Injection of Cracks in Girders After Damage Phase

per the manufacturer’s specifications and then cleaned to ensure the surface was free of grit and
other particles. Strain gages were then installed on the concrete surface followed by the installation
of the FRP composites for all beams per table 3.3. For all resin systems, the composite laminate
was applied to the tension face of the beams using a hand lay-up process. NRI had a patented
portable impregnator which was used to impregnate the fibers with resin. The impregnator had
its limitations and hand rolling was still required to ensure proper fiber impregnation. The girders
were positioned tension face up during the application process. The FRP laminates were applied

to the full width of the tension face. Photos from the FRP repair phase are shown in figure 4.15.

4.3.3 Post-Repair Testing

After the repair phase, the girders were set back on the same test setup under which they were
damaged. The girders tested under monotonic loading. Displacement control loading was applied

at at a rate of 0.2 in per minute. The results of the load versus displacement for the different
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Figure 4.15: FRP Repair Photos of Girders After Damage Phase and Epoxy Injection of Cracks

systems are shown in figure 4.16, figure 4.17, and figure 4.18.

The results of the girder tests revealed that the overall behavior of the strengthened girders was dif-
ferent from the control girder. FRP strengthening allowed the moment capacity of all girders to be
increased by 1.3 times compared to the control girder. The total deflections at failure and stiffness
for all specimens were similar at failure also revealed that the retrofitting was done without com-

promising the ductility and serviceability of the girders. The stiffness of the girders was increased
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Figure 4.17: Load vs. Displacement for Epoxy-FRP-System Retrofitted Girders
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Figure 4.18: Load vs. Displacement for Polyurethane-FRP-System Retrofitted Girders

by approximately 3 times compared to the control girder. This is attributed to the unconventional
retrofitting design of the girders. Typically when retrofitting girders with FRP per current design
guidelines prescribed by ACI 440 design guidelines [3], the stresses in FRP laminates are limited
to prevent the undesirable debonding failures. This leads to two detrimental effects: (1) reduced
stiffness in the retrofitted girder, and reduction in bond development due to difference in stiffness
and strength between the substrate (concrete) and FRP materials. This was also evident in the

results of the small scale experiments performed in the results.

The repeatability of the results is very evident in from the load-displacement plots above. More-
over, all failure criteria were consistent and de-bonding took place in all 8 beams. All polyurethane

systems de-bonded in the adhesive (primer) layer, while all epoxy systems de-bonded in concrete-
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Figure 4.19: Typical Epoxy Retrofit Failure: Debonding in Concrete-adhesive layer

adhesive layer. Both debonding failures were brittle and sudden failures. Photos from the damage
phase are shown in figure 4.19 and figure 4.20. It can be seen from figure 4.19 that parts of the
concrete cover broke off when externally bonded FRP plates debonded. In all cases, it appeared

that debonding initiated midspan and propagated to the end of the FRP near the support regions.

The similarity in the global behavior of the retrofitted girders was also observed in the strain be-
havior of the bottom reinforcing (tension) bar. Figure 4.21 shows the strain in the bottom bars
at mid-span of the girders vs the total applied load on the 4 point bending testing of girders after
repair alongside the strain in the same bar in the control girder. The plot shows that, up to the yield
load in the control (12.4 kips), the bar was engaged and loaded equally in all beams, including the
control. As the load increases past 12.4 kips, the strain keeps increasing in the bar until a point
where the strain starts decreasing slightly indicating that the tension force is being engaged more

with the FRP plates.

Even though the global behavior of the two retrofitted systems were ultimately very similar, the
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Figure 4.20: Typical Polyurethane Retrofit Failure: Debonding in Adhesive Layer
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Figure 4.21: Applied Load vs Strain in Bottom Reinforcing Bar in Girders
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difference in the mechanics of bond was observed when the strain data from the FRP composite
was analyzed. Figure 4.22 and figure 4.23 show the strain distribution along the FRP plates, mea-
sured from the centerline of the girders. As the load increased, the strain in the polyurethane FRP
plates increased more than those in the epoxy systems. This is attributed to the difference in the
stiffness between the two systems. As the load increased and the composite system came closer
to debonding, the strain difference between the midspan gages and those closer to the supports is
much larger in the epoxy systems as compared to the polyurethane systems. This indicates that
increased localized stresses in the bond are more evident in epoxy composites. At low curvature,
the flexibility of the polyurethane composite system (bond and FRP plates) allowed a better distri-
bution of the forces along the FRP plate. A better stress distribution along the interface between the
FRP and composite allowed a higher performance of the composite system, preventing localized

concrete failure at the bond.

