ABSTRACT

ABU NIMEH, HUSSAM NASER. Debonding Resistance of FRP Laminates including Carbon
FRP Anchors. (Under the direction of Dr. Rudolf Seracino and Dr. Gregory W. Lucier).

Adhesively bonded systems are currently being used for flexural, shear and torsional
strengthening of concrete structures. However, such strengthening systems tend to fail
prematurely by debonding which limits the efficient use of the Carbon Fiber Reinforced
Polymer (CFRP). This thesis presents a research study that enhances the debonding resis-
tance of CFRP strengthening systems through the use of CFRP anchors, which prevents
the detachment and delays the debonding of the CFRP laminate. This experimental study
includes one unanchored specimen that serves as the control specimen and another thir-
teen anchored specimens which incorporate the use of CFRP anchors. Parameters such as
the anchor diameter, length of anchor, splay width, splay radius and the embedment angle
of the anchor were varied among the anchored specimens and their effects were studied.
Results of experiments demonstrate the effectiveness of the CFRP anchors in delaying the

debonding of the CFRP laminate which makes the strengthening application more efficient.
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CHAPTER

INTRODUCTION

1.1 Background

Concrete structures worldwide are not only present as buildings and bridges, but
they largely make up the infrastructure used on a daily basis. Many of these structures
were built many decades ago, and throughout the years these structures have witnessed an
increased demand as the population grew, deterioration due to harsh weather conditions,
and in some cases a lack of maintenance. These are just a sample of what a structure can
go through as it ages. As a result, the structural integrity of such infrastructures becomes

guestionable. Therefore, in order to restore the structural integrity of critical infrastructure,



it is typically more favorable to do so by strengthening and repair (herein referred to only
as strengthening) methods in lieu of replacement (Alkhrdaji et al., 1999).

Over the past few decades, an emerging technology has become a leading solution for
the purposes of strengthening, and that is the use of Fiber-Reinforced Polymers (FRP). FRP
is a composite material that consists of two parts; high strength bers and a polymer matrix
(resin). Inthe FRP composite, bers possess very high strength and stiffness when pulled in
tension, thus the bers are the main load-carrying elements (see Figure 1.1). The polymer
matrix, typically epoxy in strengthening applications, holds the bers together and ensures
that stresses are distributed among the individual bers in the composite. The resin is also
the shield against environmental hazards which could compromise the performance of a

composite (Nanni, 1999).

Figure 1.1: Carbon FRP Composite

Overthe pastdecade many DOTs across the United States have been choosing to repair
and strengthen many bridges using FRP composites. This growing trend is best explained by

looking at the material properties of FRP composites which provide a higher advantage than



alternative repair methods that employ structural steel. The main advantages of an FRP
composite is its high strength (and stiffness)-to-weight ratio and its resistance to corrosion.
On the other hand, when steel is used for strengthening, there are few issues which make
this option less favorable. The rstissue with steel is its weight. The weight of an FRP plate
is approximately 20% of that of a steel plate with the same geometry. Moreover, for the
purposes of strengthening the ultimate tensile strength of FRP plates is about three times
that of steel plates (Darby, 1999). If FRP strengthening systems are utilized, there will be a
decrease in transportation and handling costs in the eld as no jacking and support systems
are required. In addition, the use of FRP systems solves the biggest problem of steel, and
that is corrosion. The initial cost of FRP composites is higher than that of steel, however,
when considering life-cycle cost, FRP solutions are competitive compared to alternatives
in many cases. Nowadays, FRP strengthening systems are widely used due to their excellent

mechanical properties and durability.

1.1.1 Types and Characteristics of FRP

FRPs can be made of different materials such as Carbon, Glass, Basalt or Aramid.

Table 1.1 shows the mechanical properties of typical composites.

Table 1.1: Typical Mechanical Properties of Composites



These composites vary in tensile strength and other mechanical properties, which makes
them suitable for different strengthening applications. Despite this difference in mechanical
properties, they all have a similar stress - strain response. Figure 1.2 illustrates the stress
- strain behavior of CFRP, GFRP and Mild Steel. As the gure shows, CFRP and GFRP are
linear elastic up until failure, it is worth mentioning that CFRP has a comparable Elastic
Modulus compared to that of steel. Failure occurs as brittle rupture of the composite as it
undergoes tension. Moreover, the brittle behavior of composites is clearly noticed when
compared to the ductile behavior of steel shown in Figure 1.2. This brittle rupture failure is

a common characteristic of all composites, which may place a constraint on the ductile
response of concrete members strengthened with FRP composites. The redistribution of
stresses near failure is compromised due to the brittle behavior of FRP composites (Teng
et al., 2002). However, the issue of brittleness can be addressed through detailed design
procedures. Table 1.2 shows a qualitative comparison between CFRP and GFRP, hence
different types of bers can be selected based on the appropriate needs of the application

being considered.

Figure 1.2: Typical FRP and Steel Stress-Strain Curves



Table 1.2: Characteristics of Different FRP Strengthening Types

Despite the type of FRP being considered, it is important to note that the properties of
FRPs depend on the direction of the bers. Fibers can be uni-directional or multi-directional.
In the former case, bers are aligned in one direction and are stronger and stiffer in the
direction of alignment. In the case of multi-directional bers, the properties of the strength-
ening system can be engineered to meet the needs of the application by orienting bersin
two, three or more directions. The behavior of multi-directional composites can approach
isotropy as the number of directions increase. For any composite, it is vital for the bers to
be well aligned in the desired direction to ensure uniformity in force transfer and maximize

ef ciency.

1.1.2 Manufacturing Methods of FRP

In the eld of Civil Engineering, FRP products are found as reinforcement bars, pre-
stressing tendons, grids, plates and laminates. These products are obtained through two
main production methods which are Pultrusion and the Wet Lay-Up technique. The process
of pultrusion is often thought of as the product of two words which are pull and extrusion.
In this process, bers are fed through a resin tank in which they are fully saturated and then

pre-heated in order to take the shape of the nal product which is a pulltruded plate. Then,



the pre-heated assembly passes through a heated die where the thermosetting resin starts to
cure. The cured product leaves the die and passes through a puller so that the nal desired
product is obtained and cut to length accordingly. The process of pultrusion offers products
such as FRP bars, structural sections and plates (Joshi, 2012). The other production method
is the wet lay-up technique, which is where bers are saturated in the eld using resin and
bonded directly to the structural member which needs strengthening or repair. Prior to
the application of the FRP, the surface of the structural member is prepared by achieving a
certain roughness pro le in order to allow for a good bond between the composite and the

structural member.

1.1.3 FRP Installation Techniques

Externally Bonded (EB) FRP and Near Surface Mounted (NSM) FRP are the two main
techniques used for the strengthening and repair of concrete structures. The FRP used in
either of the two techniques can be produced using pultrusion or wet lay-up methods. In an
EB system, the FRP wet lay-up sheet, or the Pulltruded plate, are bonded to an exposed face
of the member. In an NSM system, a groove is made in the concrete cover of the member
and a pre-cured strip is then inserted and encased in the groove by epoxy or cement paste.
Figure 1.3 shows an example of both EB and NSM systems applied to the tension face of a
reinforced concrete beam.

