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Carbon Fiber Reinforcement Polymer (CFRP) materials are widely used to strengthen
reinforced concrete structures because they are light weight, have high strength, and are
relatively easy to install. In strengthening applications, CFRP strips are typically attached to the
concrete surface using epoxy resin with fibers oriented in the direction needing additional tensile
strength. However, if CFRP strips rely exclusively on bond strength with concrete, only 40% to
50% of the CFRP tensile strength can be developed before debonding occurs. In order to fully
develop the tensile strength of CFRP strips, some form of anchorage is needed. CFRP anchors
can be applied with relative ease and have recently been shown to provide effective anchorage of
CFRP strips to concrete members. In many cases, however, current anchorage details may
resulting in fracture or failure of CFRP anchors prior to developing the full strength of CFRP

Vi



strips. Many design parameters, the effects of which are not well understood, can affect the
behavior and strength of CFRP anchors. Moreover, previous studies have demonstrated that the
quality of installation can influence anchor strength substantially. The objectives of the study
presented are to: 1) provide engineers with design guidelines for CFRP anchors, and 2) deliver a
reliable test for controlling the quality of installation and materials of CFRP anchorage systems.

In all, 39 tests on 6”x6”%x24” rectangular concrete beams were conducted to study the
influence of five parameters on CFRP anchor strength and effectiveness: 1) the width of the
CFRP strip being developed, 2) the material ratio of CFRP anchor to CFRP strip, 3) the concrete
strength, 4) the length/angle of anchor fan, and 5) the bond between CFRP strip and concrete
(bonded/unbonded). The same tests also served to develop the test methodology for quality
control of the CFRP anchorage system. Based on experimental results, guidelines for designing
CFRP anchors are proposed. A test specimen and methodology are also proposed for qualifying
CFRP materials and anchorage-system installations.

A Finite Element (FE) formulation was selected to provide a computational tool that is
suited for simulating the behavior of CFRP strips and CFRP anchors. The ability of the selected
FE formulation to reproduce the effects on behavior of varying the anchor-material ratio,
concrete strength, length of anchor fan, and bond conditions was investigated. Six FE
simulations were built by adjusting simulation parameters and comparing results with six
experimental tests. Comparisons between experimental and numerical results indicate that the
proposed FE formulation and parameter selections reproduced load-deflection and local strain

behaviors with high fidelity.
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CHAPTER 1

Introduction

1.1 OVERVIEW

The application of Carbon Fiber Reinforced Polymers (CFRP) in rehabilitation of
concrete structures has progressively increased since the 1980’s because of its high strength,
light-weight, and flexibility, which provides an easy and efficient way to repair and strengthen
concrete structures. Normally, epoxy resin has been used as an interface material to attach CFRP
material to concrete surfaces to transfer load from the concrete substrate to the CFRP. The
substrate material is much weaker than the CFRP strips and epoxy resin and fails before the
capacity of the CFRP strips is reached. Recent research suggests that the introduction of CFRP
anchors provides an alternate force transfer mechanism so that more of the strength of the CFRP
material can be developed after debonding occurs. This research is focused on the behavior of
CFRP anchors and their ability to fully develop the strength of CFRP materials used in

strengthening of concrete structures.

1.2 NECESSITY OF INTRODUCING CFRP ANCHORS

In the state of Texas, CFRP materials have been used primarily for durability or for repair
of members with impact damage. CFRP anchors, however, are rarely used in these projects.
CFRP materials may be used for repair or strengthening bridges if there is a loss of capacity due
to corrosion, construction error, damage by impact load, or the need to increase load capacity. In

unanchored applications, tensile force is transferred from CFRP strips to the concrete substrate



through interface bond only. As a result, less than 40% of the tensile strength of CFRP strips can
be realized before the strips debond from the concrete substrate (Orton, 2007). Available
solutions to prevent a premature debonding failure are complete wrapping (Figure 1-1) and using
CFRP anchors on U-wrapping (Figure 1-2). Both complete wrapping applications and anchored
U-wrapping applications have been tested with an anchored CFRP strip reaching rupture strain
(Kim, 2011). Without anchors, however, U-wrapping applications are less efficient than
complete wrapping application (ACl 440.2R-08, 2008). While complete wrapping produces
excellent behavior, it is less practical than U-wrapping applications if 1) there is a deck in place
on the girder so that complete wrapping is impossible and 2) re-entrant corners in some girders

results in the CFRP strip pulling away at the corners.

Figure 1-1 Complete wrapping application (ACI 440.2R-08, 2008)

Ee-entrant /'

COrners \

CFRP | * Chamfer

Epoxy
Figure 1-2 Anchored U-wrapping application for a I-girder
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1.3 PROJECT OBJECTIVE AND SCOPE

The goal of this research is to provide guidelines for a reliable anchorage system to
utilize the high tensile strength of CFRP materials. The study reported here consists of the
following topics:

1. Literature review in which the history and current applications of CFRP materials
in rehabilitation are presented in Chapter 2. Additional information about design
philosophy, quality control of installation, numerical investigations of the
behavior of CFRP strengthening systems are also presented in Chapter 2.

2. The test program is discussed in Chapter 3 in which 39 tests were conducted to
improve anchor design and quality control procedures. A key feature of the test
program was the use of a non-contact deformation measurement system to record
displacements in CFRP strips and deformations of test specimens.

3. Based on that data, load versus deformation relations, strain distributions along
and across CFRP strips, and strain contours were plotted to determine the
influence of the following parameters on the performance of anchorage systems
(Chapter 4).

I.  Width of CFRP strips

Il.  Material ratio of CFRP anchors to CFRP strips
I1l.  Concrete strength
IV.  Geometry of anchor fan

V. Bonded vs. unbonded installations

4. A 3-D Finite Element (FE) model is described in Chapter 5 that was used to
simulate the behavior of anchored CFRP strips on concrete members. In order to
ensure that the proposed FE model properly represents the parameters
investigated in the experimental portion of the study, six simulations were

conducted using the model by adjusting parameters to match those of six tests



having various anchor-material ratios, concrete strengths, length of anchor fans,
and bond conditions. Comparisons between computed and experimental results
are presented in Chapter 5.

5. Design guidelines for CFRP anchorage systems are proposed in Chapter 6 with
consideration of the influence of CFRP strip width, anchor-material ratio, anchor
fan length, embedment length, bending radius, and anchor hole. Two criteria, one
is based on ultimate test load and another based on failure mode, are presented in
Chapter 6 to evaluate the quality control test for 1) the validation of the quality of
anchor installation, and 2) the evaluation of the design parameters for different
geometry and material characteristics. The limits of this testing methodology for
quality control are also listed in Chapter 6

6. Summary and conclusions are presented in Chapter 7.



CHAPTER 2

Background Study

2.1 HISTORY OF CFRP MATERIAL IN REHABILITATION

In reinforced concrete members, the concrete generally resists compressive forces and
steel reinforcing bars embedded in the concrete carry tensile forces. Such an arrangement
produces an efficient concrete member utilizing the most desirable characteristics of each
material. As concrete structures age, they may face numerous challenges from increasing load
demands, deterioration due to environmental conditions, and damage due to the result of impact
loading or the action of natural phenomena such as flooding, wind or hurricanes, and
earthquakes. Efforts to rapidly and effectively upgrade and rehabilitate structures have resulted

in increased interest in the use of CFRP material in rehabilitation. In typical applications, CFRP

materials are attached to the tensile surface of a concrete member as shown in Figure 2-1.
I v e o T

