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ARTICLE INFO ABSTRACT

Keywords: The use of fiber anchors is becoming more commonplace as part of an FRP retrofit of concrete or masonry
Carbon fiber anchors structures. Such anchors are typically small diameter (sometimes referred to as spike anchors) and are mainly
Fan angle

used to delay, or possibly prevent, debonding of externally-bonded FRP laminates. However, capacity prediction
models developed for small diameter fiber anchors may not be extended to large carbon fiber (CF) anchors,
Strengthening herein defined as an anchor with a diameter greater than 19 mm. In this study, commercially available 19, 25,
Repair and 32 mm diameter CF anchors were tested. First, the behavior of straight CF anchors embedded in concrete
CFRP under direct tensile loading was examined to obtain the benchmark rupture capacity of the anchors. Embedment
depths varied between 10 and 13 times the anchor hole diameter. Then, the behavior of fanned CF anchors under
direct tensile load was investigated, considering fan angles of 37° and 57°. Finally, the effect of column bending
on the behavior of CF anchors was studied by installing anchors on previously tested large-scale reinforced
concrete column-footing subassemblies. It was found that the anchor diameter, anchor fan angle, anchor hole
diameter, and embedment depth of the anchor dowel impact the behavior of large diameter CF anchors. Further,
confinement of the anchor fan in column applications with hoop direction carbon fiber laminates was found to
have a substantial impact on the failure mode of large diameter CF anchors. It was found that for 25 mm diameter
CF anchors with a well confined anchor fan, approximately 50% of the straight anchor rupture capacity is
possible with a 559 mm long anchor fan with fan angle of 37° and an embedment depth of the anchor dowel 10
times the anchor hole diameter.

Embedment depth
Large diameter

1. Introduction

Existing reinforced concrete (RC) structures need to exhibit a spec-
ified level of performance to comply with requirements in seismic design
guidelines. Under a seismic event, the strength and ductility of RC
structural members may not be adequate to reach the desired perfor-
mance. Carbon fiber-reinforced polymer (CFRP) systems are among the
alternatives that can be used to enhance the performance of existing RC
structures. In addition to the durability of CFRP systems when exposed
to corrosive environments, the light-weight and high-strength and
stiffness of CFRP systems are desirable in the seismic retrofit of existing
RC structures. Further, in wet lay-up in-situ applications the flexibility of
form to accommodate variable cross-sectional geometry is advantageous
compared to other alternatives. The versatility of CFRP systems makes
them an appealing option for a wide range of strengthening or repair
applications. In some applications, continuity of load path also needs to
be provided to transfer forces from externally bonded (EB) CFRP lami-
nates at the ends of members to adjacent structural elements. Similarly,
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elements may act as an obstruction creating a discontinuity of longitu-
dinal CFRP laminates. Carbon-fiber (CF) anchors, which are formed
using a bundle of loose carbon fibers to provide a load path at the end of
structural members or at the end of CFRP laminates are among the so-
lutions that have recently been used. Common uses of fiber anchors in
strengthening applications are shown in Fig. 1. Fig. 1a shows an example
of shear strengthening T-beams with FRP U-wraps and fiber anchors.
Koutas and Triantafillou [1] found that including fiber anchors in the
shear strengthening system substantially increased the total shear ca-
pacity of the strengthened T-beams. Fig. 1b shows a typical flexural
strengthening example of an RC beam with longitudinal EB FRP. Here
fibers anchors are introduced to delay debonding failure of the FRP
system to enhance the increase in flexural capacity. Eshwar et al. [2]
conducted research on the flexural strengthening of beams with curved
soffits. It was found that including fiber anchors as part of the
strengthening system increased the flexural strength of the beam and
prevented peeling of CFRP laminates. Fiber anchors are also used in the
strengthening of RC frames with masonry infill walls as shown in Fig. 1c.
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In this strengthening application, infill walls were integrated with an
existing RC frame to develop a new lateral load resisting system [3]. CF
anchors were implemented to prevent premature debonding of CFRP
laminates, and create a load path between the end of the CFRP laminate
and the RC members. The detailed discussion regarding load transfer
mechanism can be found in [3]. The developed strengthening scheme
was shown to be effective in increasing the lateral load capacity of the
RC frame. As shown in Fig. 1d, fiber anchors can be used in the flexural
strengthening of RC shear walls where the ends of the vertical CFRP
laminates can be anchored providing continuity of load path through the
integral RC floor system. Lau and Woods [4] conducted research on
shear walls strengthened with vertical CFRP laminates that were
anchored to the adjacent concrete members with glass fiber anchors. It
was revealed that anchoring the end of the vertical CFRP laminate in-
creases the flexural capacity of the shear wall. El-Sokkary et al. [5]
studied the seismic behavior of CFRP strengthened RC walls. The walls
were strengthened with vertical CFRP laminates that were bonded to the
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left and the right corners of the wall, and the ends of vertical CFRP
laminates were anchored with CF anchors that were produced from
CFRP laminates. The flexural behavior of the wall was found to be
improved. Flexural strengthening of RC columns with longitudinal CFRP
is a common application where CF anchors are used to anchor the end of
longitudinal laminates across the footing interface, as shown in Fig. 1e,
so that the tension force in the CFRP may be developed at the maximum
moment region. Vrettos et al. [6] studied the impact of the number and
the volume of CF anchors on the flexural capacity of RC columns. It was
concluded that the flexural capacity of columns can be increased by the
use of CF anchors. But design details and recommendations, such as fan
angle of the CF anchor, were not provided. Rutledge et al. [7] utilized CF
anchors in the repair of seismically damaged RC columns. Twelve 30
mm diameter CF anchors were used to provide the force-transfer
mechanism to resist the large tensile forces at the column-footing
interface. The anchors strengthened the failed (plastic hinge) section
of the column such that subsequent damage occurred in a previously
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undamaged portion of the column. However, a detailed understanding
of the design and behavior of the 30 mm diameter CF anchors was not
achieved as part of that research project. del Rey Castillo et al. [8]
presented research where straight CF anchors were used to increase the
moment capacity of square RC columns. In the study, five square RC
columns were repaired with varying number of CF anchors that had fiber
area of 84 mm? (nominal diameter of 10 mm), 112 mm? (nominal
diameter of 12 mm), and 168 mm? (nominal diameter of 15 mm). An-
chor fan details were not reported. The study showed that CF anchors
increase the lateral force capacity of square RC columns and ten-
sion—compression cycles did not impact the contribution of CF anchors
to the lateral force capacity.