To better understand the difference between EB and NSM installation techniques it
is necessary to look at the advantages and disadvantages of using wet lay-up sheets versus
pultruded plates. Wet lay-up sheets provide excellent exibility to the strengthening process
since the ber can take the geometry of a structural element. One disadvantage of wet
lay-up is the variability present in this method due to the manual labor involved in the

production of the composite. On the other hand, the use of pultruded plates provides a



Figure 1.3: FRP Installation Techniques

high level of uniformity in the product being utilized due to its production process. The
disadvantage of pultruded plates is seen in the lack of exibility the plates offer. Therefore,

it is vital to closely consider the geometry of the structure to be strengthened when using an
EB strengthening system. In an NSM system, the FRP used will always be Pre-cured plates,

bars or rods (Abanilla et al., 2005).

1.1.4 FRP Strengthening Applications

FRP can be used for Seismic Retro ts, Load Rating Upgrade, Damage Repair, Defect
Remediation and Blast Mitigation. In such applications, FRP is used to strengthen various
structures such as Buildings, Bridges, Offshore structures and Parking Garages. FRP is used
to strengthen structural members such as Beams, Slabs, Walls, Columns and Piles. FRP
is being used on Concrete, Masonry, Timber and Steel Structures. The above mentioned
applications capture the following three primary strengthening applications which are

Flexural Strengthening, Shear Strengthening and Con nement. Figure 1.4 illustrates the



(a) Installation of CFRP Sheets to a Beam in
Wet Lay-Up

(b) Post CFRP Strengthening of Beams

Figure 1.4: Shear Strengthening of Beams in a Parking Garage
Alkhrdaji (2015)

use of CFRP sheets in an Externally Bonded Shear Strengthening system. The CFRP sheets
are saturated on site and wrapped around the web of the beam. The exibility of the CFRP
sheets makes it possible for strengthening schemes to take the shape of the structural
member, this is best seen in Figure 1.5, which is an example of column con nement.

Figure 1.6 shows eld technicians applying CFRP sheets to the tension face of a
concrete slab via the wet lay-up technique. In the gure, the technicians are applying more
than one layer of the CFRP sheet to the slab. The number of layers applied is dependent on

the desired design capacity.



Figure 1.5: CFRP Con nement of an RC Column
Alkhrdaji (2015)

Figure 1.6: CFRP Flexural Strengthening of Slabs
Alkhrdaji (2015)

1.1.5 Failure Mechanisms of Externally Bonded CFRP

Understanding the failure modes of Externally Bonded CFRP laminates (plates) used
in strengthening of RC structures is a must for a good design. Consider Figure 1.7 that shows
a simply supported beam strengthened for exure. The beam is subjected to a single point
load at mid-span. The following subsections present the different possible failure modes of

this simply supported beam.



Figure 1.7: Simply Supported Beam Strengthened for Flexure

1.1.5.1 FRP Rupture

The FRP laminate can fail in rupture if the laminate experiences high tensile stresses.
That s, the laminate reaches the rupture strain of the FRP material. Anillustration is shown

in Figure 1.8.

Figure 1.8: FRP Rupture

Teng et al. (2002)

1.1.5.2 Crushing of Compressive Concrete

The strengthened beam can fail due to the crushing of compressive concrete, this
occurs when tension force is very high due the presence of the FRP laminate causing

concrete to fail rst by crushing (see Figure 1.9).

Figure 1.9: Concrete Crushing

Teng et al. (2002)
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1.1.5.3 Beam Shear Failure

When a beam is strengthened for exure, there is minimal contribution towards the
shear strength of the beam and hence this could be a weak link leading to shear failure of

the beam (see Figure 1.10).

Figure 1.10: Shear Failure

Teng et al. (2002)

1.1.5.4 Concrete Cover Separation

The failure mode presented in Figure 1.11, refers to cracks forming at or near the
laminate end due to high interfacial shear and normal stresses. As load applied increases,
these cracks propagate in the concrete leading to what it is called concrete cover separation

(Teng et al., 2002).

Figure 1.11: Concrete Cover Separation

Teng et al. (2002)
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1.1.5.5 Plate End Debonding

Plate End (PE) debonding (see Figure 1.12) is caused by cracks that form at or near
the laminate end due to high interfacial shear and normal stresses. These cracks propagate
between the adhesive layer and the beam. As cracks propagate in the concrete substrate,
the FRP laminate debonds and eventually detaches as cracks propagate from one end of
the laminate towards the other end. Concrete cover separation and plate end debonding
can be avoided by terminating the FRP laminates away from zero and constant moment

regions (Teng et al., 2002).

Figure 1.12: Plate End Debonding

Teng et al. (2002)

1.1.5.6 Intermediate Crack Debonding

Figure 1.13refers to the Intermediate Crack (IC) debonding mechanism. When a major
crack forms somewhere near the mid-span (maximum moment region), tensile stresses
will be released by the cracked concrete and will be transferred to the FRP laminate. Hence,
the nature of cracks that cause IC debonding are exural cracks. As a result, high local
interfacial stresses are induced between the FRP laminate and the concrete at the cracked
region. As load applied increases, tensile stresses in the FRP will increase leading to the
increase of interfacial stresses between the laminate and the concrete at the cracked region.
Tensile stresses will increase up to a point at which debonding will initiate at the crack

and propagate towards the laminate ends. As the crack formed becomes wider, debonding
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cracks will become more effective at propagating in the concrete substrate (Teng et al.,
2002). Itis important to state that IC debonding typically occurs at low rupture strains that
are 20%-25% of the FRP rupture strains. Therefore, this results in premature debonding
and hence detachment of the FRP laminate. Thus, leading to inef cient utilization of FRP

strengthening material.

Figure 1.13: IC Debonding

Teng et al. (2002)

1.1.5.7 Critical Diagonal Crack Debonding

Figure 1.14 refers to the Critical Crack Debonding (CDC) mechanism. Debonding
cracks propagation are caused by a combination of exural and shear cracks. Inthis case, itis
the relative vertical displacement between the two faces of the crack that cause the concrete
substrate to debond and eventually detach. CDC debonding is considered secondary to IC

debonding (Teng et al., 2002).

Figure 1.14: CDC Debonding

Teng et al. (2002)
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Based on the failure modes presented above, IC debonding is a critical and a very
common failure mode. This is due to the high principle tensile stresses at the bonded
interface that the concrete is unable to resist leading to crack propagation between the
concrete substrate and the FRP laminate (Aram et al., 2008). The IC debonding mechanism
is not limited to beams strengthened for exure. For instance, consider Figure 1.15 that
shows a T-beam strengthened for shear using CFRP U-wraps. As load applied increases,
shear cracks will span across the external stirrup leading to cracks to form in the concrete.
As the shear crack becomes wider, the tensile stresses across the shear crack will span across
the U-wrap laminate. Therefore, this leads to the debonding and the detachment of the

U-wrap strips. Figure 1.16 shows an example of how the U-wrap strips debond and detach.

Figure 1.15: T-Beam Strengthened for Shear
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Figure 1.16: Debonded and Detached U-Wrap Strips

Teng et al. (2002)

Despite the fact that IC debonding of transverse CFRP (U-wraps) is caused by a different
internal force that caused the crack. The mechanism itself is the same in the case of a
simply supported beam strengthened for exure or in the case of a T-beam strengthened
for shear. Hence, the bonded interface between the FRP and the concrete substrate is
essential to determining the debonding capacity. Extensive research has been performed to
understand the factors that affect the bond capacity. The bond strength is highly dependent
on the surface roughness and the quality of the concrete (Bizindavyi and Neale, 1999).
An experimental study on the bond between FRP and concrete was performed by testing
CFRP and GFRP strips in direct shear by Bizindavyi and Neale (1999). Strain pro les along
the bonded joints in addition to shear stress distribution were analyzed in order to better
understand the transfer lengths along the bond. Emperical equations for transfer lengths as
a function of relative load levels were derived. Bizindavyi and Neale (1999) concluded that
the initial transfer length is only a certain fraction of the total bonded length. The remaining

of the bonded length allows for the transfer of loads that take place post crack propagation.
The results showed that after a certain length there was no shear stress measured on the

FRP and this explains the concept of effective bond length. Therefore, increasing the bond
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length does not aid in achieving any desired failure mode.