Figure 2-1 Installing a CFRP strip on the tensile substrate of a concrete member

(Orton et al., 2007)



2.1.1 Development and Properties of Carbon Fiber Material
2.1.1.1 Development

In 1880, Thomas Edison first suggested and patented the production and application of
carbon fibers for his light bulbs. In the middle of the 20th century, the increasing demands on
light weight, high strength, good heat insulation, and corrosion resistant material for aerospace,
marine, electrical and transportation systems resulted in renewed interest in carbon fibers. In
1958, high-performance carbon fiber material was made from Rayon at the Union Carbide Parma
Technical Center (Artem, 2010). In the 1960s, commercial uses of carbon fiber by the US Air
Force and NASA resulted in lighter and faster aircraft. The production of fiber at that time,
however, required production under high temperature and high pressure conditions (Artem,
2010). Applications of carbon fiber in civil engineering structures were not considered due to
cost. During the 1970s, the manufacturing cost was reduced by using polyacrylonitrile (PNA)
instead of mono-crystal graphitic fiber as a raw material for creating carbon fiber. The
application of the pultrusion process in the 1980s reduced manufacturing costs and enabled

carbon fiber to be used as a material for civil engineering structures.

2.1.1.2 Introduction

Fiber Reinforced Polymers (FRP) are manufactured materials consisting of fiber

polymers and additives.

2.1.1.3 Fiber

Fibers comprise the largest volume in a composite laminate. Different materials such as
glass (GFRP), aramid (AFRP), and carbon (CFRP) are used to make fiber to suit different
industrial and commercial purposes.

In material science, a slip system describes the set of symmetrically identical slip planes
allowing dislocation motion to easily occur in certain slip directions which eventually produces
plastic deformation. Generally, a material with fewer slip systems is stronger and more brittle

6



than another material with more slip systems. The hexagonal close packed structure (Figure 2-2)
of fibers has fewer slip systems (3-6) than a body center cubic structure (12 slip systems) (Figure
2-3) such as iron, molybdenum, potassium, and tungsten. Since deformation is a matter of the
number of slip systems, fiber materials are brittle and normally undergo very little deformation
before the bond between atoms fracture under tension. In addition, more energy is required to
break the bond between atoms than between slip surfaces making fiber materials stronger than

body centered materials such as iron and steel.

Figure 2-3 Body center cubic structure (Juenger, 2011)
7



A summary of fiber properties is listed in Table 2-1. Characteristics of fiber materials can
be summarized as follows:

1. High tensile strength and high tensile modulus

2. Limited influence of fatigue
3. Limited influence of the environment
4. Four to six times lower density than steel
5. High cost per unit weight
6. High brittleness
Table 2-1 Material properties of fibers (Juenger, 2011)
Types of Fibers Carbon Aramid E-Glass
Strength (ksi) 550 to 700 500 to 600 270 to 390
Tensile Modulus (1000 ksi) 321034 16 to 18 10to0 10.5
Creep-Rupture % of Ultimate strength 91% 47% 30%
Moisture and Chemistry resistance Excellent Good Low
Cost High Highest Low
Density Ratio of Steel to Fiber 8:1.59 8:1.38 8:1.99

2.1.1.4 Polymers and Additives

Manufactured epoxy resins are commonly used as additives to attach FRP on the surface
of specimens. It is a long-chain polymer material with multiple repeating poly units of molecules
connected through covalent bonds.

Normally, the liquid state of epoxy resin is used for FRP installations. After epoxy resin
cured, the resulting product is a solid state epoxy resin performing like a matrix to bind fibers
together. Since covalent bonds are much weaker than atomic bonds, the strength contributed by
the matrix is much less than that contributed by the fibers. The matrix allows load to be

transferred between fibers, thereby preventing premature failure caused by uneven load




distribution between fibers. The matrix increases resistance to environmental effects and to

mechanical abrasion.

2.1.1.5 Application of Unidirectional CFRP Strips to Strengthen Structural Members

Unidirectional CFRP strips are most commonly produced by manufacturers for
strengthening applications of structural members. All fibers are arranged in a longitudinal
direction and glued together by epoxy resin as shown in Figure 2-4. The tensile strength of this
strip is largest in the longitudinal direction which is also known as the fiber direction, and lowest
along transverse direction determined mostly by epoxy resin. In general, the strip is oriented to
augment the tensile strength of the structure as shown in Figure 2-5. Unfortunately, CFRP strips
are prone to delaminate from concrete surfaces under stresses 40% to 50% of the fiber strength
due to lack of an effective load transfer path or to poor substrate surface failure before epoxy
failure. The introduction of CFRP anchors provides an effective approach to transfer the tensile

load from the CFRP strip to the underlying substrate after debonding occurs.

Transverse

Direction ’

Figure 2-4 Unidirectional CFRP strip



Figure 2-5 CFRP strengthening application

2.1.2 Strengthening and Repairing Structures

CFRP reinforcing bars were used to internally reinforce concrete members and to replace
steel reinforcement when high tensile strength, nonmagnetic properties, or high corrosion
resistance were required (Kim, 2011). CFRP reinforcing bars, however, cannot replace steel
reinforcement where ductility is needed. CFRP materials may be used where rapid rehabilitation
is needed and can be externally bonded to a concrete member. A CFRP strip may reach high
strains but remains linear up to fracture. As a rehabilitation material, the installation of the CFRP
leads to improved durability, short installation time, and visually no change in the geometry of
the structure. Figure 2-6 shows a prestressed concrete bridge in Texas damaged due to an over-

height load and repaired using CFRP strips.
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Figure 2-6 Application of CFRP material to repair IH 20 Bridge (D.Y. Yang, 2003)
2.1.3Typical Failure Modes of CFRP Installations

Typically, failures result when the CFRP strip debonds from a concrete substrate.
Experimental data indicate debonding failure occurs when a CFRP strip develops about 40%-
50% of its tensile strength (Bonacci et al., 2001; Orton, 2008). Figure 2-7 (a) shows specimens
that failed prematurely because of debonding. The tensile strength of CFRP is realized only if
fracture occurs. Although this type of failure is typically identified as a debonding failure, the
failure actually occurred in the concrete substrate with the epoxy pulling off the concrete surface

of the substrate as shown in Figure 2-7 (b).
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(a) Debonding failure (b) Concrete adhering to epoxy

Figure 2-7 Failure mode of a test without application of CFRP anchor

2.1.4 Bond Strength

Bond strength is the shear strength at the interface between the CFRP material and the
concrete substrate. Bond strength determines the maximum tensile force that can be developed in
a CFRP strip when a debonding failure occurs. Bond and slip between FRP and concrete are
simulated using bond-slip models of varying complexity in the literature. The simplest relation
used for bond strength and slip is linear, while more complex bond-slip models assume bi-linear
relations or even non-linear relations. Nakaba et al., 2002 proposed a bond-slip relation defined by

an ascending branch and a maximum bond stress values.