A typical application of a large diameter CF anchor is shown in Fig. 2,
where the anchor is providing continuity of load path across an inter-
face. Fig. 2a defines the primary parts of a large diameter CF anchor, and
Fig. 2b shows the primary geometric parameters affecting the tensile
strength. In this application, the anchor dowel fibers are installed into a
drilled hole filled with epoxy resin while the anchor fan fibers are
splayed over a CFRP laminate that is bonded to an existing RC member.
The location where the anchor fibers transition from the dowel to the fan
is referred to as the key portion.

There have been many research studies that focus on different parts
of CF anchors defined in Fig. 2. Kim and Smith [9], Ozdemir and Akyuz
[10], and Ozbakkaloglu and Saatcioglu [11] focused on the parameters
affecting the pull out capacity of fiber anchors. A pull out capacity
prediction model was developed by Kim and Smith [9]. It should be
noted that the developed model is restricted to the anchor diameters
used in the derivation. For anchor diameters larger than 19 mm, the
accuracy of the model is not known with sufficient certainty. Kobayashi
et al. [12] carried out an experimental program to investigate the in-
fluence of fan angle on the capacity of CF anchors. The fan angle was
varied from 47° to 120°. The fan angle was found to be a factor affecting
the tensile capacity of the anchors. del Rey Castillo et al. [13] conducted
an experimental study to evaluate the effect of fan angle ranging from
30° to 120° on the behavior of CF anchors. It was found that for the same
diameter anchor, an increase in fan angle yields lower anchor capacity.
Also, larger diameter CF anchors were found to be less efficient than CF
anchors with a smaller diameter. A capacity prediction model that
considers fan angle and anchor diameter was developed. Although a
large number of CF anchor tests are published in the open literature, a
unified design approach has yet to be established due to the large
variation in the parameters affecting the design and behavior of fiber
anchors, such as: anchor diameter; fan angle; fan length and fan width;
embedment depth of anchor dowel; material properties of dry fibers,
epoxy and concrete; and the quality of anchor installation. The lack of
design guidelines limits the extensive utilization of fiber anchors in EB
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strengthening or repair applications [14], although numerous research
studies have shown the effectiveness of fiber anchors in postponing or
preventing debonding of FRP systems. ACI 440.2R [15] allows the use of
fiber anchors in EB applications on the condition that the effectiveness of
the anchorage system is demonstrated by representative tests. However,
standardized testing protocols are not suggested [16], nor available,
further hindering the widespread use of fiber anchors in EB FRP retrofit
applications.

Seismic damage in RC bridge columns, which are designed according
to modern seismic guidelines, occurs at plastic hinge regions designed to
be at either end of columns. Failure typically occurs due to buckling and
fracture of reinforcing bars subjected to large plastic strains. Repair of
such severely damaged bridge columns requires a substantial interven-
tion if the original column behavior is to be restored. Large diameter CF
anchors, as part of an FRP repair, was shown to be an effective way to
restore the original column behavior following the formation of a plastic
hinge [7]. This was accomplished by strengthening the damaged region
such that damage from a subsequent seismic event would occur else-
where in the column. The technique is referred to as “plastic hinge
relocation”. Unfortunately, the absence of design details for such large
diameter CF anchors prevents the generic application of robust repair
solutions. Therefore, there is a need to examine the behavior of large
diameter CF anchors designed to transfer tensile forces across column-
to-footing interfaces to restore the response of seismically damaged
RC columns.

The research presented herein focuses on the tensile behavior of
commercially available large diameter (>19 mm) CF anchors. An
experimental program was developed to understand the theoretical
rupture capacity of CF anchors by pulling on straight anchors embedded
in concrete blocks. Anchor diameters of 19 mm, 25 mm, and 32 mm
were tested. Results of the tests are presented in terms of efficiency to
identify the impact of each parameter. The effect of fan angle on the
capacity of the anchor was also investigated on 25 mm diameter anchors
with fan angles ranging from 37° to 57°. The significance of fan angle on
the capacity of CF anchors is discussed by presenting the efficiency
distribution of all 25 mm diameter anchors tested, including straight
anchors. In addition, the behavior of 25 mm diameter CF anchors under
column bending was tested to determine the effect of bending on the
parameters affecting anchor capacity obtained from direct tension pull
out tests. A design procedure to provide sufficient bond between the
anchor fan and the concrete substrate is suggested. The data obtained
from the research presented herein is part of a larger research study that
aims to develop a repair methodology for seismically damaged RC
bridge columns.
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Fig. 2. CF Anchor: a) Parts b) Geometric Parameters.
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2. Experimental program