The three FRP composite systems were equally effective in repairing the damaged beams. The
stiffness for all beams was increased significantly. The ultimate strength of the repaired beams
reached more than double that of the undamaged (non-FRP retrofitted) control. Even though the
bond mechanisms and debonding failure criteria was different between the two systems, the global

behavior of the PU and epoxy systems retrofitted beams was very similar.

4.4 Columns Experimental Results and Findings

4.4.1 Damage Phase

Table 3.4 shows the girder testing matrix for the columns, the first control column was tested
without any FRP retrofitting. The goal of the damage was to introduce damage to the materials

prior to FRP retrofitting. Due to many technical difficulties, the columns were damaged without
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Figure 4.22: Strain Distribution along Beam vs. Applied Load for Epoxy-Retrofitted Girders

the application of the axial load. During the damage phase the technical difficulties were being
worked on and resolved. The column was retested with the application of 40 kips of axial load. The
load vs displacement results are shown in figure 4.24. The control column failed in a progressive
manner: concrete cracking in tension zone, tension steel yielding, and finally concrete crushing
in compression zone in the plastic hinge region. The concrete column that was loaded axially

experienced more visible cracking and concrete spalling than the column that was loaded laterally
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Figure 4.23: Strain Distribution along Beam vs. Applied Load for Polyurethane-Retrofitted Girders

without the axial load.

The control column that was damaged without the axial load damaged to maximum applied dis-
placement of 2.7 in at the tip of the column and a maximum applied moment of of 9.9 kip-ft. The
global yielding of the column occurred at a load of 7 kips at and at a displacement of 0.7 in. The
column that was loaded axially reached maximum load of 16 kips at a displacement of 0.7 in. The

global yielding occurred at 0.1 in and an applied load of 10 kips. A maximum displacement of
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Figure 4.24: Load vs. Displacement for Column Control without Axial Load

5.2 in was applied to the column while it sustained the full axial Load. Photos from the loading

procedure and column failures are shown in figure 4.26, figure 4.27, and figure 4.28.

Based on the results obtained from the control column (without axial load application), the damage
phase loading protocol was generated for the remaining 4 columns. The loading protocol is shown
in figure 4.29 . The loading protocol is based on the ICC AC 125 sinusoidal loading protocol [1].
The typical load-displacement behavior of the columns is shown in figure 4.30 and figure 4.31.
The maximum load and displacement levels achieved during the damage phase are shown in figure

figure 4.32.
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Figure 4.25: Load vs. Displacement for Column Control with 40 kips Axial Load

4.4.2  Repair Phase

The repair design objective was accomplished by utilizing the CFRP sheets in both the transverse
and longitudinal directions. During the design process the idea that failure of the FRP laminate
system would not occur was kept in mind. The repair of each column was designed to restore the
column peak lateral load strength compared to the original test. The strengthening system should
also restore the column stiffness and ductility. The regions of the columns at and adjacent to the
plastic hinge were repaired by externally bonding FRP composites (epoxy and PU systems) to the
columns in the following order: The first layer layer was applied circumferentially to wrap the

column, the second layer was applied in the transverse direction to provide transverse reinforce-

66



Figure 4.26: Column Setup Photo

ment for the unidirectional FRP composite, and the 3rd layer was also used to wrap the column

circumferentially.