The proposed bond stress (z) versus slip (s) relations are given as:

_ S S 3 .
T = Trmax (;) [3/ <2 + (;) )] Equation 2-1
Tmax = 3.5f7 019 Equation 2-2
Where,
S = bond slip, mm.
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So = bond slip at maximum bond stress, mm. Here s, = 0.065 mm based on the

average value of experimental results,

Chen et al. (2001) used pull tests to determine the bond mechanism between CFRP strips
and the concrete substrate. The tests consisted of adhering CFRP strips with epoxy to a concrete
block and then pulling them until complete detachment from the concrete. The bond-slip model
of Chen et al has linear ascending and descending branches as shown in Figure 2-8. The slip (1)
at peak bond stress (z) was taken as 0.02 mm (0.0008 in.) and the maximum slip (of) was taken
as 0.2 mm (0.008 in.) based on experimental results. The calculation of peak bond stress

considered the influence of concrete strength (f.c), FRP strip modulus (E:), effective bond length

(L, = [FZL mm) and width ratio as shown in Equation 2-3. The predictions of Equation 2-3 are

\/T(:‘ )

found to be in close agreement with single-shear pull tests performed by Yao et al (2005).

© o1 Of
Figure 2-8 Bond-slip model (Chen et al., 2001)

Teng, et al (2003) calibrated Equation 2-3 with experimental data from pull-off test and
proposed a better-fit coefficient a (¢=0.48) to account for both flexural crack induced debonding and

flexural-shear crack induced debonding.

Ef |f¢
r = afy B ft—‘]{_,MPa Equation 2-3

in which
_ [2be/e .
Bw = T+b/be Equation 2-4
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1
Bi=1sin
21,
Where
o =
bf =
t; =

le

ifl>1,
ifl <

Le

coefficient (a=0.427)

width of concrete block, mm.

width of CFRP strip, mm

thickness of CFRP strip, mm

the bond length, mm

the effective bond length, mm

Equation 2-5

Based on the assessment of numerical models using experimental results of 253 pull tests

as shown in Figure 2-9, Lu et al. (2005a) found that 1) available bond-slip models cannot

accurately predict both shape and interfacial fracture energy, and 2) the most accurate models are

the bond-slip model proposed by Lu et al. (2005 a).
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Figure 2-9 Pull test from Lu et al. (2005a)

The nonlinear bond-model included the influence of CFRP width, concrete strength and

CFRP modulus. The bond behavior was defined by empirical stress-slip curves that consist of an

ascending branch and a descending branch until the bond stress reaches zero as shown in

following equations and Figure 2-10.
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Figure 2-10 Bond stress versus slip model (Lu et al., 2005b)

,s .
Tmax | lfSSSO
T = S0

S
Tmaxe_a(g_l), if s =5,

in which
Tmax = 1.5Bw [t
So = 0.01958,f,
_ z_bf/bc
Pw = «l1+bf/bc
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Gr = 0.308B,,"/f,

a =

where

be = width of concrete block, mm.

o = width of CFRP strip, mm

ft = tensile strength of concrete, Mpa

Gy = interfacial fracture energy, Mpa mm
T = bond stress, Mpa

Tmax = Maximum bond stress, Mpa
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While bond models provide some understanding of the force transfer between CFRP and
the concrete substrate and are valuable for use in FEM analysis, they cannot be easily integrated

into design equations as will be discussed in the next section.

2.1.5 Design Philosophy

The most recent and widely accepted guidelines for CFRP flexural and shear
strengthening have been reported by ACI 440.2R (2008). Based on limit-state-design principles,
the acceptable level of design for this approach considers both serviceability and ultimate limit

states.

2.1.5.1 Flexural Design

An environmental reduction factor Cg is recommended to account for the strength loss
due to long-term exposure to environmental conditions. The design tensile strain is therefore
determined by

en= Ce Xen Equation 2-12

where
ery=  design rupture strain of CFRP with consideration of reduction

for service environment.

Ce= environmental reduction factor which is either 1 for CFRP
on a concrete unexposed to earth and weather or 0.9 on exposed
concrete.

ey = Quaranteed rupture strain of CFRP reinforcement defined as the
mean tensile strain at failure of sample test specimens minus

three times the standard deviation.

To account for other unknowns, a strength reduction factor @ is used to reduce the
calculated nominal moment capacity to a design moment that must equal or exceed moments due
to the applied factored loads. The moment at section M, is therefore determined by the following

equations
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dM,>M, Equation 2-13

M, = Asfr, (ds - ﬁlzc”) Equation 2-14
cp = <5cji1;fu> d, Equation 2-15
where

Mn = nominal moment capacity, kips-in

M, = factored moment at a section, Kips-in

Ar = area of CFRP, in.?

fru = design tensile strength of CFRP, ksi.

ds = distance from extreme compression fiber to centroid of tension

reinforcement, in.
Cp = distance from extreme compression fiber to neutral axis at balance
strain condition, in.
Ecu = ultimate strain in concrete.
1 = factor relating depth of equivalent rectangular compressive stress
block to neutral axis depth.
The ultimate strain for a member governed by debonding failure should be limited to the

strain level at which debonding may occur, &4, as defined by ACI 440.2R in the following

equations.
Efq = 0.083\/% <09 Equation 2-16
in which
n = number of plies of FRP reinforcement
£y = design rupture strain of FRP reinforcement provided by the
manufacturer.
Es = tensile modulus of elasticity of FRP provided by manufacturer, psi
ts = the specified thickness of the CFRP strip, in.
where
Er = fru/&ru Equation 2-17
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2.1.5.2 Shear Design

According to ACI 440.2R (2008), the nominal shear strength of a CFRP-strengthened
concrete member can be determined by summarizing the shear contribution of steel, concrete and

CFRP strip as shown in the equation below:

OVn= (Ve + Vs + yiVr ) Equation 2-18

Where

® = the strength reduction factor

Y = CFRP strength reduction factor
(0.95 for completely wrapped member; 0.85 for unanchored U-wrapped
member)

V. = concrete shear contribution, Kips

Vi = CFRP shear contribution, kips

Vi = the nominal shear strength, kips

Vs = steel shear contribution, kips

The shear contribution of the CFRP strip is determined by the following equations

Vf _ Af,,ffe(sinsa+cos a)dry Equation 2-19
f

where Ay = 2ntsws and fr = e E¢

Ay = area of CFRP shear strip on two sides of beam, in?

dy = effective depth of FRP strip, in

fte = effective stress in the CFRP strip, ksi

n = number of plies of FRP reinforcement

St = center to center spacing of CFRP strips, in.

Wy = width of CFRP reinforcing plies, in.

Efe = effective strain level in FRP reinforcement attained at failure

(The average strain in the CFRP strips crossing the critical shear crack
when the peak shear capacity is reached)
ts = thickness of CFRP strip, in.
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Kim (2011) suggested several changes. Complete wrapping is the most efficient method
for shear strengthening concrete members. The effective strain is determined by the equation
below

gfe = 0.004 < 0.75¢&q, Equation 2-20

which limits the maximum effective strain to 0.004

For unanchored U-wrapping applications, Kim suggested that the effective strain be
determined by

efe = kyeru <0.004 Equation 2-21

where

xy= bond-dependent coefficient for shear applications (1.0 for complete wrapping and
0.75 for U-wrapping).