The goal of the research study presented herein was to better un-
derstand the tensile behavior of large diameter CF anchors and utilize
the same anchors in the repair of large-scale RC bridge columns
damaged under simulated earthquake loading. To achieve this goal
three sets of experiments were conducted with the aim of developing a
comprehensive understanding of the behavior of large diameter CF an-
chors. The first set of anchor tests was designed to study the tensile
capacity of straight CF anchors with various dowel diameters and
embedment depths. The second set of anchor tests evaluated the impact
of fan angle on the tension capacity of large diameter CF anchors.
Finally, the third set of tests was conducted on large-scale circular RC
columns where the anchor fan was splayed on the column concrete
substrate and the dowel embedded into the footing. The purpose of the
third set of tests was to investigate the effect of column bending on the
tensile capacity of the anchor, and the bond between the column con-
crete substrate and the anchor fan.

2.1. Material properties

Two different CF anchors, procured from two manufacturers, were
used in this research program. The CF anchors used in the straight
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anchor tests had tensile strength, tensile modulus, and elongation at
rupture of 986 MPa, 96 GPa, and 1.20 %, respectively, according to
laminate properties provided by the manufacturer. The CF anchors used
in the fanned anchor and column tests had tensile strength, tensile
modulus, and elongation at rupture of 1447 MPa, 99 GPa, and 1.46%,
respectively, according to laminate properties provided by the manu-
facturer. The CFRP laminate properties provided by the manufacturer
used in the fanned anchor and column tests were assumed to be similar
to the CF anchors used in the straight anchors test, in order to examine
the impact of anchor fan on the capacity of CF anchors. The concrete
blocks used in the straight and fanned anchor tests were cast more than a
year before the anchor tests were undertaken and had an average
compressive strength of 49.6 MPa as determined by tests on standard
100 mm diameter by 200 mm concrete cylinders at the time of testing.
Thus, concrete compressive strength was not included as a parameter in
the experimental program.

2.2. Direct tension tests

2.2.1. Test setup for direct tension test

Several fiber anchor test methods have been developed, but to-date
no standardized test method has been proposed [16]. A challenge of
developing a standardized test method is that fiber anchors may be used
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Fig. 3. General View of Test Setup for Straight Anchor Tests.
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in several different configuration. Consequently, ACI 440.2R [15] rec-
ommends that the capacity of fiber anchors should be determined by
demonstrative tests simulating the field application. ASTM D7205 [17]
was developed for solid circular glass FRP (GFRP) bars with diameter
less than 32 mm, and for CFRP bars with a diameter of 9.5 mm. ASTM
D7205 [17] recommends anchoring the FRP bar into steel pipes at its
ends where the annular ring is filled with a resin or grout. In this
manner, the steel pipes can be gripped to pull the FRP bar in direct
tension using a universal testing machine to determine the tensile
rupture capacity. As the tension capacity of the large diameter CF an-
chors considered in this study is expected to be greater than what would
be achieved by the GFRP bars covered by ASTM D7205 [17], the rec-
ommended testing details may not be directly transferable. Moreover,
the testing method of ASTM D7205 [17] does not represent the field
application where the circular anchor dowel is embedded into the
concrete. To represent the embedment of large diameter CF anchor
dowels in a field application the test setup shown in Fig. 3 was devel-
oped. The setup consisted of three main parts, including: a 1.2 m x 1.2
m x 0.61 m concrete block; a reaction frame; and the loading system
comprised of a loading tube, anchor tube, load cell and hydraulic jack. A
detailed schematic of the loading system is shown in Fig. 4. With a slight
modification, the test setup was also used to test the CF anchor fan, as
shown in Fig. 5.

A 2700 kN hollow hydraulic jack, which had a 100 mm diameter

Anchor Tube~—

| — [ CF Anchor
— | Non-shrink Grout

Loading Tube
g e, — | Anchor Tube

——[ | Loading Tube
Load Cell ~7 7 |

Hydraulic Jack

| +—— Plug Welded Inner Tube
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Fig. 4. Loading System Details for Straight and Fanned Anchors.
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hole, was utilized. The hydraulic jack was placed on a 51 mm thick 457
mm square steel plate that was supported on two structural steel beams.
A 100 mm diameter hole was drilled through the center of the 457 mm
square steel plate to allow the loading tube to pass through. The two
structural steel beams were connected to the reaction frame to transfer
force from the hydraulic jack to the CF anchor through the loading tube.

To transfer load from the hydraulic jack to the CF anchor, a loading
tube was designed and constructed. A 1.5 m long steel tube, which had a
90 mm outside diameter (OD), was used to construct the loading tube. A
50 mm thick steel plate with a 90 mm hole was welded 152 mm below
the top of the loading tube. In addition, four gusset plates were welded
to the steel plate and loading tube with fillet welds to avoid bending of
the steel plate. With this configuration of the plate, the loading tube can
be placed on top of the load cell. As a result, the force in the hydraulic
jack can be transferred to the loading tube. To create a force transfer
mechanism between the loading tube and the anchor tube, a 127 mm
long steel tube was placed and plug welded to the bottom inner side of
the loading tube. The outside diameter and the wall thickness of the tube
were 76 mm and 13 mm, respectively. With the help of the inner tube,
the load was transferred to the anchor tube through the bearing plate
which was positioned between the anchor tube and the inner steel tube.
A bond mechanism was developed by gripping the top (free end) of the
CF anchor through the approach recommended in ASTM D7205 [17].
The free end of the anchor was pulled through the anchor tube that had
an outside diameter and wall thickness of 76 mm and 6 mm, respec-
tively. The anchor tube was 1.5 m long to have sufficient bond length
and prevent slip of the CF anchor. The annular ring was filled with a
commercially available high-strength non-shrink grout.