The first FRP wrap was designed to restore the shear and confinement capacity of the column,
the second longitudinal layer to restore the loss from the yielded longitudinal rebar in the column
as well as provide confinement to the first circumferential layer of FRP since all the fibers were

unidirectional, and the 3rd layer was wrapped on top of the second layer (transverse/ circumfer-
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Figure 4.27: Photo of Control Column without Axial Load Application Failure

ential direction)to ensure no FRP laminate failure occurs even though the design did not require
that layer. Two regions were defined for retrofitting: the primary region is where the damage was
concentrated. This region is the plastic hinge region, which was observed to be about 12 in. The
secondary region is the region adjacent to the primary region with the same length which defined
the new or expected plastic hinge. Therefore the total length of FRP retrofitted region was 24

inches.
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Figure 4.28: Photo of Control Column with Axial Load Application Failure

The control columns that were damaged to high ductility levels and needed geometric restoration.
They were geometrically restored by reverse-loading the columns under the same setup. Control
columns experienced concrete spalling failures in the plastic hinge region. 10000 psi high strength
grout was applied after chipping the heavily cracked zones. The cracks in all 6 columns were
epoxy-injected by a specialty concrete restoration group, C & R Epoxy Systems, before FRP was
applied. After the epoxy injection was performed and prior to applying the CFRP laminate, the

columns were prepared for FRP installation by grinding the surface to expose the aggregate per
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Figure 4.29: Load Protocol Used in Damage Phase [1]

the manufacturers specifications and then cleaned to ensure the surface was free of grit and other
particles. After the epoxy injection and surface preparation, the FRP composites for all columns

were installed per table 3.4 and as prescribed above.

4.4.3 Post-Repair Phase

After the repair phase, the columns were set back on the same test setup under which they were
damaged. The girders tested under cyclic loading using the same load protocol shown in fig-
ure 4.29. The load displacement results for control column 1, which was damaged at high ductility
levels until complete failure with the application of axial load, revealed that the FRP wrap did not

restore the lateral capacity of the column even though the cracks and concrete spalling from the
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Figure 4.30: Typical Load and Displacements of Columns During Damage Phase Versus Time
Increment

damage phase appeared to have formed only on the face of the column in the 8 in plastic hinge
region and not in the foundation. The load-displacement results for the control column 1 are show
in figure 4.33. It can be seen from these plots that the lateral stiffness of the column had decreased

93 % for column 1 in the first cycle.

The load-displacement plots for column 2, which was damaged at a ductility level of 4, is shown
in figure 4.35. It can be seen that the PU composite restored the capacity of the column. However
the behavior of the column appeared to have differed from the columns which were damaged at a
lower ductility. This is attributed to the severe damage of the longitudinal bars during the damage

phase. Photos from the damage phase of column one revealed buckled longitudinal bars. Photos

71



Displacement (mm)

-30 -20 -10 0 10 20 30
10 | i 1 | L L |
40
30
¥l 20
— 10
= g
= 0 0B
k-] 1]
© E <]
3 -
-10
-20
-5 -
-30
_10, | N W . s I | o | | RS IS T S WO S | bl |- -
15 -1 05 0 0.5 1 1.5

Displacement (in)

Figure 4.31: Typical Load Versus Displacement for Columns in Damage Phase without Axial Load
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Figure 4.32: Maximum Applied Lateral Loads and Displacements on the Columns During Damage
Phase
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Figure 4.33: Post-Repair Load-Displacement Plot for Column 1

of the damage of the longitudinal bar during the damage phase are seen in figure 4.34. The load

displacement results for columns 4 and 6 are shown in figure 4.36 and figure 4.37 respectively.

As shown in the figures above, the column behaved asymmetrically in the positive cycle and the
negative cycle. This can be attributed to the unsymmetrical damage in the columns from the
previous testing phase. The results confirmed that the strength of the column can be restored using
both systems, epoxy and polyurethane. Not only was the capacity restored, but the strength and
ductility of the column proved to have even been enhanced for the columns that were damaged
at low ductility levels without the severe damage to longitudinal bars. A reduction in stiffness of
the columns was also observed due to stiffness degradation of the reinforcing steel and concrete

cracking of the column. The displacement capacity of the repaired columns, which were damaged
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Figure 4.34: Photo Showing Longitudinal Reinforcing Bar Buckling from the Damage Phase
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Figure 4.35: Post-Repair Load-Displacement Plot for Column 2
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Figure 4.36: Post-Repair Load-Displacement Plot for Column 4

at low ductility levels without severe damage to the longitudinal bars, was restored nearly to that of
the original condition. The retrofitted columns failed by forming a plastic hinge in the foundation,

just below the FRP composite location (figure 4.38).