Chen and Teng (2001) performed an extensive study on bond strength by examining
models and experimental data found in literature. The authors categorized the available
models in the literature into three main groups - empirical models, fracture mechanics
models, and design proposals which are based on simple assumptions. This study con-
cluded that the most predominant failure takes place in the concrete substrate as a result of
the high shear stresses. Therefore, the bond strength is dependent on the concrete strength
and the widths of the FRP plate compared to that of the concrete. In addition, any increase
in length beyond the effective length will not increase the bond capacity. The literature
models studied by Chen and Teng (2001) were found to be de cient by not accounting for
one or more of the above mentioned ndings. This led to a new model, which was based on
modi cations made to an existing fracture mechanics model. The Chen and Teng (2001)

model is as follows:

Pc= , . f%hbl, (1.1)

where P,¢ is the debonding forcein N, is a constant calibrated based on test type:

0.427 mean of pull tests

1.100 mean of beam tests

AN 00

= _0.544 characteristic of beam tests (1.2)
0.720 mean of slab tests
- 0.478 characteristic of slab test

p is the width factor: v

12 by=h,

= — 1.3
p 1+ bp :bc ( )
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where b, is the width of the bonded laminate (mm), and b, is the width of the concrete

member (mm). | is the effective length factor:

1 L %L,
L= (1.4)
sin ;= L<Le
where L is the length of the length of the bonded laminate (mm) and L. is the effective

length of the bonded laminate (mm):

v
u
t Bty
L.= — 1.5
e ﬁ—fOC (1.5)

where E, is the modulus of elasticity of the FRP (MPa), t, is the total thickness of the FRP
laminate (mm), and f % is the compressive concrete strength (MPa).
ACI 440.2R-17 presents a prediction model for the debonding strain which could be

used to obtain the debonding force given by the following equation in both US Customary

and Sl Units:
v
" —0083%J fe 191 0.9" (in. Ib)
fd — Y- nEftf . fu .
y (1.6)
£
"tq =041 10.9%, (S

fLf
where f % is the concrete compressive strength (psi or MPa), n is the number of FRP
layers, E; is modulus of elasticity of the FRP (psi or MPa) and t; is the thickness of one
layer the FRP (in. or mm). Lastly, ", is the ultimate tensile strain of the FRP. The model
presented by ACI 440.2R-17 is more on the conservative side compared to the Chen and

Teng (2001) Model.
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1.2 Motivation

The use of FRP for exural and shear strengthening of RC structures is a well known
method in the eld of Structural Engineering. However, with the premature debonding
of the FRP laminates due to the lack of anchorage, the need for an anchorage system has
become vital for better utilization of the strengthening system. The FRP laminates often
debond at very low strains compared to the rupture strain, not allowing for an ef cient
use of the strengthening system. Hence, the use of an anchorage system allows for more
effective and ef cient strengthening applications (Mostafa and Razagpur, 2013).

There are three main types of anchoring systems developed and used by researchers:
(1) mechanically fastened metallic anchors and those are often driven into the FRP pull-
truded plates (see Figure 1.17) and into the concrete (Martin and Lamanna (2008); Elsayed
etal. (2009)); (2) FRP U-shaped Jackets which bond to the FRP laminate (see Figure 1.18) and
wrap around the sides of a concrete beam (Smith and Teng (2003); Pham and Al-Mahaidi
(2006)); and (3) CFRP anchors which are composed of a dowel and a fan. The dowel is
inserted into a pre-drilled hole in the concrete and the fan splays on top of the FRP laminate

(Orton et al. (2008); Smith (2009)). An illustration is provided in Figure 1.19.

Figure 1.17: MF-FRP Installation

STRONGWELL (2016)
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Figure 1.18: FRP U-Shaped Jackets

Lee and Lopez (2016)

Figure 1.19: CFRP Anchor

Tasdemir (2019)

Mechanically fastened metallic anchors provide good anchorage to pultruded FRP
plates, which are typically much thicker than CFRP laminates. Therefore, mechanically
fastened anchors are not used for CFRP laminates. As for U-shaped jackets, they can be used
to anchor FRP laminates used for exural strengthening as shown in Figure 1.18. However,
the U-wrap itself will debond and eventually detach due to the IC debonding mechanism

induced by shear cracks (see Figure 1.15). Therefore, the anchorage introduced in this case
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becomes vulnerable to the same debonding mechanism that causes the debonding and
detachment of the FRP laminate used for exural strengthening. Lastly, FRP anchors can be
used to anchor any FRP laminate used for any strengthening application. FRP anchors can
be of different sizes and mechanical properties, the number of anchors used can be also
adjusted to match the needs of the strengthening system. The installation of FRP anchors is
simple and usually requires less manual labor when compared to other anchoring methods.
The motivation for this research is to study and analyze the use of CFRP anchors that
are used with CFRP laminates for strengthening applications. This study can be established
by small-scale testing as opposed to large-scale testing of beams and slabs. Consider Figure
1.20 that shows the example of a simply supported beam strengthened for exure using
a FRP laminate that is anchored by FRP anchors. As debonding cracks propagate toward
the ends, FRP anchors hold the FRP laminate and allow it to stay attached. Hence, the FRP
laminate slides across the cracks leading to shear stresses development in the FRP anchors.
Similarly, consider the idealized section shown in the same gure, as load is applied, tension
force develops in the FRP laminate leading to the propagation of shear stresses to the FRP
anchor. Hence, the same behavior that a beam undergoes is present in the small idealized

FRP-to-concrete joint.

Figure 1.20: Idealized FRP-to-Concrete Joint

Smith (2009)
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In an FRP-to-concrete joint, debonding cracks propagate from the loaded end towards the
unloaded end. Thus, the IC debonding mechanism de nes how cracks propagate in the
idealized joint just like it does for a beam strengthened for exure or shear. The study of
FRP-to-concrete joints allows for the study of anchors in a localized manner away from the
global behavior of a structural member such as a beam or a slab. Therefore, the ability to
better understand CFRP anchors and its various design parameters is made possible with
the study of FRP-to-concrete joints.

Given that "no anchorage design guidelines are currently available” ACI 440.2R-17,
this research will enlarge the database of CFRP anchors studied in isolation, that is, FRP-to-
concrete joints will be the focus of the study. This research will study the various parameters
that affect the performance of an anchor. In addition, given the use of CFRP anchors,
the debonding strain resistance will be studied. The use of FRP anchors is considered an
emerging topic in strengthening and repair. Thus, there is a need for experimental studies
in order to expand the available database to allow for models to quantify the contribution

of FRP anchors.

1.3 Objectives

The objectives of this research study are outlined as follows:

« To study the various geometric and physical design properties of CFRP anchors and
their effect on the performance and capacity of anchors and the strengthened system

as a whole.

» To study how CFRP anchors affect the debonding resistance of anchored strengthened

joints.

* To contribute to the development of design speci cations for guides.
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1.4 Scope

The goals of this research that are discussed in the previous section will be discussed

in this thesis through the following chapters.