Therefore, the effective strain of an unanchored U-wrapping application should be

limited to 0.003

2.2 BACKGROUND ON CFRP ANCHORS AND ANCHORAGE SYSTEMS

In order to prevent CFRP prematurely debonding from the concrete substrate, anchorage
systems have been developed. Mechanically fastened joints involving steel plates and bolts were
used to anchor CFRP strips (Lamanna, 2002). The application of mechanically fastened joints,
however, unavoidably introduced practical issues such as stress concentration and corrosion. The
application of CFRP anchorage systems provides an efficient approach to increase the capacity
of CFRP strips without corrosion issues and minimum stress concentrations (Orton, 2008).

A brief review of previous research on the study of CFRP anchors is presented in this

section.
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2.2.1 Anchor Details

2.2.1.1 Orton (2008)

In Orton's tests, CFRP strips were used to connect two concrete blocks of the same or
different heights. As shown in Figure 2-11, the tension force on the CFRP sheet was developed
by the mid-span ram so that the two-block specimens were loaded as a 3 point flexural test.

Orton found that by using CFRP anchors having twice the area of the cross-section of the
CFRP sheet being anchored, it was possible to fracture the CFRP strip. Several small anchors
were more efficient than a large anchor with the same amount of CFRP material. The anchors
were placed to prevent debonding of the sheet at the reentrant corner (bottom of the transition
slope). In order to prevent anchor failure, a 13 cm - 15 cm (5.1 inch - 5.9 inch) embedment
length was recommended to ensure a 5 cm (2 inch) depth into the core concrete and the edge of
anchor hole needed to be rounded.

[ |

I 48" >

CFRP Anchors CFRP Sheet

Transition slope

Concrete Blocks

H
&

T

Figure 2-11 Test setup (Orton 2008)

2.2.1.2 Niemitz (2008)
Niemitz (2008) found that the diameter of CFRP anchors (Figure 2-12) is an important

parameter in determining the force being transferred at the anchor from the CFRP strip into the

concrete substrate. An insufficient amount of CFRP material in the anchors leads to rupture of
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the anchors before fracture of CFRP strips. This premature failure due to anchor rupture reduces

the effective tensile capacity of the CFRP strips.

-

Figure 2-12 The diameter of CFRP anchor (Niemitz, 2008)

2.2.1.3 Pham (2009) and Huaco (2009)

Installation of CFRP strips for strengthening members using anchors requires that
installers follow manufacturer's recommendations and procedures in order to achieve the desired
or design capacity of the CFRP. Therefore, quality control is needed to minimize the effects of
improper installation of the CFRP anchors and CFRP strips (Huaco, 2009; Pham, 2009).

Unfortunately, only a limited amount of pertinent literature regarding quality control of
CFRP anchors was found. The standard Test Method for Flexural Strength of Concrete Using
Simple Beam with Center-Point Loading was applied by Huaco (2009) and Pham (2009) to test the
quality of CFRP material. A 6 in. by 8 in. by 20 in. plain concrete block was simply supported with
a CFRP strip attached on the tensile surface as shown in Figure 2-13. However, the concrete
beam often failed before the CFRP ruptured and did not provide reliable results. High strength
(f'c=11.5 ksi) concrete was used by Pham (2009) to prevent concrete shear failure. However, 2
out of 3 tests cast with high strength concrete still failed because of concrete shear. In order to
prevent concrete failure in shear, the plain concrete blocks used in this research were

strengthened by two U-wrapped CFRP strips which will be discussed in Section 3.3.1.
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Based on the results of 18 tests and experimental experience, Pham (2009) and Huaco
(2009) listed the following parameters that influence the performance of CFRP anchors: 1)
quality of CFRP installation, including the quality of CFRP material and epoxy resin; 2) CFRP
anchor size; 3) details of anchor holes which includes bending radius and hole size; 4) Curing of
the CFRP system. In addition, Pham recommended a 0.5 inch bend radius which increased the
anchor capacity up to 30% compared with zero radius application (no rounding). The area ratio
of anchor hole to the cross section of anchor was recommended no less than 1.4 by Pham (2009).

A tension test developed by Pham (2009) was unaffected by concrete failure modes. The
tension test consists of two concrete blocks of the same size as shown in Figure 2-14. Anchored
CFRP strips were attached on opposite sides of a two-block specimen. The tensile force was
developed by a hydraulic jack placed between the blocks to push them apart. Since the
discontinuous blocks are vulnerable to eccentricities, loading on the strips was not equal. The
tension test was not recommended because of alignment problems and the complexity of the

specimen fabrication and test procedure.
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Figure 2-14 Typical test setup and two-block specimen for tension test (Pham, 2009)
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2.2.1.4 Smith et al (2009, 2013)

In order to isolate anchor behavior, a pull-test shown in Figure 2-15 was used by Smith
(2009) to determine the load-transfer mechanism (bond-slip response) from CFRP strip to CFRP
anchor. Typical failure modes of CFRP anchors were anchor shear failure, anchor fan failure
(delamination of anchor fan from strip) and anchor pullout failures shown in Figure 2-16. It
indicated an inadequate anchor failed before the tensile strength of CFRP strip fully developed.
A simplified best-fit and a design equation for the strength of anchors were derived by Smith
(2009) based on the anchor pull-test as shown in Figure 2-15. The tensile strength P, of CFRP

anchor is a function of the bond-slip model for the interface material.

£ El[ € <>

|
luizne . L ;tﬁ?
e |

Figure 2-15 CFRP anchor pull-test (Smith et al., 2009)
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(a) Anchor shear failure  (b) Anchor fan failure (c) Anchor pullout failure

Figure 2-16 Typical anchor failure modes of anchor pull-test (Smith et al., 2009)

P, = kBybs J0.616Eftfm Equation 2-22
where
k = 0.69 + 2.0e~175Uanc/lrro) (best-fit model) Equation 2-23
k = 0.51 + 2.0e~175Uanc/lrrp) (design model) Equation 2-24
And

lanc @and lyanc are shown in Figure 2-15.

fet.com = 0.395(1.32f/)0>> Equation 2-25

Bw = /% Equation 2-26
where

E¢ = tensile modulus of elasticity of FRP

ts = the specified thickness of the CFRP strip

of = width of CFRP strip

f'c = concrete strength at time of test.

More recent experimental reported by Smith et al. (2013) from 4-point bending tests
indicated large anchors increased the strip strain and lead to anchor failure before strip fracture.
A more efficient application is breaking large anchors into multiple smaller anchors with the
same amount CFRP material. The application of multiple smaller anchors were more efficient in
preventing anchor failure by reducing the release of debonding energy that resulted in more even

strain distribution and higher ultimate loads.
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2.2.1.5 Brenaet al. (2013)

A pull-test was also used by Brena et al. (2013) to improve the understanding of the load
transfer mechanism between CFRP strip and CFRP anchor. Based on both experimental and
analytical studies, Brena et al found that 1) strains were developed unevenly along the width of
CFRP strips which suggested the strain distribution obtained along the CFRP strip centerline are
not the same as the strain distributions near the edges of a strip, 2) the CFRP anchor fans are
recommended to cover the entire width of CFRP strip to fully develop the tensile strength of
CFRP strip, and 3) the size of anchor diameter should be designed to reach the force demands of

the CFRP strip and required further research.