Another important observation can be concluded from comparing the column behavior during the
damage phase and post-repair phase, is that the energy dissipation during the cyclic loading of
the post-repaired columns is much larger than that which was observed during the damage phase.
However, it should be noted that that the columns which were damaged under cyclic loads did not
have any superimposed axial load as in the post-repair phase. The behavior of the columns during

the damage phase can be different if a superimposed axial load was applied.

75



Displacement (mm)
-50 0 50
15 | | | 15

(=]
Load (kN)

Displacement (in)

Figure 4.37: Post-Repair Load-Displacement Plot for Column 6

Figure 4.39 shows the load vs. displacement superimposed for column 4 and column 6 which
were repaired with epoxy and PU respectively. It can be observed from the figure that both FRP
composite systems provided very similar confinement retrofitting for the damaged columns. The
load capacity of the columns was restored for both columns. The difference in the stiffness between
the PU and epoxy retrofitting systems was not observed in the behavior of the repaired columns.
This could lead to believe that the effect of the bond was negligible compared to the effect of the
confinement provided by the circumferential FRP laminate, given the high strength and stiffness

of the multiple layers of FRP that were used in both systems.
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Figure 4.38: Post-Repair Typical Column Failure
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Figure 4.39: Post-Repair Load-Displacement for Columns 4 and 6
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CHAPTER 5: FINITE ELEMENT MODELING

The goal of the analytical modeling was not to reproduce the experimental curves through pa-
rameter calibration. Rather, it was desirable to see if the material and lap shear test data were
sufficient to reproduce the different mechanisms observed in the epoxy versus polyurethane speci-
mens during flexural tests. MARC was used in the nonlinear finite element modeling of the beams.
Eight-node brick elements were used in the modeling of concrete and laminate elements. Addi-
tional interface elements were used to model the delamination and interfacial response, typical of
composites where each ply is modeled with solid elements. A cohesive model defines the material
behavior of these elements. The bond-slip relationships obtained from the lap shear experiments
were used to calibrate the interface elements. The relationships assumed for the analytical models
are shown together with the experimental curves in figure 5.1 and figure 5.2 and described in more
detail in the following section. Since there was not have enough information about the interfacial
shear between the FRP layers to develop interface elements for the cohesive zone model in MARC,
the 3 layers were modeled as a single element. This eliminates the effects of the interfacial shear

between the FRP layers. This modeling assumption leads to a stiffer FRP layer.

The non-linear concrete cracking formulation used in the analysis is built-in by MARC and is
based on “Buyukozturk™ model. Figure 5.3 shows the strain softening relationships of concrete
vs the modeled forms in MARC. The area under the tension softening region represents fracture
energy G ;. When tension-softening, E, is not included, material loses all load-carrying capacity;
Therefore, stress goes to zero upon cracking. The properties of concrete were obtained from 28-
day cylinder tests and the 3-point bending tests. The average of 6 concrete cylinder tests per ASTM
C39/C39M was 58009 psi for the small scale beams and 6325 psi for the girders. The fracture energy
average Gy was 0.55 Ib/in for the small scale beams and 0.61 Ib/in for the girders. A modulus of

rupture of 0.64 ksi, and shear retention factor of 0.0089, and ultimate compression strain of 0.003

79



Slip (mm)

0 0.002 0.004 0.006 0.008 001 0.012
3 T T T T T

- 20
25
_ - 15 -
= : o
g2 =
— —
] H
& 1 2
& 15 10 @
« 10 ©
] Epoxy Uni (1 2
@ Epoxy Umi (1)
ﬁ - Epoxy Uni (2) ﬁ
1
- Analytical Used in FEM
45
05 ]

0 0.0001 00002 00003 00004  0.0005
Slip (in)

Figure 5.1: Epoxy Uni to Concrete Bond-Slip Model

were used in the concrete model.