In order to restrain the concrete block during loading of the CF an-
chor, hollow structural sections (HSS) were placed between the concrete
block and the reaction frame, as shown in Fig. 3. Four 200 mm x 200
mm x 50 mm spacer plates were located underneath the HSS to keep the
HSS above the concrete block and avoid compressive stress transfer near
the anchor hole area in the concrete block. Later, for anchor fan tests the
steel spacer plates were removed as there was no need to prevent
compression stress transfer. With this configuration, a self-reacting
mechanism was produced so that no tie bars were required to tie con-
crete blocks to the strong floor. CF anchors tested on the same concrete
block were located at least 610 mm away from previously tested anchors
and 305 mm away from the edge of the block, so that the same block
may be used for multiple tests. In addition, the vertical dimension of the
HSS and spacer plates enabled the placement of LED markers as part of a
non-contact 3D displacement measurement device on the exposed
length of the CF anchor.

2.3. Instrumentation

2.3.1. Pull test

The load cell was manufactured by welding two 38 mm thick plates
with a concentrically located 100 mm diameter hole to the top and
bottom of a 140 mm diameter hollow steel tube, which was 152 mm
long. Later, four strain gauges were placed around the steel tube to
create a Wheatstone bridge to read the resistance that was used to
determine the corresponding force. The manufactured load cell was
calibrated using a universal testing machine. To measure tensile force on
the CF anchor, the load cell was placed between the loading tube and the
hydraulic jack.

In order to measure the strain developed in the CF anchor during
testing, a non-contact optical measuring system (OPTOTRAK) was used.
The system includes a sensor, LED markers, and a data acquisition sys-
tem to record the real-time 3D location of the LED markers attached to
the surface of the exposed length of the CF anchor. In this test program,
three LED markers were placed on the CF anchor at a nominally 50 mm
gauge length, as shown in Fig. 6. The average strain over the gauge
length is calculated using the recorded 3D location of the LED markers.
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Side View

Fig. 5. General View of Test Setup for Fanned Anchor Tests.

2.4. Preparation of specimens

During the test program it was realized that quality control of the
anchor installation procedure has a greater effect on the behavior and
capacity of the CF anchors than originally anticipated. Therefore, the
installation procedure was modified during the test program. Further,
the outcomes of the different installation procedures were used to
quantify the variability of the CF anchor capacity.

2.4.1. Pull test specimens

The CF anchors were prepared following the manufacturer’s
recommendation for field application where the entire length of the
anchor is saturated with provided two-component epoxy. The anchor is
then inserted into a pre-drilled hole filled with epoxy via the loop end
using a smooth steel bar. A schematic of the installation procedure is
shown in Fig. 7. For the first four tests, the 2.7 m long anchors used in
this test series were saturated and inserted in the pre-drilled holes.
However, given the high variability of the recorded data due to the
variable quality of the manufacture and installation of the anchor, the
manufacturing method was slightly modified for the subsequent tests. A
detailed discussion of the results is presented later. In an attempt to
improve alignment of the carbon fibers and reduce the initial variability
observed, the 2.7 m long CF anchors were pulled through PVC pipes
forming a nearly circular cross-section. This method showed improve-
ment but still misalignment of the fibers was identified as the main
reason that full anchor capacity was not achieved. Hence, the prepara-
tion method was further modified to improve fiber alignment and
reduce flaws caused by the preparation procedure. In the revised prep-
aration method, the carbon fibers were saturated as shown in Fig. 8a,
pulled through 1.2 m long PVC pipes, with an inner diameter equal to
that of the anchor diameter, and hung vertically. Then, the fibers were
aligned by hand as shown in Fig. 8b. Once the anchor cured, the bottom
end was cut to obtain a flat surface, eliminating the misaligned fibers, as

shown in Fig. 8c. This was done to ensure that the anchor remains
straight after installing into the predrilled anchor hole. Finally, the cured
CF anchor was inserted into a predrilled hole that was filled with the
same two-component epoxy used in the saturation process, as shown in
Fig. 8d. Once the hydraulic jack, load cell, loading tube and anchor tube
were in place, a high-strength non-shrink grout was poured into the
annular ring to create the bond between the anchor and anchor tube.
The anchors were tested seven days after pouring the high-strength non-
shrink grout.