2.2.1.6 Zhang et al (2012)

The influence of anchor dowel angle on anchor performance was investigated by Zhang
et al. (2012a). The angles of anchor dowel and anchor fan are shown in Figure 2-17. The
experimental results of 26 tests using angle of anchor dowel from 45° to 157.5° indicates the
anchor strength was increased as the angle of anchor dowel (fanc) relative to the direction of load

increased.

l l l [ Panc ™

— " : '_‘.\ "'{"/'/L e
| Anchor Fan

L or L or - L Anchor Dowel 2

Ijan =90" [anc > 90 [ane < 90 FR}’ Plate

Figure 2-17 CFRP anchor dowel angle (Zhang et al. 2012a)
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Later, a force-slip model was proposed by Zhang et al. (2012) based on 3 unanchored and
24 anchored pull-tests. As shown in Figure 2-18, the load-slip response has four regions
represented by 1) A-B pre-debonding stage, 2) B-C debonding stage, 3) C-D post debonding
stage, and 4) E-F anchor failure. In region A-B, the tensile force on CFRP strips is transferred
through interfacial bond material to concrete. Unanchored tests fail in region B-C when CFRP
strips start debonding from the CFRP substrate and the tensile load is gradually transferred to the
CFRP anchor. In the region C-D-E-F, rigid body movement due to the complete debonding
suddenly releases the tensile force in CFRP strip. Then, the rigid body movement is halted and

anchor force increases up to anchor failure.
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P ! C © i N Unanchored joint
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I
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Figure 2-18 Load-slip response for anchored and unanchored pull-test (Zhang et al., 2011)
2.2.1.7 Kalfat et al. (2013)

More recent report from Kalfat et al. (2013) indicates the use of bidirectional fiber patch
anchorages was found to improve the performance of a single anchor in terms of larger

elongation and strength.

2.2.2 Confinement
2.2.2.1 Kobayashi et al. (2001)

In order to effectively wrap a column at the end of a wall, CFRP anchors were used to
achieve a continuous wrapping application as shown in Figure 2-19. The stress transfer

mechanism of a CFRP anchor was studied by Kobayashi et al. (2001).
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Figure 2-19 Using anchored strip to wrap a column with wing walls

Based on the experimental results, Kobayashi et al found that:

e Fan angle should be less than 90° as shown in Figure 2-20 (a).

e A 10 mm (0.39 inch) or more overlap is recommended for anchor fans as shown in
Figure 2-20 (b).

e The length of angle fan should be 150 mm (5.9 inch) or more as shown in Figure 2-20
(b).

e The interval of CFRP anchors should be less than 200 mm (7.9 inch) as shown in
Figure 2-20 (b).

e The amount of CFRP material used for anchors should be more than those used for

main strips
/Ma]n CF sheet
20cn or less
9[1 degrees or less
10mm or morg
I /
‘ | ——Perpendicular CF sheet
15¢m or more ing wall
(a) Fan angle (b) anchor overlap spacing

Figure 2-20 Recommendations on anchor details (Kobayashi et al., 2001)
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2.2.3 Flexure

2.2.3.1 Kim (2008)

Beam tests were used by Kim (2008) to explore the behavior of different anchorage
systems under dynamic load. As shown in Figure 2-21, the dynamic load was produced by a
pendulum mass. The anchorage systems included U-wrapping and CFRP anchors as shown in
Figure 2-22.

Figure 2-21 Test setup (Kim, 2008)
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Figure 2-22 CFRP application with anchorage systems (Kim, 2008)
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The experimental results indicated both applications produced fracture of the CFRP strip
under dynamic load. The CFRP anchors distributed the stress across the CFRP strip more evenly
than the U-wrapping application. More stress was transferred to steel reinforcement from CFRP
anchored strip than from the U-wrapping application.

In addition, the study of Kim (2008) also reveals the importance of developing a reliable
test methodology for isolating the anchor behavior, validating CFRP material properties and

inspecting CFRP installations.

2.2.4 Shear
2.2.4.1 Kim (2014)

Kim (2014) used anchored CFRP strips to shear strengthen T-beams as shown in Figure
2-23. An elevation of loading setup is shown in Figure 2-24. In order to prevent anchor failure,
two patches with fiber direction either perpendicular or parallel to the fiber direction of the

CFRP strip were used.
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Figure 2-23 Using anchored CFRP strip to u-wrapping a T-beam (Kim, 2014)
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Figure 2-24 Loading setup (Kim, 2014)

As shown in Figure 2-25, Kim (2014) found that unanchored applications did not

increase the shear capacity due to the CFRP strip prematurely debonding from concrete surface.

For anchored U-wrapping CFRP application, the tensile strength of CFRP strips could be fully

developed (Kim, 2014). The average strain on the strip along a critical crack at failure, however,

was less than 0.005 because as a brittle material, CFRP material has no plastic behavior and the
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strain distribution on strips at failure therefore is not uniform. An effective strain of 0.004 was
recommended to represent the average strain on strips at failure for design purposes. The shear

strain was obtained from six LVDTs arranged in a rectangle shape as shown in Figure 2-26.
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Figure 2-25 Comparisons between anchored and unanchored application (Kim, 2011)

Figure 2-26 LVDTs configuration for shear strain

The two modifications to the ACI 440.2R-08 procedures were proposed by Kim (2011).
The modified design equation for FRP shear strengthening is given below with the proposed
changes in bold print:

Vo= (Ve + Vi + 9rVy) Equation 2-27
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Where V¢, Vs, Vi = concrete, steel, and CFRP shear contribution
¢=strength reduction factor=0.75

Y =additional reduction factors for FRP shear reinforcement
0.95: completely wrapped member

0.9: U-wraps with anchorage (Kim, 2011)

0.85: U-wraps and 2 sided schemes

V. = 2Jfb,d

Agyfsy(sinas+cos as)d

Vs = s

V. = Apffre(sinas+cosas)dsy,
f st

fre = €reky

where dg,, s¢, wp and a are illustrated in Figure 2-27

f7= concrete specified compressive strength (psi)

b,,= section web width

d= section effective depth

Ag,= area of transverse reinforcement spaced at s

fsy= Yyield strength of transverse reinforcements

sy = center to center spacing of CFRP strips

ds,=distance from another to section extreme tension fiber
t; = nominal thickness of one ply of CFRP reinforcement
wg= width of CFRP reinforcement plies

E;= tensile modulus of elasticity of CFRP

gro= effective strain level in CFRP reinforcement attained at failure

Equation 2-28
Equation 2-29

Equation 2-30

Equation 2-31
Equation 2-32

£ro = 0.004 < 0.75&g, (U-wraps with anchorage proposed by Kim (2011))

&p, = ultimate strain capacity of CFRP reinforcement
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Figure 2-27 Description of the variables for calculating CFRP shear strengthening

(ACI 440.2)

Although anchored U-wrapping applications performed like complete wrapping and
allowed CFRP strips to reach fracture, the strength of anchored U-wrapping applications were
found more variable than complete wrapping applications having a factor y=0.95 and less
variable than unanchored U-wrapping applications having a factor y;=0.85. A value of y=0.9
was therefore recommended for design of anchored U-wrapping applications. In the study by
Kim et al. (2012), all CFRP strips crossing a critical inclined crack did not rupture
simultaneously. The measured average CFRP strip strain across the critical crack at failure was

found to be around 0.005. For design purposes, an effective strain of 0.004 was recommended.