The steel reinforcement for both longitudinal rebars and stirrups, were modeled using truss ele-
ments with discrete modeling of rebar with the concrete, which means rebar and concrete elements
shared common nodes; that is, no concrete-steel interface elements were developed. The steel ma-
terial was modeled as a bilinear elastic-plastic (nearly perfectly plastic) with a modulus of elasticity
of 29000 ksi, Poisson’s ratio of 0.3, and steel yield stress of F}, = 60 ksi. The FRP materials were
modeled as linear elastic materials with stress and strain properties obtained from experimental
results provided by the manufacturer. A modulus of elasticity of 15.1 Msi and an ultimate stress of
127.5 ksi were used for the polyurethane composite, and a modulus of elasticity of 20.6 Msi and

an ultimate stress of 181.4 ksi for the epoxy composite.
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Figure 5.2: Polyurethane Uni to Concrete Bond-Slip Model
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5.1 Bond Modeling and FEM Results for Small Scale Flexural Beams and Larger Scale Girders

The material properties for the bond were defined as interface elements in MARC. This element
type is used to simulate the onset or progress of delamination. These interface elements are used
to associate the material properties of the bond or cohesive material to a cohesive zone model in
MARC. The cohesive material is defined using the cohesive energy (also called critical energy re-
lease rate), which equals the area below the equivalent traction versus equivalent relative displace-
ment curve. The shape of this curve can be bilinear, exponential, or combined linear-exponential.

In this model presented in this report, the bilinear form was used.

MARC uses cohesive zone modeling to simulate progress of delaminating. The constitutive be-
havior of these interface elements is expressed in terms of tractions versus relative displacements
between the top and bottom surface of the elements. The effective traction, ¢, is introduced as
a function of the effective opening displacement or slip, v. The critical effective opening, v, is
obtained from figure 5.1 and figure 5.2 which show the bond slip models obtained from the single
lap shear experiments. An average value of 0.0021 is used for the polyurethane polyurethane FRP
model and 0.000128 for the epoxy FRP model. The cohesive energy, GG, which defines the energy
release rate, was also extracted from the bond slip models. The numerical values used in the model

were G of 0.00114 and 0.00045 for polyurethane Uni + Adl and epoxy Uni, respectively.

The load vs displacement plots comparing the FEM results with the experimental curves are shown
for the epoxy FRP-reinforced small-scale beams and polyurethane FRP-reinforced small-scale
beams in figure 5.4 and figure 5.5, respectively. The load vs. displacement data in figure 5.5
show the same damage progression observed in the flexural tests (cracking, drop in load, followed
by post-cracking transfer to the laminate). The FEM results have consistently lower initial stiffness
and cracking load due to the parameters associated with the concrete low-tension damage model.

However, no attempt was made at calibrating to match the experimental results, data was drawn
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Figure 5.4: Experimental and FEM Load-Displacement Results for Epoxy Retrofitted Small-Scale
Beams

directly from each of the material characterization tests directly.

Using the modeling criteria described above the reinforced concrete girders were also modeled.
Without any calibration to match the results and using the basic constitutive models described
above the load-displacement plot of the RC girder vs the experimental results were produced.
These results are shown in figure 5.6. It can be observed from the results that the pre-cracking and
post-cracking stiffness of the girder was captured in the FEM model within close proximity given

the assumptions that were made.

The ultimate load before concrete crushing from the analytical model was 18 kips with a midspan

displacement of 4 in while the experimental ultimate load and displacement were 16.9 kips and 2.1
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Figure 5.5: Experimental and FEM Load-Displacement Results for Polyurethane Retrofitted
Small-Scale Beams

in. The cracking load was observed to be at 6.8 kips for the FEM compared to 4 kips in the tested

control beam.

When modeling the retrofitted girders, no damage was induced to the girders. This decision was
made based on three criteria: 1- the cracks were repaired with epoxy injection 2- the complexity
of inducing damage to the finite element of the girders is very high especially when it comes to
including the epoxy injection materials in specified crack locations, 3- the concrete model is not
calibrated to match the exact behavior of the experimental results. Therefore, the same control
girder model was used and the two composite systems were applied in the same way they were

applied in small-scale beams, where interface elements were used to model the adhesive layer and
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Figure 5.6: Experimental and FEM Load-Displacement Results for Control Girder

using linear elastic FRP materials. The results of the finite element models for the retrofitted girders
are shown in figure 5.7. The analytical model revealed interesting behavior where both systems
had similar post-crack stiffness which was close to the post-cracking stiffness of the test girders.
The ultimate loads that were obtained from the analytical models were 36 kips and 32 kips while
the displacements were 2.5 in and 2.6 in for the epoxy FRP retrofitted girders and polyurethane

FRP retrofitted girders respectively.