» Chapter 2 is a critical literature review. This includes background information regard-
ing FRP anchors. The need and use of FRP anchors in strengthening. The performance

of FRP anchors relative to the parameters that affect the behavior of FRP anchors.

» Chapter 3 will present the experimental program adopted in this study. This will
include the manufacturing of concrete specimens, surface preparation, saturation
and strengthening methods, double-lap shear tests (FRP-to-concrete joint tests), and

the testing properties of the concrete and CFRP.

» Chapter 4 will present the results of the double-lap shear tests performed on each

specimen. Chapter 4 will display the results of each specimen in an isolated manner.

» Chapter 5 will present a comparative study that analyzes the results of all specimens
tested. The comparative study outlines how various design parameters of CFRP an-
chors affect the performance of CFRP anchors and the strengthened system. The

ndings of Chapter 5 are the core of this research study.

» Chapter 6 concludes this research study, outlines the ndings of this research and
recommends future possible studies that will aid in determining the capacity of CFRP

anchors and the development of design guidelines.
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CHAPTER

LITERATURE REVIEW

2.1 Introduction

The use of FRP for exural and shear strengthening of concrete structures has been
proven to be effective, however, due to the premature debonding of FRP laminates at
very low strains, that are well below the rupture capacity, the need for FRP anchors has
been rmly established (Kalfat et al., 2018). This is vital in order to increase the ef ciency
of the strengthening system and to mitigate the phenomenon of debonding which is an
undesirable failure mode due to its sudden occurrence (Smith, 2009). There has been great
efforts dedicated to this area in research, however, up to this date, there are no speci c

guidelines which address the quantitative contribution of FRP anchors. This is because of
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the relatively small experimental database that is available. Another reason is the presence of
many parameters that affect the behavior of an anchor and not all of these parameters have
been equally studied and researched. This chapter presents the state-of-the-art research

that focusing on the following:

Background information about FRP anchors

Construction methods of FRP anchors

Embedment angle and embedment length

Splay geometry

Con guration and number of anchors

Design equations and models of FRP anchors

2.2 Background Information about FRP Anchors

An FRP anchor consists of two components; the anchor dowel and the anchor splay
(fan). An FRP anchor can be entirely made out of a set of rolled ber sheets, in which the
dowel part is formed into a circular shape and tied to maintain a speci ¢ diameter. The
anchor fan is then obtained by cutting the stitches of the dry rolled bers (Lam and Teng,
2001). Figure 2.1 illustrates the production of a CFRP anchor made from ber sheet. In
this case, the anchor is dry and is saturated at the strengthening phase. On the other hand,
Eshwar et al. (2005) used an FRP anchor, which consisted of a pre-cured dowel and a dry
fan (See Figure 2.2). Another method of forming FRP anchors is by bundling loose bers

together (Smith, 2011). Figure 2.3 shows a CFRP anchor that is made out of loose bers.
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Figure 2.2: Production of CFRP an-
chor from ber sheet (Pre-cured
dowel)

Figure 2.1: Production of CFRP an-
chor from ber sheet (Dry)

Zhang et al. (2012) Zhang et al. (2012)

Figure 2.3: FRP anchor made from bundled bers
Tasdemir (2019)
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The exibility of the bers allow the anchor to be shaped into numerous forms that
can be used for different strengthening purposes. Figure 2.4 illustrates the use of CFRP
anchors in different strengthening schemes. Figure 2.4a illustrates the use of straight CFRP
anchors in providing a continuation path for tensile forces to be transferred from a wall to
a column (Bournas et al., 2015). Figure 2.4b shows how straight CFRP anchors can be used
for plastic hinge relocation of damaged columns due to earthquakes (Rutledge et al., 2013).
Figure 2.4c displays the use of bent CFRP anchors used in shear strengthening applications,
that is to delay the premature debonding of CFRP laminates due to IC debonding induced
cracks (Kimetal., 2015). Lastly, Figure 2.4d displays the case of a T-Beam that s strengthened
for exure, the use of bent CFRP anchors here is ideal to prevent the early debonding of the

CFRP laminate (Smith et al., 2013).

(a) Straight CFRP Anchors used for Ten- (b) Straight CFRP Anchors used for Plas-
sion Transfer tic Hinge Relocation

(c) Bent CFRP Anchors used in Shear (d) Bent CFRP Anchors used in Flexural
Strengthening of a T-Beam Strengthening of a T-Beam

Figure 2.4: Applications of CFRP Anchors
Tasdemir (2019)
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The orientation of the installed FRP anchor dictates the nature of the forces it will
be exposed to (Smith, 2009). As discussed earlier, anchors can be straight or bent (See
Figure 2.5). The angle an anchor fan forms relative to the dowel part is dependent on the
orientation of the pre-drilled concrete holes. The focus in this chapter and in this thesis is
on bent anchors. Researchers in this chapter will refer to the tensile capacity of an anchor
or rupture capacity. Both terms refer to the same failure mode that involves the rupture of

anchor bers.

Figure 2.5: Straight and Bent FRP Anchors
Ozbakkaloglu et al. (2017)

Therefore, the geometry of an FRP anchor is one of the numerous factors that affect its
design and performance. The list of design and performance parameters have substantially
grown as more research was dedicated to this end. Lam and Teng (2001) explored the use of
GFRP anchors to aid in the exural strengthening of RC cantilever slabs, and it was found
that GFRP anchors were effective in reducing the debonding of GFRP strips attached to
the slab. Lam and Teng (2001) outlined the importance of following the manufacturer's
recommendations for curing conditions and time, however, no other information is pro-
vided on the design of the FRP anchors. Eshwar et al. (2005) used GFRP anchors to delay

the premature peeling of CFRP strips used to strengthen concavely-curved sof ts of RC
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beams. In this case, Eshwar et al. (2005) did not discuss any speci ¢ design parameters that
should be investigated in order to better understand the behavior of FRP anchors. Smith
(2009) elaborates on design parameters considered by other researchers, such as: angle of
anchor insertion; position of the anchor relative to load; anchor fan geometry; method of
anchor installation; and ber content. In a different study study conducted by Smith (2011),
method of anchor installation and anchor position arise as vital factors for the design of
FRP anchored joints. Signi cant attention is given to the type of FRP anchor (Carbon or
Glass) and method of construction, where the dowel bers can be pre-cured or saturated
simultaneously with the FRP laminate. A comprehensive literature review study published
by (Kalfat et al., 2018) reinforces the above mentioned factors. The study exerted special
emphasis on the geometric properties of the FRP anchor, in addition to the location and
number of anchors used. Thus, in the following sections of this chapter, state-of-the-art
studies will be analyzed and compared to demonstrate the effect of the various factors on

the performance and design of CFRP anchors.

2.3 Construction Methods of FRP Anchors

The details involved in constructing an FRP anchor will largely dictate the behavior
of a strengthened joint. Hence, this section will discuss and critique three main factors
associated with the construction of an FRP anchor and their effects on the performance of

the FRP-to-concrete joint strength, namely:
e Type of ber
e Saturation of ber

* Fiber content
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2.3.1 Type of Fiber

As previously discussed in Chapter 1, FRP sheets can be made of Carbon, Glass, Basalt
and Aramid. This is also applicable for FRP anchors, which can be made from different
types of ber. In the eld of strengthening, the most common types used currently are
Carbon and Glass. When comparing the use of GFRP and CFRP anchors, it is found that
CFRP anchors are more commonly used. This is because Carbon has higher tensile strength
than Glass (see Figure 1.1). Therefore, the capacity of CFRP anchors is to surpass that of
GFRP anchors.