2.3 NUMERICAL MODELING

Numerous Finite Element (FE) models have been proposed to simulate the behavior of
CFRP-strengthened concrete members numerically

Computational models for simulating the behavior of CFRP strengthening systems
consist of elements representing the CFRP laminates, the CFRP anchors where applicable, the
concrete material, and in some cases the interfacial elements that simulate the debonding
behavior between concrete and FRP. The CFRP elements are typically given linear elastic
material properties due to the linear/brittle behavior of CFRP. Concrete is typically simulated
using continuum finite elements. To account for failure of the concrete at the interface with

CFRP during debonding, either a coarse concrete element mesh is used in conjunction with
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interfacial elements, or a fine concrete mesh is used at the interface with elements possessing
constitutive relations capable of simulating bond failure directly. In the simplest case, “perfect”

bond and no slip are assumed between FRP and concrete.

2.3.1 No Slip Models

Modeling the complex interfacial contact mechanism between CFRP material and
concrete is a difficult challenge in the numerical analysis of CFRP-strengthened structures. In
many numerical investigations for CFRP-strengthened structures (Vecchio et al., 1999; Inbrahim
et al., 2009; Chansawat et al., 2009; Kachlakev et al., 2001; Mahjoub et al., 2010; Santhakumar
et al., 2004), a layered solid element is used to model the CFRP composite that allows no slip
between the CFRP material and the concrete substrates. In such analyses, numerical results show
promise for predicting the overall behavior of CFRP-strengthened structures. However, a larger
ultimate load is typically obtained because the “perfect” bond assumption precludes the softening

effect of CFRP debonding.

2.3.2 Micro-level Analysis of Concrete Cracking

Since the debonding of CFRP from the concrete substrate occurs within a 2 to 5 mm
(0.08-0.2 in.) layer of concrete under the epoxy layer, several crack models of continuum-type
elements were proposed to simulate CFRP-concrete bond. The rotating angle crack model, with
the capability of simulating the shapes and paths of the crack, was proposed to simulate the
entire debonding process (Lu et al, 2005c). Unfortunately, the rotating angle crack model is not
available in commonly used FE software. Very small elements (0.2-0.5 mm in size) are another
hindrance to the use of the rotating angle crack models. Alternatively, an interfacial crack model,
using a smeared crack approach can be used to describe the bond mechanisms in CFRP-
strengthened structures (Al-Mahaidi, 2001; Pham et al., 2006; Camata et al., 2006). Good
agreements between computational and experimental results proved that the interfacial crack

model could be used to represent the bond behavior between CFRP and the concrete substrate.
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However, the accuracy of the interfacial crack model depends on the prediction of a crack
propagation path, which may limit its capability to predict the performance of structural elements
with complex crack patterns. Furthermore, the continuum-type models are complex to implement

for use by practicing engineers in design or assessment applications.

2.3.3 Interfacial Material

Recently, researchers have attempted to use interfacial elements to simulate the
debonding mechanism between CFRP material and the concrete substrate. Lu et al, 2005b used
nonlinear spring elements with well-defined bond stress-slip properties (Figure 2-10) as
interfacial elements to connect CFRP elements to a coarse mesh of concrete elements (Figure 2-
28). Similarly, a two-node nonlinear translational interfacial element incorporating a bond stress-
slip relation was used to model the CFRP-concrete bond by Neale, K.W. et al, 2005 and Kotynia,
R. et al, 2008 (Figure 2-29). The uni-directional interfacial-element approach was shown to
result in satisfactory behavioral representations in cases where bond forces are aligned with the
CFRP fibers. This analytical approach, however, cannot simulate the bond behavior when the
debonding occurs in an unknown direction (such as in shear strengthening applications where

concrete cracks occur at variables angles to the CFRP fibers direction).
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Figure 2-28 Interfacial element for shear strengthening (Lu et al., 2005b)
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Figure 2-29 Interfacial element (Neale, K.W. et al, 2005)

When simulating the behavior of structures strengthened in shear or the load transfer
mechanisms between concrete and CFRP anchors, loads must be transferred in both directions of
the interfacial plane. Such planar load transfer mechanisms cannot be simulated using only uni-
directional spring elements. A four-node element shown in Figure 2-30 was introduced by Lu et
al. (2007) to represent the bond-slip behavior at the interface between CFRP and concrete. The
shear interface is defined using bond-slip behavior at the CFRP-concrete interface with a spring
in the fiber direction having a stiffness Ku and a spring in the normal direction having a stiffness
Kv. Kv is infinite prior to debonding but goes to zero after debonding is determined in the Ku

direction.

Figure 2-30 Interfacial element (Lu et al., 2007)

36



Comparisons between numerical and experimental results indicate the application of this
bidirectional interfacial elements can accurately predict local debonding in cracked regions (Lu
et al., 2007).

As shown in Figure 2-31 (a), the interfacial element proposed by Wong et al. (2003)
consists of two independent springs parallel to the orthogonal axes h and v representing the shear
and normal stiffness of the interfacial material. This interfacial element has capability to account
for bond slip at any arbitrary angle 4. However, the behavior of each orthogonal direction is
independent. Therefore loss of bond from slip in one direction does not translate into loss of

bond strength in the other direction in the element.

Figure 2-31 Interfacial element proposed by Wong et al. (2003)

Bidirectional interfacial elements such as those proposed by either Lu et al. (2007) and
Wong et al. (2003), while an improvement on unidirectional elements, require some form of
coupling between the two interfacial planar degrees of freedom to account for loss of bond in one
direction due to bond loss in the other. Such coupling is often complex to implement and use in

most commercial software.

2.3.4 Anchor Simulation

As shown in Figure 2-32, an eight-node quadrilateral orthotropic shell element
incorporating a bilinear bond stress-slip relationship (Sato et al., 2003) was used by You et al.
(2011) to take into account the debonding mechanism between each concrete nodes and FRP

strip nodes. Element responses were independent in each direction. This shell element was also
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used to simulate the anchorage behavior by calibrating the bond condition of interfacial elements
located within the anchorage region. The comparisons between experimental and computational
results validate the capability of this shell element in predicating interfacial bond behavior for

both anchored and unanchored strips.

Figure 2-32 A eight-node quadrilateral orthotropic shell element

Limited analytical work has been conducted to simulate the behavior of CFRP strips
anchored to concrete using CFRP anchors. As shown in Figure 2-33, nonlinear spring elements
were used by Brena et al. (2013) to simulate the load-deformation response of anchored CFRP
strips. Two nonlinear elements incorporate the calibrated load-deformation response of
interfacial bond-slip away from anchors. At the anchorage region, the nonlinear springs restrict
movements of FRP nodes in both transverse and longitudinal directions using elastic-plastic

material relations (Figure 2-34).
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Nonlinear spring element

Nonlinear spring element

Figure 2-33 A nonlinear spring element

F

o

Figure 2-34 Force-deformation response for FRP anchor

The anchorage FE model Brena et al. (2013), however, fails to isolate the details of
anchor configurations such as the spread of the load along the fan. In addition, the bond-slip

elements are defined independently in either direction, thus de-coupling a coupled response.
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CHAPTER 3

Test Program

3.1 TEST PROGRAM

A test methodology based on ASTM C293 (2007) for the modulus of rupture of concrete
was designed to study the behavior of CFRP strips attached to a concrete surface.