The cracking load and displacement in the FE model were closer to the experimental results in
the case of the polyurethane system than the epoxy system. This can be largely attributed to the
consistent failure within the adhesive layer, and the lack of stress concentrations in the concrete be-

cause of the flexibility of the cohesive material (interface). To compare the failure modes observed
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Figure 5.7: Experimental and FEM Load-Displacement Results for Retrofitted Girders

in the PU FRP-reinforced flexural tests (figure 4.8), the principal cracking strains were generated
in the FEM at a load corresponding to the post-cracking region of the response. The contours of
the principal cracking strain for the polyurethane FRP model are shown in figure 5.8. The flexural
crack at the saw cut location continues to widen until debonding occurs (cohesive failure in the
interface). The different bond properties in the model also caused the PU model to fail at a higher
load than the epoxy model. This observation is consistent with the results of the lap shear average

bond stress (figure 4.3) and a consequence of the stress distribution along the bonded area.

On the other hand, the load and displacement response from the model of the epoxy-reinforced
beam showed lesser agreement with the experimental data. As mentioned in the discussion of the

lap shear failure modes, the calibrated bond-slip curve used in the FEM represents failure in the top
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Figure 5.8: Cracking Stains for Polyurethane FRP Retrofitted Beams

layer of substrate, implying that the true local bond strength of the epoxy adhesive layer may be
significantly higher than that measured. The FEM results show lower stiffness, cracking load, and
ultimate load. The concrete material model can degrade in shear (because of diagonal tension);
therefore, the epoxy local bond strength should be increased to better match the experimental
results. Similarly, the ultimate load is lower than the experiment because it receives a contribution
from the concrete material in the model as well as the interface. The principal cracking contours
for the epoxy FEM are shown in figure 5.9 to compare with the failure modes observed during the
flexural tests. The epoxy specimens de-bonded in the concrete layer with a mixed mode behavior

(figure 4.9); however, the model indicates only that the epoxy interface model is sufficiently stiff to
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Figure 5.9: Cracking Stains for Epoxy FRP Retrofitted Beams

generate several distributed flexural cracks. The wedge due to the inclined crack does not develop
in the model to the same extent as would be observed if the bond strength of the interface was

increased.
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CHAPTER 6: DISCUSSIONS AND CONCLUSIONS

The extensive experimental program presented in this dissertation was developed to compare the
behavior of epoxy FRP composites versus polyurethane FRP composites in external strengthening
of concrete beams in flexure and columns. In the small scale experiments, 3 different fabrics were
paired with each of four different matrices (3 polyurethane with differing adhesives, and 1 epoxy).
Single lap shear experiments were performed to determine the bond properties of each system to
concrete, and to compute bond-slip relationships for use in finite element models. Small-scale
three-point flexural tests were performed on the same matrix of systems. Results indicated that
the epoxy FRP-reinforced beams demonstrated a higher cracking load; however, the PU FRP-
reinforced beams reached a higher ultimate load. Similarly in the lap shear experiments, the ul-
timate load at debonding in most PU systems was higher than the epoxy systems. In both types
of experimental tests, the polyurethane systems all debonded consistently in the adhesive layer,

whereas the epoxy specimens failed in the substrate (top layer of concrete bonded to the laminate).