Part of the study conducted by Zhang et al. (2012) focused on studying the capacity
of CFRP and GFRP anchors. In this study, CFRP and GFRP anchors were used to anchor a
CFRP laminate to a concrete joint. The authors concluded that the load capacity of CFRP
anchorsis higher than that of GFRP anchors. This is because Carbon possesses higher elastic
modulus and rupture strength than Glass. Therefore, the vast majority of recent studies
conducted are directed towards CFRP anchors due to their excellent mechanical properties.
Hence, the focus of this chapter and the study conducted in this thesis will be limited to
CFRP anchors. Moreover, for typical concrete structures undergoing strengthening and

repair, the anchor ber should match the laminate ber type used in strengthening.

2.3.2 Saturation of Fiber

A study conducted by Zhang et al. (2012) comprised of 24 anchored joints tests and 3
unanchored joint tests. This study included three main variables: (1) type of ber which
is addressed in the previous sub-section; (2) dry and impregnated anchors; and (3) ber
content, which will be discussed later in this chapter. Each variable in this study is tested
three times to establish reliability. The following will summarize the testing groups that are

considered in this sub-section:
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» Control Series: Unanchored specimens that consist of an FRP laminate bonded to a

concrete block.

« Carbon Series: Different CFRP anchors made from different ber contents tested as
dry and impregnated anchors. The focus in this sub-section is on dry and impregnated

anchors of the same ber content.

To better understand the variables of this study, Table 2.1 displays part of the test matrix
related to this sub-section. All concrete blocks manufactured were 200 mm wide, 200 mm
deep and 400 mm long. The carbon ber laminate was 250 mm long and 50 mm wide,
and comprised of three layers saturated in the wet lay-up technique. Fiber content of FRP
anchors was varied by changing the width of an FRP sheet, from which the FRP anchor is

constructed.

Table 2.1: Test Matrix of Zhang et al. (2012)

Adry anchor is made from a carbon ber sheet of varying width as outlined in Table 2.1
and a length of 90 mm. The width of the ber sheet is rolled tightly to ensure the formation
of a rm anchor that is 12 mm in diameter. The dowel makes up 40 mm of the 90 mm

long sheet, of which, 25 mm are de ned by wrapping tie wire (see Figure 2.6). As for the

30



impregnated anchor's dowel, a similar process is utilized, however the 25 mm portion of
the dowel is constructed from epoxy saturated carbon sheet that is then rolled. The rolled
25 mm end of the dowel is then inserted into a polystyrene mold lled with epoxy to allow
for the formation a rigid 12 mm saturated dowel. The dowel is left to cure in the mold for
a minimum of 1 day and then the mold is removed. However, the 15 mm portion of the
dowel is left dry and unsaturated. Therefore, the "impregnated” anchor is not actually fully

saturated.

Figure 2.6: Sectional drawings of installed dry and impregnated anchors
Zhang et al. (2012)

The process of installing the anchors starts with prepping the concrete blocks, initially
holes of 14 mm are drilled into the concrete blocks, the concrete surface is then prepared

using a pneumatic needle scaler to expose the aggregates for a good bond between the
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CFRP laminate and the concrete. The drilled hole and the surface of the concrete block
are cleaned using compressed air. The dry or impregnated anchor is then inserted into the
concrete holes that are lled with epoxy and allowed to cure for 1 day. The saturated carbon
ber sheets are then parted and threaded over the anchor to form the FRP laminate. The
fan of the dry or impregnated anchor is saturated and splayed on the laminate. The set-up
is allowed to cure for 7 days in a controlled lab environment before testing.

When testing, the joint assembly is held in a steel frame which prevents rigid body
translation and rotation. The steel frame and the FRP laminate are gripped by the UTM
system in preparation for testing (see Figures 2.7 and 2.8). Multiple LVDTs are employed
to calculate the slip of the FRP laminate at the loaded end. The difference of LV 1 with
the average of LV 2 and LV3 provides the slip (see Figure 2.9). The same gure shows an
unbonded region of the FRP at the loaded end, this region is 40 mm in length and is there

to mitigate the risk of concrete wedge failures.

Figure 2.7: Test details
Zhang et al. (2012)

The testing of the joint is displacement controlled at 0.3 mm  / min by the UTM system.
The behavior and failure modes associated with the tests conducted are explored through

the analysis of load-slip plots and the strain distribution along the bonded length. All
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Figure 2.8: Test Set-Up
Zhang et al. (2012)

Figure 2.9: Instrumentation
Zhang et al. (2012)

unanchored control specimens failed by debonding of the FRP plate. As for anchored joints,

two failure modes were reported in this study:

» Mode 2A: Plate debonding followed by anchor rupture.

* Mode 2C: Plate debonding followed by anchor pullout.

The majority of dry anchors failed in Mode 2C, dry bers pulled out except for the bers
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bonded to the circumference of the concrete hole while impregnated anchors failed in
Mode 2A. Zhang et al. (2012) justi es this behavior by outlining the following reasons:
pullout force in the anchor; shear force in the anchor; reduction in strength due to the bent
bers; and the concentration of stress in the anchor bers immediately above the saturated
dowel region that is the 15 mm portion of the dowel.

The failure mode reported by the authors for the dry anchors is logical. The absence
of the epoxy resin between bers translates into the inability of the stress to be transferred
effectively from the fan to the dowel part. Moreover, the fact that some bers are bonded to
the circumference of the concrete hole because of the pre- lled epoxy will not effectively
engage all the bers of the dowel in the force transfer mechanism. Hence, the anchor is
expected to pullout after the FRP laminate completely debonds. On the other hand, the
impregnated anchor is not fully impregnated as highlighted earlier, 15 mm of the dowel part
is left dry. This discontinuity in force transfer will de nitely lead to high stress accumulation
in the interface between the dry and impregnated sides of the dowel. This has resulted in
the rupture of bers within the anchor dowel. Furthermore, the presence of a sharp un-
routed edge at an insertion angle of 90  results in stress concentration at the bend region. In
addition, since bers in the bend region are dry, this presents a potential risk of cutting the

bers as the FRP laminate is sliding against the concrete substrate as the cracks propagate
to the unloaded end. Therefore, both impregnated and dry anchors are vulnerable to ber
rupture due to high stress concentration at the un-routed bend region. As an illustration,
Figure 2.10 shows the rupture failures of two different impregnated anchors made from
two different sheet widths.

Zhang et al. (2012) presents a generic load-slip response for both unanchored and
anchored joints. Figure 2.11 illustrates the various stages associated with unanchored and
anchored joints when analyzing load-slip response. For the unanchored joints, stage A-B

displays a linear portion which extends up to the initiation of plate debonding which is
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Figure 2.10: Typical anchor rupture failures of impregnated anchors
Zhang et al. (2012)

denoted by P4, and 4. Stage B-B' is a plateau and this is only evident because the authors
chose a bonded length of 250 mm which is greater than the calculated Chen and Teng
(2001) effective length 111.7 mm. Stage A-B is the same for the anchored joints but with
a stiffer response due to the presence of the anchor. Stage B-C represents the activation
of the anchor as the debonding cracks propagate past the anchor. The end of stage B-C is
denoted by P .1 and a1, Which represents the rst load peak and the rst slip peak,
respectively. Stage C-D is a representation of the slippage of the plate due to rigid body
motion of the plate upon complete debonding and the elastic shortening of the plate due

to the instant release of force upon complete debonding. Stage D-E displays the increase in
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the strength due to the friction that develops between the FRP laminate and the concrete
surface due to the presence of the anchor. This region represents the second load peak at
point E, denoted by P .«» and .. Finally, stage E-F is dependent on the failure mode
of the anchor, associated with the CFRP anchor being dry or impregnated. For Mode 2A,
which is associated with impregnated anchors, a rapid reduction in load is evident as the
anchor ruptures. On the other hand, Mode 2C illustrates a more ductile behavior. In both
cases, the effect of the anchor is terminated at point E and therefore this last stage does not

have much effect in determining the better type of anchor.