2.4.2. Fan test specimen

The previous test setup was slightly modified to enable the anchor
fibers to be splayed on the face of the concrete block to observe the
impact of the anchor fan on tensile capacity. In this setup the concrete
block was moved so that the plane of one face coincides with the center
of the reaction frame such that the anchor is aligned vertically (see
Fig. 5). Due to debonding of the anchor fan from the concrete substrate
in the very first test, the preparation procedure was subsequently
modified to prevent debonding failure of the anchor fan. The target
failure mode was fiber rupture at the key portion of the anchor fan as
this results in the maximum capacity of the anchor. Rupture failure at
the key portion is a result of the stress concentration at the bend of the
fibers. The preparation method was modified to simulate the field
application of an anchor fan that was splayed on a concrete column
substrate. In these applications, the anchor fan is typically confined by a
CFRP wrap, preventing debonding of the anchor fan from the concrete
column substrate. The modified preparation procedure is summarized
herein. The preparation began with sandblasting the sides of the con-
crete block to remove the outermost layer of cement paste to achieve a
strong bond to the concrete substrate. Following the surface prepara-
tion, a groove was cut into the face of the concrete block 50 mm from the
bottom edge. All concrete surfaces were cleaned to ensure a dust-free
interface prior to installation of the FRP system. Two-component
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epoxy was used to prime the cleaned concrete substrate, and a thickened
two-component epoxy was used to fill the voids on the concrete sub-
strate. Then, a 610 mm wide and 1170 mm long CFRP sheet was satu-
rated and bonded vertically to the concrete substrate as shown in Fig. 9a.
A rib roller was used to remove trapped air behind the CFRP laminate.
CF anchors were saturated and hung vertically to form the anchor dowel
part, which will be restrained in the anchor tube as shown in Fig. 9b. The
saturated CF anchor was pulled through a PVC pipe that was placed
close to the top edge of the concrete block to represent the anchor hole.
Once the CF anchor was in place, the anchor fibers were splayed and
stretched on the CFRP laminate with a putty knife as shown in Fig. 9c. To
achieve the 37° fan angle, a fan width and length of 393 mm and 533
mm was used, respectively. For the 57° fan angle, the fan width was
increased to 610 mm, while the fan length remained at 533 mm. Later, a
610 mm long 25 mm diameter NSM GFRP bar was used to push the 1170
mm long vertical CFRP laminate at its mid height into the groove with
thickened epoxy to anchor the CFRP laminate as shown in Fig. 9c. Then,
the rest of the CFRP laminate was folded to sandwich the anchor fan as
shown in Fig. 9d. Finally, a 1170 mm long single layer of transverse
CFRP laminate was applied on top of the outermost vertical layer of
CFRP, as shown in Fig. 9e.

2.5. Test matrix

2.5.1. Test matrix for direct tension tests

Based on communication with the manufacturers of the CF anchors,
it was determined that the diameter of commercially available anchors
was established by pulling dry fibers into tubes with various inner di-
ameters. For example, to obtain a 25 mm diameter anchor, a tube with a
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(@)

Fig. 9. The Fanned Anchor Preparation Procedure.

25 mm inner diameter is used. The amount of dry fiber that can fit into
the tube determines the diameter of the anchor. Although commercially
available anchor diameters were up to 38 mm at the time of testing, the
largest CF anchor diameter utilized in an FRP application found in the
literature was 30 mm. Therefore, 32 mm diameter anchors were selected
as the largest anchor diameter in this research program. In addition,
anchor handling and quality control is more difficult with increasing
anchor diameter, and repair system efficiency decreases. It should be
noted that an anchor could be manufactured manually using a bundle of
dry fibers using the approach described above to achieve a specific
diameter, as long as the capacity of the anchor is determined with
representative tests. To cover a range of large anchor diameters that are
commercially available, 19 mm and 25 mm diameter anchors were also
included in the research program. An embedment depth of ten times the
anchor diameter was used by Rutledge et al. [7] for fanned anchors. In
addition, Ahmed et al. [18] showed that ten times the diameter of GFRP
bars is sufficient to achieve the tensile capacity of GFRP bars. For the
straight CF anchors tested in this program the pull-out anchor capacity is
expected to be higher, and therefore an embedment depth at least ten
times the anchor hole diameter would likely be required. It should be

Table 1
Results of Direct Tension Tests.

noted that due to the preparation method, the actual diameter of CF
anchors will not be same. Therefore, using anchor hole diameter to
define the anchor embedment depth is more consistent. Based on dis-
cussions with the manufacturers, the drilled anchor hole was selected to
be 6 mm larger than the nominal anchor diameter. This provides suffi-
cient clearance to install the anchor dowel while at the same time
avoiding possible shear failure through the epoxy. The Anchor ID for the
16 anchors tested in this series are given in Table 1 and is of the
following format: [Anchor Diameter in mm]-[Installation Procedure]-
[Test Number]-[Embedment Depth as a multiple of Anchor Hole
Diameter (##dp)]. Each installation procedure is identified by a letter:
“A” representing a typical field application where a smooth bar was used
to push the anchor from its looped end into the anchor hole; “B” rep-
resenting the anchors whose full length was pulled through a PVC pipe,
cured, then embedded into the anchor hole; and “C” representing the
anchors whose fibers were aligned by hand, cured, then embedded into
the anchor hole. Lastly, ## is the multiplier of the anchor hole diameter
(dp) to define the anchor dowel embedment depth in mm.