To find out the influence of CFRP anchor properties on the development of tensile
strength of CFRP strips, 39 tests were conducted varying the following parameters; material ratio
of CFRP anchor to CFRP strip, length/ angle of anchor fan, width of CFRP strip, concrete
strength, and bonded or unbonded CFRP strips.

The results were evaluated to assess the test for determining the force-transfer mechanism

between the CFRP and concrete and for quality control of such installations.

3.2 TEST SPECIMENS

A concrete beam from the standard test for flexural strength of concrete (ASTM C293,
2007) with dimension of 6 in. by 6 in. by 24 in. (Figure 3-1) was used as the standard for test
specimens in this program because its size and weight will permit it to be moved by a researcher.
Previous research (Huaco, 2010; Kim, 2011) on CFRP strips and CFRP anchors have been
conducted with the same size specimens providing very valuable and useful information for this
study. A notch was cut to initiate the cracking at mid-span, and two holes were drilled for

installing CFRP anchors.

40



Figure 3-1 Standard specimen before CFRP installation

In previous tests (Huaco, 2010; Pham, 2009), a large number of specimens failed in shear
as shown in Figure 3-2, such specimens were unable to fully develop the tensile strength of

CFRP strip.

Figure 3-2 Pure concrete specimen failed in shear (Huaco, 2010)

In order to prevent the undesirable shear failure, CFRP strips were used to U-wrap the
side of specimens. A gap as shown in Figure 3-3 was made between the two U-wrap CFRP strips
to limit the effects of side CFRP strip on flexural contribution. The use of the side CFRP strip
provided the specimen with a reasonable path for the load transfer from the loading plate to the

reaction as shown in Figure 3-4, and prevented a flexural crack that formed at the anchor hole

41



from developing into a shear crack that would trigger a shear failure of the beam. The shear
capacity of specimens is therefore increased by introduction of side CFRP strip to prevent
reaching either anchor rupture or strip fracture at failure. After the CFRP strip debonded from the
concrete substrate, the tensile force in the CFRP strip was transferred to the CFRP anchor. The
use of side CFRP strip therefore had a very limited effect on the anchor or strip strength at

failure.

Figure 3-3 U-wrap side CFRP strip
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Figure 3-4 Truss model

Other options for preventing concrete failure in shear include using higher-strength
concrete, wider specimens or a different test setup (e.g. pull-off test). High strength (f'c=11.5 ksi)
concrete was used by Pham (2009) to prevent concrete shear failure. However, 2 out of 3 tests
cast with high strength concrete still failed because of concrete shear. Wider specimens will
increase the size of specimens which requires more concrete material, more manpower and
longer test period. The pull off test is also not recommended because of alignment problems and
the complexity of specimen fabrication and test procedure.

All in all, the use of side CFRP provided an efficient and easy way to strengthen the

concrete beam.
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3.3 TEST MATRIX
3.3.1 Variables

In order to develop anchor design guidelines, tests were conducted with focus on the
following parameters:

1. Material ratio of CFRP anchors to CFRP strip

2. Anchor fan length/angle

3. CFRP strip width

4. Concrete strength

5. Contribution of epoxy bonding on load transfer mechanism (Bonded vs. Unbonded).

In order to fracture the CFRFP strip, the tensile strength of CFRP anchor should be
larger than the tensile strength of CFRP strip. That is fanchor XAanchor> fstrip XAstrip IN Which fanchor
and fyip are the tensile strength of anchor and strip material, respectively. The Aanchor and
Astrip are the section area of CFRP anchor and CFRP strip. In this study, the same CFRP
laminate as shown in Figure 3-5 was used to fabricate CFRP strips and CFRP anchors which
result in the fanchor €qual to fsrip. The same amount of CFRP material was used over the entire
length of the anchor. The CFRP material was concentrated at the anchor hole area and gradually
fanned out to cover the entire width of CFRP strip. The material ratio of CFRP anchors to CFRP
strips mentioned in this research actually is simplified as an area ratio of CFRP anchors to CFRP
strips in any section for anchor hole to anchor fan end. For example, the anchor material ratio
can be determined by the area ratio of CFRP anchors represented by the blue line to the CFRP
strip represented by the red line in Section A of Figure 3-6 in which Section A could be any

section from anchor hole to anchor fan end.
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Figure 3-6 Test details
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Section A

Anchor fan length is the length between the anchor hole and the end of the anchor fan.

The angle between the edges of the anchor fan defines the angle as shown in Figure 3-6.

CFRP strip width is the width of CFRP strip attached to the tensile surface as shown in

Figure 3-6. Different concrete strengths were used to study the influence of the concrete strength

on debonding. Unbonded strips were also tested to investigate the contribution of interface bond

to the load transfer mechanism. A plastic film was inserted between the CFRP strip and the
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concrete surface to produce the unbonded specimens. It is also labeled as bonded and unbonded

in this study.

3.3.1.1 Material ratio of CFRP anchor to CFRP strip

Niemitz found that the diameter of CFRP anchors is an important parameter in
determining the force being transferred at the anchor from the CFRP strip into the concrete
substrate (Niemitz, 2008). An insufficient amount of CFRP material in the anchors leads to
rupture of the anchors before fracture of CFRP strips. This premature failure due to anchor
rupture reduces the effective tensile capacity of the CFRP strips.

The amount of CFRP material in anchors was suggested by Kim and Orton to be 1.5 to 2
times the amount of CFRP material in the strips. To install CFRP anchors, the area of holes was
suggested to be 1.4 times larger than the area of FRP material in the anchor (Kim, 2008). A large
CFRP anchor may be hard to install and may reduce the quality of the installation. Figure 3-7

shows the CFRP anchor used in this study. Anchor-material ratios from 1.06 to 2 were studied.

Figure 3-7 CFRP anchor

3.3.1.2 CFRP Strip Width and Concrete Strength

Increasing the width of a CFRP strip led to an increase in bond strength as reported by

Lu et al., 2007; Lu et al., 2005b; Niemitz, 2008; Smith et al., 2007; Thamrin & Kaku, 2007.
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The tensile capacity of concrete is generally less than that of epoxy resin. Thus,
debonding is mostly observed by separation of the epoxy layer from the concrete substrate as

shown in Figure 3-8.

Figure 3-8 Debonding observed between CFRP strip and concrete substrate

CFRP strip widths of 3 in. and 5 in. were selected to investigate the influence of width on
the load transfer mechanism. Normal (5.4 ksi) and high (11.5 ksi) strength concrete were
selected to study the influence of concrete strength on the bonding mechanism between CFRP

strips and the concrete substrate.

3.3.1.3 Anchor Fan Length/ Anchor Fan Angle
The length of anchor fan is directly related to the width covered by anchors on the CFRP

strip. The covered width determines the effective width of CFRP strips that a CFRP anchor can
engage (Niemitz, 2008). The required material ratio of CFRP anchors should be a function of the
width of the CFRP strip and should be large enough to prevent premature failure by anchor
rupture (Niemitz, 2008).

The angle of anchor fan is determined by anchor fan length and the effective width.

Considering that the tensile capacity of CFRP composite is mostly determined by the fiber, load
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transfer in the outer fibers of a fan with a large angle is less effective than the center fibers in the
same direction. A reduction of anchor capacity should be expected when a large angle is used.
Therefore, a fan anchor angle less than 60° was suggested by Kim (2011).