Figure 2.11: Generic load-slip responses for unanchored and anchored joints
Zhang et al. (2012)

Table 2.2 provides the experimental average results for both control and carbon series
at the initiation of debonding, at the rst load peak and the second load peak. To allow
for better visual comparison, Table 2.3 presents the % increase associated with the rst
and second load peaks when compared to the maximum peak response for the control
specimens. When comparing the % increase for the rst and second load peaks associated
with the anchors of the same ber content (same width of CFRP sheet they are manufactured

from), it is obvious that the impregnated anchors surpass the behavior of dry anchors. The
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saturated dowel allows for an effective bond between the bers and the concrete hole and
this prevents anchor pullout at a premature stage. On the other hand, dry anchors de nitely
enhance the unanchored joint strength but their use is inef cient and does not allow for

good utilization of the anchor. Zhang et al. (2012) concluded that an impregnated anchor

is more ef cient than a dry anchor.

Table 2.2: Selected Test Results from Zhang et al. (2012)

A study published by Zhang and Smith (2012a) investigated the use of exible and
rigid anchors. A exible anchor is the same anchor that was referred to as an impregnated
anchor in Zhang et al. (2012), whereas a rigid anchor refers to a fully saturated anchor. The
experimental test set-up and the manufacturing process conducted by Zhang and Smith
(2012a) is the same as that used in Zhang et al. (2012). Table 2.4 shows a selected portion
of the testing matrix presented in Zhang and Smith (2012a). The location of the anchor,
dimensions of the concrete block, dimensions of the FRP laminate, and the test set-up
match exactly with what is previously presented in Zhang et al. (2012). To better understand
the experimental results presented in Table 2.5, load-slip responses for unanchored and

anchored joints are presented in Figure 2.12.
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Table 2.3: Strength enhancement of anchored specimens to unanchored control speci-
mens Zhang et al. (2012)

Table 2.4: Select Portion of Test Matrix in Zhang and Smith (2012a)
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Table 2.5: Select Test Results from Zhang and Smith (2012a)

Flexible single anchored joints failed by the complete debonding of the plate followed
by the rupture of the anchor at the bend region. Figure 2.12b shows how the exible anchor
stays in tact after the FRP laminate completely debonds. Friction between the concrete
substrate and the laminate allows for a ductile behavior as shown in the plot. On the other
hand, Figure 2.12c shows how a rigid anchor fails in a brittle manner. As the FRP laminate
completely debonds, the anchor simultaneously ruptures and this explains why there is no
second load peak for the rigid anchor. The generic response displayed in Figure 2.12d is a
simpli ed version of the one shown in Figure 2.11.

Based on the displayed results in Table 2.6 and from the load-slip plots, the load
capacity of the rigid anchor is higher than that of the exible anchor. The rigid anchor
provides 31.5% increase inthe rstload peak capacity when compared to the exible anchor.
The authors recommend the use of exible anchors over rigid anchors because of their
ductile behavior. The reported behavior is true, however, the simultaneous debonding of
the laminate and the rupture of the rigid anchor at the bend region is likely affected by

the sharp un-routed concrete hole. The authors made a recommendation based on results
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Figure 2.12: Load - Slip responses for unanchored and single anchored joints
Zhang and Smith (2012a)
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Table 2.6: Strength Enhancement of Flexible & Rigid Anchors to Unanchored Specimens
Zhang and Smith (2012a)

obtained without taking into account the impact of routing the concrete holes which will
decrease stress concentration at the bend region and enhance the ductile behavior of the

rigidly anchored joints.

2.3.3 Fiber Content

The ber content or the ber density refers to the amount of ber present in an FRP
anchor. Inthe case of FRP anchors manufactured from carbon ber sheets of a certain length
and width, the width is what dictates the ber content. In the case of FRP anchors made
from ber bundles, the ber content is usually determined by measuring the weight of the

bers for a certain length. Zhang et al. (2012) investigated the effect of three different ber
contents used to manufacture FRP anchors. The carbon ber sheets used to manufacture
the anchors had the same length of 90 mm and varying widths of 134, 200 and 259 mm.
These variables were applied equally for the construction of both dry and impregnated
anchors. The test matrix is the same one displayed earlier in Table 2.1.

Carbon anchors made from 200 mm width presented the highest values for P 5,1
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(see Table 2.2). This is true for both dry and impregnated anchors. On the other hand,
carbon anchors made from 259 mm width presented the highest value for P ., »,. Zhang
et al. (2012) explains this behavior by referring to the fact that anchors are more stressed in
the second peak region due to the higher slip values. Test results indicate the presence of
an optimal ber content for the rst peak load, however, after the complete debonding of

the FRP laminate, an increase in the ber content offers greater load capacity. Therefore,
the width of an FRP laminate along with the geometry of the splay should be taken into
account when deciding on ber content for an anchor. High density of fan bers over a
small width of an FRP laminate will not provide an enhanced mechanism for stress transfer
from the fan to anchor dowel. In fact, this might hinder the process due to more misaligned
bers compacted in a small area. In other words, this suggests that there is an optimum
fan geometry, if the splay is too wide this will lead to premature ber rupture due to the
bendin bers. Thus, increasing the ber content will not provide higher P max,1 but will aid
in achieving higher P ., » because of the greater frictional resistance that is offered by the
anchor. This topic deserves more attention from the research community as it addresses the
connected parameters that affect the performance of FRP anchors. As more data becomes
available, models relating FRP laminate width, fan geometry and ber content will aid in

an effective directed use of the material that is optimized for the required capacity, whether

thatis the rst or the second load peak.
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2.4 Embedment Angle and Embedment Length

2.4.1 Embedment Angle

The embedment angle (orinsertion angle) de nesthe nature of stresses an FRP anchor
will experience. Part of the study conducted by Zhang and Smith (2012b) explored the effect
of various embedment angles ranging from 45 to 157.5 . Table 2.7 shows a selected portion

of the test matrix presented in Zhang and Smith (2012b).