Anchor ID Embedment depth Maximum force Nominal avg stress (MPa) Strain (mm/mm) Theoretical capacity Efficiency (%) Failure mode
(mm) (kN) (kN)

19-A-1-10dy, 254 133 465 0.005 281 47 Cleavage Rupture
19-A-2-10dy 254 87 306 0.005 281 31 Cleavage Rupture
19-B-3-12d; 305 257 902 0.01 281 92 Cleavage Rupture
19-C-4-13d, 330 325 1139 0.012 281 116 Splitting Rupture
19-C-5-13dy, 330 329 1155 0.013 281 117 Splitting Rupture
25-B-1-12d;, 460 254 500 0.005 500 51 Pull-out
25-C-2-12dy 381 445 878 0.01 500 89 Pull-out
25-C-3-12dy, 381 409 808 0.01 500 82 Cleavage Rupture
25-C-4-12d; 381 417 822 0.01 500 83 Cleavage Rupture
25-C-5-12d;, 381 449 887 0.01 500 90 Pull-out
25-C-6-13dp, 413 480 947 0.012 500 96 Pull-out
25-C-7-13dy, 413 484 955 0.011 500 97 Pull-out
32-A-1-10dy 381 454 573 0.009 781 58 Cleavage Rupture
32-A-2-10d; 381 245 309 0.004 781 31 Cleavage Rupture
32-B-3-11dj 419 479 605 0.007 781 61 Pull-out
32-B-4-11dy 419 356 449 0.0054 781 46 Pull-out
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2.5.2. Test matrix for fanned anchors

The aim of this test series was to investigate the effect of fan angle on
the anchor capacity. Only 25 mm diameter anchors were tested under
direct tension. It is expected that similar trends would be observed for
the 19 mm and 32 mm diameter anchors. The anchor fan length and
anchor fan width were adjusted to obtain the desired anchor fan angle.
Two fan angles were selected to investigate the impact of fan angle. As
the CFRP sheet used in the testing program had a width of 610 mm, the
maximum fan width to limited to 610 mm. As a result of the concrete
block height and location of the groove for the NSM GFRP bar, the
maximum fan length was limited to 533 mm. Thus, a maximum fan
angle of 57° was obtained, which is approximately the same as the
maximum fan angle of 60° reported by others in the literature. A larger
fan angle can be obtained by shortening the fan length for same fan
width but a larger fan angle would result in a lower anchor capacity. The
minimum fan angle considered in this research was a trade-off between
maximizing anchor capacity, quality control of the anchor fan installa-
tion as the anchor fan is thicker with smaller fan angle, and overlapping
anchor fans of adjacent anchors when installed in a column retrofit
application. Details of the seven anchors tested in this series are given in
Table 2. The Anchor ID in Table 2 defines key details of the CF anchor
tested according to the following format: [Fan Angle in degrees]-
[Anchor Test number].

2.6. Results of direct tension tests

2.6.1. Results of straight anchors

All specimens were monotonically loaded to failure. The discussion
of the results presented herein is based on the definition of efficiency
introduced by del Rey Castillo et al. [13]. Efficiency is defined as the
ratio of the average tensile stress of an anchor obtained experimentally
to the theoretical laminate tensile rupture stress provided by the
manufacturer. The average anchor tensile stress capacity is calculated by
dividing the experimentally obtained maximum anchor force by the area
of the anchor calculated using the nominal anchor diameter. The results
of the 16 direct tension anchor tests are given in Table 1 where average
tensile stress, efficiency, and strain at failure are given for the failure
modes observed. Fig. 10 illustrates the three types of failures observed.
Seven out of sixteen anchors failed by pull out, similar to that shown in
Fig. 10a, where it can be seen that the anchor pulled from the anchor
hole with a shallow concrete cone. The remaining anchors failed by one
of two rupture modes. Some anchors failed in a splitting rupture mode as
shown in Fig. 10b, similar to the failure observed in tension tests of
pultruded GFRP bars, while other anchors failed in cleavage rupture
close to the anchor hole, as shown in Fig. 10c. The latter is attributed to
localized dry fibers near where the key portion of the anchor would be,
or local bulging of the fibers due the installation procedure used.

Table 2
Test Matrix for Fanned Anchors.
Anchor Fan Fan Fan Vertical Transverse NSM
ID Length Width Angle CFRP CFRP GFRP
(mm) (mm) (degrees) Laminate Laminate Bar
37-A1 610 444 37 One - -
Layer
37-A2 533 393 37 Two One Layer @25
Layer mm
37-A3 533 393 37 Two One Layer @25
Layer mm
37-A4 533 393 37 Two One Layer @25
Layer mm
37-A5 533 393 37 Two One Layer @25
Layer mm
57-A6 533 610 57 Two One Layer @25
Layer mm
57-A7 533 610 57 Two One Layer @25

Layer mm

Construction and Building Materials 394 (2023) 132174

The significance of installation method, as it relates to alignment of
the fibers in the anchor dowel is evident when considering the efficiency
and failure mode of the 19 mm diameter anchors. All five 19 mm
diameter anchors tested failed by rupture, but the efficiency varied
dramatically as a function of installation method. The efficiency
increased as the alignment of the fibers in the anchor dowel improved.
Installation procedure A, which most closely resembled a field appli-
cation where a smooth bar is used to push the loose anchor fibers into
the anchor hole from the loop end, resulted in the lowest efficiency of
47% and 31% for anchor specimens 19-A-1-10dy and 19-A-2-10dy,
respectively. Besides significant fiber misalignment, bulging of fibers at
the key portion above the anchor hole is possible. As the fiber alignment
improved with different installation procedures, so did the efficiency.
Anchor specimen 19-B-3-12dy, ruptured at 257 kN, yielding a 92% effi-
ciency while anchor specimens 19-C-4-13dy, and 19-C-5-13d}, resulted in
116% and 117% efficiency, respectively. Based on the results of the 19
mm diameter anchors, it may be recommended that an embedment
depth of 13dye is sufficient to achieve the theoretical tensile capacity of
the anchor. Recall that the concrete strength at the time of testing for all
concrete blocks was 49.6 MPa.