FRP strengthening allowed the moment capacity of all girders to be increased by 1.3 times com-
pared to the undamaged control girder without FRP strengthening. The total deflections at fail-
ure and stiffness for all specimens, those retrofitted with the PU composite system and those
retrofitted with the epoxy composite system, were similar at failure. The results also revealed
that the retrofitting was done without compromising the ductility and serviceability of the girders.
The stiffness of the girders was increased by approximately 3 times compared to the control girder.
The repeatability of the results is evident in from the load-displacement plots. Moreover, all fail-
ure criteria were consistent and de-bonding took place in all 8 beams. All polyurethane systems
de-bonded in the adhesive (primer) layer, while all epoxy systems de-bonded in concrete-adhesive

layer. Both debonding failures were brittle and sudden failures.
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The column results revealed that not only was the capacity restored, but the strength and ductility
of the column proved to have even been enhanced for the columns that were damaged at low
ductility levels. The displacement capacity of the repaired columns, which were damaged at low
ductility levels, was restored nearly to that of the original condition. The retrofitted columns failed
by forming a plastic hinge in the foundation, just below the FRP composite location. Moreover,
the energy dissipation during the cyclic loading of the post-repaired columns was shown to be
significantly larger than that which was observed during the damage phase. The repair of the
columns which were damaged to higher ductility levels was not successful. This is due to severe
damage and buckling of the longitudinal bars. It was concluded that a proper way to retrofit
such severely damaged columns using externally bonded FRP composite systems is by providing
longitudinal FRP reinforcing anchored to the foundation to replace the lost capacity of the damaged

bars.

Bond-slip relationships were derived from the strain data recorded during the single lap shear tests.
The polyurethane FRP composite systems showed lower interfacial bonding stiffness and local
bond strength. However, the flexibility allows local stress redistribution and a larger interfacial slip
while avoiding local de-bonding. Chen et. al. (2001) [23] did not study different bond strengths
but pointed out that the ultimate bond capacity is governed not only by the bond strength but also
by the stress distribution along the bonded area. This observation was also confirmed during the
flexural tests, and from the finite element models that were used to compare the responses, where
higher ultimate loads were achieved. The finite element models were not calibrated to match the
experimental responses, but rather used only data from the lap shear and material tests, yet they

yielded the same flexural behaviors and failure modes as observed in the experiments.

The only minimum strength criteria that is prescribed in ACI 440.2R [3], which is the current
guide for the design of externally bonded FRP systems for strengthening of concrete structures in

the US, specifies that for bond critical applications (flexural and shear retrofitting for example), the
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tension adhesion strength shall exceed 200 psi and the failure shall be exhibited within the concrete
substrate. The normal pull off tests of polyurethane adhesives reveal values that are significantly
less than the above minimum prescribed value. Therefore, per this guide polyurethane systems
do not qualify as a retrofitting application per the current design code. This research proved that
normal strength of the adhesive (or tension strength) does not represent the bond strength in shear

nor mechanics in most bond critical applications, specifically flexural retrofitting and shear.

ACI 440 also stipulates that an unacceptable failure mode is within the adhesive layer. Addi-
tionally, a cohesive failure of substrate material is considered an acceptable but not preferable
mode of debonding failure although it is explicitly mentioned ACI440.2R. These guidelines lead
to stress limitations preventing high strength FRP to be fully utilized in externally-bonded FRP
systems in flexural retrofitting applications. This puts limits on the capacity of the retrofitting
systems. The repeatability of the experimental results, specifically in the flexural experiments,
proved the debonding is not unpredictable as ACI states. The results of this research from the
flexural retrofitting experiments (small scale beams as well as large scale girders) and lap shear
experiments proved that retrofitting capacities can be achieved even though the mechanics of the
interfacial shear are different between epoxy systems and polyurethane systems. The repeatability
of the tests and preliminary finite element analysis also prove that bond failure can be predicted
and is not an undesirable mode of failure as the guidelines state. Knowing the shear bond capacity
in the adhesive layer with a good level of confidence allows (due to the repeatability of the tests),
it was shown in this research that the designer can design for a debonding failure mode in the ad-
hesive layer. Given the achievable high flexibility of polyurethane composites [15], polyurethane
adhesives potentially may be developed for non brittle, which makes debonding a more desirable

mode of failure than other brittle mode of failure which are currently acceptable in ACI 440.
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APPENDIX A: FLEXURAL TEST RESULTS FOR DIFFERENT
POLYURETHANE SYSTEMS
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This appendix presents the results obtained for the different polyurethane adhesive combinations
and epoxy with the different fibers which were described in the body of the dissertation. Alongside
the load-displacement plots obtained from the experiment, photos showing the failure criteria for

each specimen are shown next to the plots.
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APPENDIX B: CONCRETE MIX DESIGN USED IN PROJECT
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Table B.1: Beams and Lap Shear Specimens Concrete Mix Content