Table 2.7: Selected Portion of Test Matrix in Zhang and Smith (2012b)

All anchors manufactured and tested in this study were prepared as impregnated or
exible anchors in the same manner discussed earlier in Zhang et al. (2012) and Zhang and
Smith (2012a). The same is true for the test set-up, testing procedure and the instrumenta-
tion used. Table 2.8 presents the performance of the anchor dowel series at key stages of

the load-slip plot (see Figures 2.11 and 2.12).
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Table 2.8: Performance of Anchor Dowel Angle Series

The behavior of an anchored joint depends on the stresses the anchor experiences.
In the case of embedment angle less than 90 , the anchor will experience a combination of
compressive and shear stresses. Axial compression in the dowel is generally not favorable.
Hence, it is expected not to see promising results from specimens DA-45 and DA-67.5. The
strain ef ciency reported for DA-45 and DA-67.5 is 30% and 36% respectively. These values
are compared to 26% and 23% of the control unanchored specimens, respectively. The
enhancement is not signi cant at all and the application of such embedment angles is not
recommended as Zhang and Smith (2012b) suggests. As the embedment angle increases,
the rstload peak increases as Figure 2.13 re ects. This is true except for specimen DA-
101.3, which showed more variability when compared to other specimens. DA-101.3-1
failed by Mode 1A (see Table 2.8's footnote) while DA-101.3-2 failed by Mode 2A (see Table
2.8's footnote) and as there is no match between the two repetitions performed for this

specimen, this outlier can be ignored.
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Figure 2.13: Anchor Dowel Angle Series Performance Relative to Control Series

Zhang and Smith (2012b)

The reason behind the increase in capacity with the increase in embedment angle is
due to the increase in pure tensile stresses. An FRP anchor will experience more tensile than
shear stresses as the angle increases and this enables the FRP anchor to provide a better
performance. Figure 2.14 presents the strain distribution along the bonded length of the
FRP Laminate. Itis evident in Figure 2.14b that the strain achieved in the FRP laminate is
enhanced when compared to that of the control joint. As for specimen DA-157.5 the strain
achieved in the FRP laminate is higher than that of specimen DA-90. The authors report
that failure becomes less ductile as the embedment angle increases. This behavior can be
improved by doing the following: (1) increase the anchor hole diameter further to allow for
increased shear deformation of epoxy as this will help in achieving a more ductile response;
and (2) routing anchor holes will help in reducing stress concentration at the bend region
and that will increase joint ductility. Therefore, more tests should be conducted to see if

the observation reported by Zhang and Smith (2012b) is repeated or not.
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(a) CN(47)-1 (b) DA-90-1

(c) DA-157.5-1
Figure 2.14: Selected Strain Distribution Results

Zhang and Smith (2012b)
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2.4.2 Embedment Length

Embedment length (or embedment depth) of FRP anchors studied in isolation has
not received enough research attention. The proper design of anchor embedment length
can help mitigate anchor pullout. Part of the study conducted by Ozbakkaloglu et al. (2017)
focused on the effect of embedment depth. Results of this investigation were presented
as load-slip plots and strain distributions along the bonded length. Figure 2.15 displays
the test set-up adopted in this study. The specimens were held between metal plates to
prevent rigid body translation and rotation during testing. The tests were conducted using
a universal testing machine with a loading rate of 0.5mm / min. The slip of the FRP laminate
is measured using an LVDT with 50 mm capacity. The test set-up is very similar to that of

Zhang et al. (2012).

Figure 2.15: Test setup for direct shear tests (a) direct shear specimen (b) LVDT setup
Ozbakkaloglu et al. (2017)
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Table 2.9 presents part of the test matrix found in Ozbakkaloglu et al. (2017). The
surface of a concrete block was scaled in order to remove the cementitious material and
to expose the aggregates for a good bond. A 12 mm diameter drill bit was used to drill
the anchor holes, each anchor hole was made 3 mm longer than the anchor dowel (the 3
mm length was pre- lled with epoxy). Compressed air was then used to clean the holes
and the surface of the concrete. The FRP laminate consisted of 4 layers of uni-directional
carbon ber sheet. The FRP laminate was 100 mm in width, 500 mm in length and 2.6 mm
in thickness (this is the thickness of 4 layers). The FRP laminate was saturated and left to
cure for at least 7 days before the strengthening application. On the day of strengthening,
the bottom side of the laminate was sanded to remove 0.3 mm of epoxy from the thickness
of the laminate. This was done to create a good bond in the FRP-to-concrete interface. The
FRP laminate is drilled to allow for the insertion of the FRP anchor to the epoxy lled holes.
The fan is then splayed over the 100 mm wide FRP laminate to allow for the transfer of force

from the FRP laminate to the anchor dowel.

Table 2.9: Select Portion of Test Matrix Presented in Ozbakkaloglu et al. (2017)

Embedment lengths of 40 mm and 60 mm were considered for single anchored specimens.

The results of the single shear joint tests illustrate an increase in the rst and second load
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capacities for an increased embedment length. Figure 2.10 provides the results for the

tests conducted. There is an 8.50% increase in the rst peak capacity when increasing the

embedment length from 40 mm to 60 mm. This is not very signi cant, however, there

is 109% increase in the second peak capacity. Both of the anchored specimens failed by
anchor pull-out illustrating why the increase in embedment length showed enhancements

in capacity. On the other hand, if the anchors were to fail by rupture of bers, the increase

in embedment length will not make a difference in the capacity reached.

Table 2.10: Select Portion of Test Results Presented in Ozbakkaloglu et al. (2017)

Figure 2.16 presents a visual comparison between anchored and unanchored control
specimens. The increase in embedment length has led to an increase in the strain ef -
ciency of the FRP laminate. Therefore, the increase in embedment length allows for better

utilization of the FRP material and strengthening system.
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(@) Pmax,1 Comparison (b) Prmax.2 Comparison

Figure 2.16: B40R1-1-3 & B60R1-1-3 Performance Comparison

A study conducted by Mahrenholtz et al. (2018) aimed at studying the shear strength
of FRP anchors, explored the effect of embedment length on the capacity of an anchor.

Figure 2.17 displays the specimen details that is tested in this study.

Figure 2.17: Specimen Geometry and Details (units in mm): Plan and Elevation views

Mahrenholtz et al. (2018)
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As the gure reveals, the bow-tie fan is splayed on a steel channel instead of an FRP
laminate. The specimenis xed in a steel reaction frame in which the bottom end is gripped
by the bottom jaw of the UTM and the top end is gripped to a steel channel. This test set-up
is similar to the one adopted in Ozbakkaloglu et al. (2017). The only signi cant difference is
the presence of a steel channel which does not allow for the study of an anchored FRP-to-
concrete joint. Embedment lengths of 20, 45, 60 and 80 mm are explored in this study. A
select portion of the test matrix is presented in Figure 2.11. There is no control specimen to

compare against due to the absence of an FRP laminate.

Table 2.11: Select Portion of Test Matrix Presented in Mahrenholtz et al. (2018)

The capacities reported take place at the ultimate peak. Due to the absence of an FRP
laminate, the only failure mode observed was ruptured bers at the concrete surface (see

Figure 2.18). The splayed fan remained attached to the steel channel and undamaged.
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Figure 2.18: Example of a typical load-displacement curve and a picture of ruptured bers

Mahrenholtz et al. (2018)

The obtained results are presented in Figure 2.12. The increase of embedment length
from 20 mm to 45 mm resulted in 11% increase in the capacity. The increase from 45 mm to
60 mm in embedment length resulted in capacity decrease of 11%. Moreover, the increase
from 60 mm to 80 mm resulted in capacity decrease of 12%. Hence, there is no trend
observed suggesting a clear relation between the capacity observed and the embedment
length. This is best explained by the rupture of bers at the concrete surface despite the
different lengths studied. The short coming of this test set-up is the presence of the steel
channel which allows for the rupture of bers at the concrete surface. Hence, hindering
the ability to study the effect of embedment length. The authors argue that this test set-up
provides a better insight into the study of FRP anchors in isolation. This might be true for

other behavioral aspects of FRP anchors but not for the embedment length.
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Table 2.12: Select Results of Embedment Length Specimens in Mahrenholtz et al. (2018)

In conclusion, the embedment length of FRP anchors is not well established in re-
search studies. Researchers are advised to study the correlation between embedment length
and anchor pullout in an extensive experimental program. Such studies should be con-
ducted within the frame of isolated FRP-to-concrete tests in which an FRP laminate is
present. Embedment angle and length are interconnected as they de ne the nature of
forces and failure modes an anchor experiences. Hence, it is necessary for studies to explore
the combined effect of the two variables in order to establish better understanding of an

anchored joint.