Except for anchor specimen 25-B-1-12dy, 32 mm diameter anchor
holes were drilled for the 25 mm diameter anchor specimens, consistent
with the anchor hole diameter recommendation. Due to the available
drill bit at the time of drilling the anchor hole for specimen 25-B-1-12dp,
the anchor hole diameter was 38 mm. It was found that this anchor
resulted in lesser anchor capacity compared to the anchors with same
anchor diameter that were embedded in the recommended 32 mm
diameter anchor holes for 25 mm diameter anchors. Anchor pull out was
observed at an efficiency of only 51% for specimen 25-B-1-12dy,. It must
be noted that the lower efficiency is also expected to be impacted by the
use of installation procedure B that, according to the results of the 19
mm diameter anchors, was somewhat less than the efficiency of anchors
installed using method C. It can be seen that the efficiency of the
remaining six 25 mm diameter anchor specimens increased signifi-
cantly, installed using procedure C resulting in the most favorable fiber
alignment condition. When an embedment depth of 13dp.e was used
(anchor specimens 25-C-6-13dy, and 25-C-7-13dp) the efficiency
observed experimentally was very close to the theoretical tensile ca-
pacity at 96% and 97%, respectively.

Tests on the 32 mm diameter anchors were only completed on
specimens prepared using the less desirable installation procedures, A
and B. As a result, the experimentally determined efficiency was lower
and also more variable, ranging from 31% to 61%, due to the variability
of fiber alignment. The maximum embedment depth considered was
also less than the 13dyje condition met for the 19 and 25 mm diameter
anchors.

Fig. 11 is a graphical representation of the efficiency of all the an-
chors tested in direct tension. For ease of comparison, each installation
procedure is represented by a color, and each failure mode is repre-
sented by a different symbol. Red represents installation procedure A,
blue represents procedure B, and green represents procedure C. It is clear
from the efficiencies determined experimentally for the 19 mm diameter
anchors, the average anchor tensile stress at failure increases signifi-
cantly with improved fiber alignment. It also appears for the 19 and 25
mm diameter anchors produced with the ideal installation procedure C,
that the variability of average anchor tensile stress at failure is less.
Consistent with the observation by others, the trend of reducing anchor
efficiency with increasing nominal diameter can be seen in Fig. 11. This
behavior is explained by the shear lag phenomenon, as observed in
tension tests of pultruded GFRP reinforcing bars embedded in concrete
[19 20]. The tensile force applied to a large-diameter CF anchor
embedded in a concrete anchor hole is transferred to the fibers in the
cross-section by the resin matrix. Hence, the outermost fibers are
stressed the most and a nonuniform stress distribution through the cross-
section develops, resulting in a lower average tensile stress at failure.
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Fig. 10. Failure Modes of Straight CF Anchors: a) Pull-out b) Splitting Rupture c) Cleavage Rupture.
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Fig. 11. Efficiency of Anchors Tested in Direct Tension.
Table 3
Test Results of Fanned Anchors.
Anchor Fan Angle (degrees) Force Failure Mode Efficiency
D (kN) (%)
37-Al 37 169 D 34
37-A2 37 271 D 54
37-A3 37 257 D 51
37-A4 37 266 D 53
37-A5 37 302 D 60
57-A6 57 307 S/D 61
57-A7 57 249 S/R 50

D: Debonded, S: Split Fibers, R: Rupture.

2.6.2. Fanned anchor tests results

All fanned anchors were loaded monotonically in tension until fail-
ure. The results of each anchor test is presented in Table 3, where effi-
ciency is again defined as the ratio of the average tensile stress of an
anchor obtained experimentally to the theoretical laminate tensile
rupture stress provided by the manufacturer.

The failure modes observed in this test series include fiber rupture,
splitting, and debonding, as illustrated in Fig. 12. The very first fanned
anchor tested, 37-Al, did not contain any level of confinement and

(b)

10

©

failed by debonding of the anchor fan at 169 kN. The efficiency of this
anchor was only 34%, which is expected to be a lower bound result given
that no mechanism was provided to delay, or prevent, anchor fan
debonding. In an attempt to achieve the rupture capacity of the fanned
anchors the test setup was modified, as described previously, by
providing additional longitudinal and transverse fibers spanning beyond
the anchor fan. Following modification of the test setup, the efficiency of
fanned anchor 37-A2 increased to 54%, with debonding occurring at a
tensile force of 274 kN. For specimens 37-A3 and 37-A4, the tensile force
continued to increase beyond the initiation of debonding until local
failure of the concrete at the top edge of the groove of the NSM GFRP
bar, as can be seen near the bottom of Fig. 12a. The observed debonding
failures were restricted to the width of the anchor fan because stress was
only transferred to the vertical fibers via the anchor fan. Therefore,
splitting of the vertical CFRP laminate was observed near both edges of
the anchor fan, as can be seen in Fig. 12a. For a circular column appli-
cation where transverse CFRP laminates wrap around the column to
confine the anchor fan, this debonding failure mode would likely be
delayed or prevented. Hence, the anticipated capacity of a well confined
fanned anchor is expected to be higher than that observed in this test
series.