Material Source Description Specific Weight
Gravity | (Ib/yd®)
Cement CEMEX Type I Cement per ASTM C- | 3.15 570
150 [40]
Fine AGG. | CEMEX Natural Sand per ASTM C-33 | 2.63 1260
[41]
Coarse | CEMEX #57 LimeStone per ASTM C- | 2.45 1755
AGG. 33 [41]
Water ASTM C-94 [42] 1 275
Addmix- | W.R. WRDA 60 per ASTM C-494
ture 2 Grace [43]
Totals 3860

B.1 Concrete Mix Design for Small Scale Beams, Lap Shear Specimens, and Girders

Supplier : CEMEX WINTER PARK

Mix Code Number: 1396193

Description : 5000 psi in 28 days - Regular
Control Number : 1131JR085

Designed Slump: 4 in +/— 1 in
Designed Air: 2.0 % Entrapped
Designed Unit Weight: 142.9 [b/ ft?

Designed Water Cement Ratio: 0.48
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Table B.2: Column Concrete Mix Content

Material Source Description Specific Weight
Gravity | (Ib/yd®)
Cement CEMEX Type I Cement per ASTM C- | 3.15 594
150 [40]
Fine AGG. | CEMEX Natural Sand per ASTM C-33 | 2.63 1327
[41]
Coarse | CEMEX #57 LimeStone per ASTM C- | 2.45 1381
AGG. 33 [41]
Pozzolan CEMEX Class F Fly Ash per ASTM C- | 2.45 148
618 [44]
Water ASTM C-94 [42] 1 275
Addmix- | W.R. WRDA 60 per ASTM C-494
ture 2 Grace [43]
Totals 3767

B.2 Concrete Mix Design for Columns

Supplier : CEMEX WINTER PARK
Mix Code Number: 1401315
Description : 5000 psi in 28 days - Pea Rock Pump

Control Number. : Not Provided

Designed Slump: 5in +/— 1 in
Designed Air: 3.0 % Entrapped
Designed Unit Weight: 139.5 1b/ ft3

Designed Water Cement Ratio: 0.43
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APPENDIX C: COLUMN PHOTOS AND REACTION BLOCK DESIGN
DRAWINGS AND PHOTOS
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Figure C.1: Column Photo Prior to Pour
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Figure C.2: Column Photo Prior to Pour
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Figure C.4: Column Photo Prior to Pour
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Figure C.5: Transporting Columns to Pour Site
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Figure C.6: Columns at Pour site Pour
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Figure C.7: Columns during Pouring of Concrete
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Figure C.8: Slump Test from Column Pour
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Figure C.9: Poured Columns
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The reaction blocks that were used in the column testing were designed to sustain a maximum of
150 kips in any direction. The blocks were designed to be used for future testing by providing
connections at locations in the block. They were designed to attach to the UCF strong floor, using
2” to 3.5” rods. After approaching many construction companies and precasters with our design,
Gate Precast Company was the only company who agreed to donate the blocks to UCF, and to
them we are very thankful. Photos of the reaction blocks along with photos from different phases

of column construction are shown in this appendix.
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Figure C.10: 3D Schematic of the Reaction Blocks
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Figure C.11: Reaction Block at Gate Precast Company Prior to Pour
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Figure C.12: Reaction Block at Gate Precast Company Prior to Pour
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APPENDIX D: COLUMN LOAD-STRAIN GRAPHS
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This appendix shows load vs. strain graphs for the different tested columns. Each different color

in the graph below represents the strain from a different strain gage along the longitudinal bar.
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Figure D.1: Control Without Axial Load Application: Load vs Strain in Longitudinal Bar During
the Damage Phase
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Figure D.2: Column 6 Load vs Strain in Longitudinal Bar During the Damage Phase
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