2.5 Splay Geometry

The splay or fan (both terms are used interchangeably in this thesis) of an anchor
is an essential part that is responsible for transferring the force from the FRP laminate to
the anchor dowel. The geometry of the splay consists of two main components; the splay
radius and splay width (see Figure 2.19). These two main parameters dictate the splay angle

through mathematical expression:

2rsin(=2)=2c (2.1)
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whereris the splay radius, isthe splay angle in degrees and 2c is splay width. Zhang and
Smith (2012b) explored three different splay arrangements. The bow-tie splay, the single
splay and the single reverse splay. In a reverse splay, the fan is facing a direction opposite to
that of the load, hence the name reverse. In the three cases, the splay is covering the full
width of FRP laminate, resulting in two angles of 60  and-60 . Hence, there are no variations
made in the width or radius of the fan. The test matrix for the anchor fan series is presented

in Table 2.13. Surface preparation and test set-up were discussed in detail earlier in Section

2.3.2.

Figure 2.19: Splay Geometry

To evaluate the performance of the anchor fan series, Table 2.14 provides the loads
and slips measured at the various stages of a load-slip response and Figure 2.20 presents
the actual load-slip plots for the anchor fan series. SF-200 joints achieved the highest

rst and second load peaks, which resulted in the highest strain ef ciency. Hence, SF-200
joints presented the optimal behavior in the anchor fan series as Zhang and Smith (2012b)
suggested.

The behavior presented in the load-slip plots show that SF-200 joints possess the

highest load capacity, however, SF-200R and BF-200 joints allow for much greater slip
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Table 2.13: Select Portion of the test matrix presented in Zhang and Smith (2012b)

Table 2.14: Anchor fan series performance in Zhang and Smith (2012b)

between the FRP and concrete. As debonding cracks propagate to the unloaded end, the fan
allows stresses seen in the FRP laminate to transfer through the fan bers and to the dowel
part. Thus, "activating" the FRP anchor and allowing it to delay the debonding action.

To better understand the cause for greater slip in SF-200R and BF-200, consider Figure
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(a) Single fan anchor (SF-200 Joints) (b) Single fan anchor (SF-200R Joints)

(c) Bow-tie anchor (BF-200 Joints) (d) Generic load-slip response (nts)

Figure 2.20: Load-slip responses for anchor fan series joints and generic response
Zhang and Smith (2012b)

2.21 that shows the strain distribution along the bonded length for the anchored fan series.
SF-200 joints have fan bers oriented in the direction of the load, where fan bers are
positioned in the rst 50 mm of the bonded length. Hence, the FRP anchor is activated
as debonding cracks travel along the rst 50 to 75 mm of the bonded length. Therefore,
crack propagation is suppressed by the FRP anchor in an area very close to the loaded end,
which restricts the slippage of the FRP laminate. Even after full debonding of the laminate,
the anchor’s fan position allows it to hold the laminate and prevent the loaded end from
displacing further. On the other hand, SF-200R joints have fan bers oriented in an opposite
direction to that of the load. In this case, fan bers are located between 75 - 125 mm from
the loaded end. Therefore, the anchor is not fully engaged until cracks propagate 165 mm

from the loaded edge. This allows for greater displacement in the FRP laminate as the rst
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75 mm of the bonded length is technically unanchored. After the FRP laminate debonds,

the fan anchors the unloaded end of the laminate, allowing for considerably large slippage

to take place until the anchor ruptures.

(a) Single fan anchor (SF-200-1 Joint) (b) Single fan anchor (SF-200R-1 Joint)

(c) Bow-tie anchor (BF-200-1 Joint)

Figure 2.21: Strain distribution of anchor fan series
Zhang and Smith (2012b)

In the case of BF-200, the fan's ber is split in half for the two fans. The reported slip
values in Table 2.14 obtained from Zhang and Smith (2012b) clearly contradict the load-slip
plot obtained from the same study. Based on the results reported, the slip does not exceed
7 mm in BF-200 joints, however, based on the load-slip plot, it is evident that slip of the

laminate reaches at least 20 mm. However, Zhang and Smith (2012b) outlines that the
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behavior of SF-200 is "much more ef cient" than BF-200. The reader might deduce that
the plot is incorrect and hence the numerical values reported might be true. Therefore, due
to the halved ber content in both fans of BF-200, it is noticeable that the load capacity
achieved is lower than that of SF-200 and the slip is almost the same based on Table 2.14.
Hence, the direction of the fan is best when it is in the direction of load. The use of bow-tie
fans is of good use when cracks propagation is unpredictable. This is best seen in the case of
moving loads on a bridge's beam, where IC debonding cracks can form at different locations.
Thus, crack propagation can happen in either direction towards the free end.

In conclusion, this study explored the use of the fan in different directions and shapes,
however, the true geometry of the fan was not a test variable. Up to date, there are no studies
that address the effect of increasing the width or radius of a fan on the performance of the
anchor. In addition, the geometry of the fan is interconnected to the width of the laminate
being anchored, this detail should be tested to explore new failure modes and formulate

appropriate design equations.

58



2.6 Con guration and Number of Anchors

In this section factors such as the location of anchor(s) and the arrangement of
anchor(s) are thoroughly discussed to better understand how to increase the ef ciency
of anchored joints. In an experimental study conducted by Zhang and Smith (2017), the
position of a single anchor relative to the loaded bonded laminate end denoted by I anc
length between the anchor and the unloaded end of the laminate denoted by | .4 and the
total plate length referred to as | ¢, are studied as part of three test groups represented in

Table 2.15.

Table 2.15: Test Matrix presented in Zhang and Smith (2017)
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The preparation of specimens, test set-up and the testing procedure took place ac-

cording to Zhang et al. (2012), refer to Section 2.3.2 for more details. Figure 2.22 displays

the geometric variables | 4nc, | eng, and | 4p.

Figure 2.22: Specimen geometry, labelling and instrumentation

Zhang and Smith (2017)

Firstly, in series A, | 5c and |4 are varied while | ¢, is kept constant. As the results
suggest (see Figure 2.16), the joint strength increases for decreasing | 4, and increasing
leng- Specimen Al showed 105% increase in the capacity of P 5, ; when compared to P ¢y
of the control series (where P ¢y = P« 1 Of the control series). This is compared to 80%,
48% and 7% increase of specimens A2, A3, and A4, respectively. However, it is not logical to
capture the relation between | ... and |4 just by looking at P ., ;. Hence, series B presents

the chance to keep | ¢,q constant while varying | g, and l¢ng.
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Table 2.16: Experimental Results presented in Zhang and Smith (2017)

As series B is comprised of two subsets of | .q; 25 mm, and 125 mm. Results have
shown an increase in the joint strength as | .,q increased from 25 mm to 125 mm. In addition,
as |, is increased within each subset of | 4, the variation noted in the joint strength is less
than 10%. Hence, the authors suggest that | ¢4 is more in uential on joint strength than| ..
For visual comparison, Figure 2.23 presents the % increase in capacity for specimens B1 to

B8 shown at the bottom and top of the bars which correspondtol ., =25mmandl .4 =

125 mm, respectively.
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