The parameter of anchor fan length and anchor fan angle were selected in this study to
investigate the influence of the anchor on the load transfer mechanism. Anchor fan lengths of 4
in. to 7.5 in. with angles from 64 to 37 'were used on 5 in. CFRP strips. Fan lengths from 2.4 in.

to 4.5 in. with angles from 64to 37 ~ were used with 3 in. CFRP strips.

3.3.1.4 Bonded and Unbonded

In order to investigate the load transfer mechanism with and without epoxy resin, a
plastic film was attached on the concrete surface to prevent any bond between the concrete
surface and the CFRP strip as shown in Figure 3-9. Unbonded tests were compared with bonded

tests to determine the contribution of epoxy resin on the load transfer mechanism of anchorage

system.
Plastic F1lm
CFRP
Anchor . Anchor
Strip
Figure 3-9 Layout of unbonded specimens
3.3.1.5 Other Variables

Other variables that need to be considered for CFRP anchor design and installation are
embedment depth (h), hole diameter (d) and bend radius of the anchor (R,) as shown in Figure 3-

10 (Pham, 2009).
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Figure 3-10 Details of CFRP anchors (Pham, 2009)

An insufficient embedment depth provides less contact area between CFRP anchor and
its surrounding concrete element. It will reduce the capacity of anchorage systems, and the
anchor may pull out before the CFRP strip fractures. A 4 in. embedment depth suggested by
Huaco (2010) was used throughout in this research.

The edge of the anchor hole needs to be ground to prevent anchor fracture. A % in. or
greater bend radius was used as recommended by Pham 2009.

Too large or too small a hole diameter is prone to make installation more difficult and
lower the installation quality as well as the capacity of anchors. Therefore, the diameter of
anchor hole should be selected carefully. The area of hole was suggested to be at least 1.4 times

larger than the area of the CFRP anchor (Pham, 2009).

3.3.2 Nomenclature

The labeling system used to identify specimens is shown in Figure 3-11.
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Unique Test ID
Anchor Fan Length

(Small/Medium/Large/Extra Large ) |

B5H 1 M a

Material Ratio of FRP Anchor to FRP Strips

(1,14,2)
Concrete Strength (Higher/Lower strength concrete)

Width of CFRP Strip (3 in. or 5in.)

Surface Condition (Bonded/Unbonded)

Figure 3-11 Specimen nomenclature

The first character B or U refers to the bonded or unbonded specimens. For unbonded
specimens, a plastic film was placed between concrete substrate and CFRP strip to simulate the
initially debonded scenario.

The second number refers to the width of the CFRP strip. Considering the width of
specimens is 6 in., two widths (3 in. and 5 in.) of CFRP strip were investigated in this research.

The third character refers to concrete strength. Two concrete strength were used and will
be referred to as H (higher, 11.5 ksi) and L (lower, 5.4 ksi).

The fourth number refers to the anchor material ratio of CFRP anchor to CFRP strip. This
research focuses on the investigation of ratios from 1.06 which is represented by 1 in the
nomenclature to 2.0 (See section 3.3.1 for calculation of anchor material ratio).

The fifth character refers to anchor fan length. Details are shown in Table 3-1.
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Table 3-1 Details for anchor fan

Anchor fan length 3 in. strip 5 in. strip
- .
64° 64"
i | R,
M
as’ as’
ol | [
L
37’ 37°
45 ) 2.8”
XL
28°
e

The last character refers the unique test number. To obtain a more reasonable and stable
result, at least two identical specimens were tested. The unique test number was applied to

distinguish those tests. The details of 39 tests are presented in Table 3-2.
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Table 3-2 Test details

Number | Specimen | fc’ | Strip width Anchor Anchor hole

(ksi) (in.) material ratio (in.)
1 B5H2Ma | 11.5 5 2.0 3/4
2 B5H2Mb | 11.5 5 2.0 3/4
3 B5H1.4Ma | 11.5 5 1.41 5/8
4 B5H1.4Mb | 11.5 5 1.41 5/8
5 B5H1.4Mc | 11.5 5 1.41 5/8
6 B5H1.4Md | 11.5 5 1.41 5/8
7 B5H1.4Sa | 11.5 5 1.41 5/8
8 B5H1.4Sb | 11.5 5 1.41 5/8
9 B5H1.4La | 115 5 1.41 5/8
10 B5H1.4Lb | 11.5 5 1.41 5/8
11 B5L1.4Ma | 5.4 5 1.41 5/8
12 B5L1.4Mb | 5.4 5 1.41 5/8
13 B5L1.4Mc | 5.4 5 1.41 5/8
14 B5L1.4Md | 5.4 5 1.41 5/8
15 B5H1Ma | 11.5 5 1.06 5/8
16 B5H1IMb | 11.5 5 1.06 5/8
17 B5SH1Mc | 11.5 5 1.06 5/8
18 B5H1IMd | 115 5 1.06 5/8
19 B5L1Ma | 5.4 5 1.06 7/16
20 B5LIMb | 5.4 5 1.06 7/16
21 B5L1Mc | 5.4 5 1.06 7/16
22 B5L1IMd | 5.4 5 1.06 7/16
23 B5L1Me | 54 5 1.06 5/8
24 B5LIMf | 54 5 1.06 5/8
25 B5L1IMg | 54 5 1.06 5/8
26 B5L1IMh | 5.4 5 1.06 5/8
27 U5H2Ma | 11.5 5 2.0 3/4
28 U5H1.4Ma | 11.5 5 1.41 5/8
29 U5H1.4Mb | 11.5 5 1.41 5/8
30 B3H1.4Sa | 11.5 3 1.41 5/8
31 B3H1.4Sb | 115 3 1.41 5/8
32 B3H1.4Ma | 11.5 3 1.41 5/8
33 B3H1.4Mb | 11.5 3 1.41 5/8
34 B3H1.4La | 115 3 1.41 5/8
35 B3H1.4Lb | 11.5 3 1.41 5/8
36 B3L1.4XLa | 5.4 3 1.41 5/8
37 B3L1.4XLb | 5.4 3 1.41 5/8
38 B3L1XLa | 54 3 1.06 5/8
39 B3L1XLb | 54 3 1.06 5/8
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3.4 INSTALLATION
3.4.1 Preparation of Specimens

The concrete surfaces, anchor holes, specimen corners and mid-span notch were prepared
before installation of CFRP U-wraps, CFRP strips and CFRP anchors. The concrete surface was
cleaned and laitance was ground off for better bond between the concrete surface and the CFRP
(Figure 3-12 (a)). Two holes were drilled to the desired depth on both ends of the beam tension
face for anchor installation (Figure 3-12 (b)). The anchor hole was rounded to avoid premature
CFRP anchor failure (Figure 3-12 (c)). Compressed air or a vacuum cleaner was used to blow or
vacuum dust out of anchor holes (Figure 3-12 (d)). For good bond between CFRP and concrete

material, all dust or oil on the surface was removed.

(a) Grinding concrete surface

Figure 3-12 Preparations before CFRP installation
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(c) Rounding edge off

(d) Cleaning holes with compressed air or vacuum cleaner

Figure 3-12 Preparations before CFRP installation
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As shown in Figure 3-13, the corners were rounded so that U-wrapped CFRP strips
would not fail at sharp corners. Finally, a 1 in. deep notch was cut at mid-span to control the

location of concrete flexural cracking.

Figure 3-13 Prepared specimens

As shown in Figure 