For specimens 57-A6 and 57-A7, debonding or rupture of anchor
fibers at the key portion was observed after fiber splitting. It appears that
for anchors with a fan angle approaching 60°, rupture of fibers at the key
portion is likely due to the concentration of stress at the sharp bend. The
installation procedure of the key portion also likely played a role in this
observed failure behavior. Anchor fibers split as the fibers at the key
portion were not confined as would be the case in a field application
where the dowel is embedded in a drilled hole in the concrete. Although
splitting cracks occurred and propagated through the anchor dowel of
the anchors with smaller fan angles, the splitting crack width was small
and did not lead to splitting failure as fibers were aligned more verti-
cally. Also, the epoxy filling the drilled hole near the key portion may
work to improve the stress distribution locally. Thus, it would be rec-
ommended to develop a future test setup that better represents an an-
chor hole filled with epoxy.

The efficiency of the tested anchors given in Table 3 is represented
graphically in Fig. 13. For reference, the results of the six 25 mm
diameter straight CF anchor tests using installation procedure C (see
Table 1), representing a fan angle of 0°, are also included in Fig. 13. The
data point identified by the x for the 37° fan angle is the test that did not
include the beneficial effect of confinement. As a result, it is expected to
represent a lower bound capacity, and is not considered in the following
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Fig. 12. Observed Failure Modes of Fanned Anchors a) Debonding b) Fiber Rupture c) Splitting.
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Fig. 13. Efficiency Distribution of Fanned Anchors.

discussion. The impact of the anchor fan on the efficiency of an anchor is
clearly seen in Fig. 13. The average efficiency of the four 25 mm
diameter straight CF anchor tests with embedment depth of 12d}, is 86%
with standard deviation of 3.53. For comparison, the average efficiency
of the five 25 mm diameter fanned anchor tests (not including 37-A1) is
55% with a standard deviation of 4.22. There does not appear to be any
difference in fanned anchor efficiency for the fan angles considered,
ranging from 37° to 57°. However, the presence of the anchor fan
reduced the capacity of the straight anchor by 36%. It should be noted
that the confinement of the anchor fan, enhancing the resistance to
debonding, will be more effective in a circular column application.

3. Columns bending tests with a single CF anchor
3.1. Test setup for columns with a single CF anchor

As the columns for this series of tests were obtained from a previous
research study [21], the test setup used in the previous research study
was adopted with only slight modifications. As the aim of this series of
column tests was to examine the behavior of large diameter CF anchors
under bending conditions, the constant axial load that was applied to the
original columns was not included in this test setup. A schematic of the
test setup is shown in Fig. 14. The column specimen was tied to the
strong floor with post-tensioning bars at the four corners of the rectan-
gular footing, and a 13 mm thick hydrostone layer was cast under the
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footing to ensure a uniform and level interface with the strong floor. The
lateral load was applied to the column cap with a 490 kN actuator with a
+ 250 mm stroke capacity, attached to a strong wall through high
strength rods. The lateral load, lateral displacement, and strain at the
repair region of the test specimen were recorded during testing. The
lateral load was measured via a load cell integrated with the actuator.
The lateral displacement was measured using a string pot attached to the
mid-height of the column cap, 2.4 m above the top of the column
footing. To obtain strain data in the repair region, 10 non-contact optical
measuring system LED markers were placed in a single-column config-
uration at a nominal spacing of 50 mm for the first column test, C-1, as
shown in Fig. 15a. In order to also obtain hoop strain data, 20 LED
markers were placed in a two-column configuration shown in Fig. 15b
for the remaining two tests, C-2 and C-3. In addition, a digital image
correlation (DIC) system was used to record the full strain field over a
larger area of the repair region. High resolution digital cameras were
used to capture images of a high contrast random speckle pattern
applied to the surface of interest that are subsequently used to obtain
continuous strain fields.

3.2. Preparation of column bending test specimens

The specimens used in the column bending test series were obtained
from another research study where circular RC columns with high-
strength internal reinforcing steel were tested under cyclic loading
[21]. The columns were 610 mm in diameter with 16 No. 6 (19 mm
diameter) A706 Grade 80 longitudinal bars evenly distributed around
the column, and a No. 3 (10 mm diameter) A706 Grade 80 spiral
transverse reinforcement, with varying pitch. The original columns were
loaded until three extreme longitudinal bars were fractured, as shown in
Fig. 16. A single CF anchor was installed on the extreme faces of the
columns where fractured bars existed. In this way the CF anchor is
subjected to tension as a result of bending. In addition to the fractured
longitudinal bars from the original column test, buckled bars shown in
Fig. 16 were cut so that only the straight bars near mid-depth of the
column remained intact to maintain stability of the column. In this way,
the tension force developed in the anchors would primarily be resisting
the moment in the column section due to bending. Loose concrete was
removed and concrete behind the bars was chipped away as shown in
Fig. 16. This was done to ensure that the grout cast to restore the original
column cross-section would bond with the internal reinforcing steel.
Pressurized water was used to clean the dust and debris from the column
surface. As the fractured and buckled bars pushed the transverse steel
outside the original section of the column, the diameter of the repaired
region was enlarged with a high-strength non-shrink grout to 660 mm to
ensure that the longitudinal and transverse reinforcing steel had
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sufficient cover. The average grout compressive strength on the day of
the testing was 57.2 MPa, 58.6 MPa, and 59.3 MPa for columns C-1, C-2,
and C-3, respectively.

To restore the circular column cross-section a commercially available
flexible board was used. The flexible board was set around the column as
shown in Fig. 17a. Then, a flowable high-strength non-shrink grout was
poured into the form to restore the cross-section. The smooth surface
(Fig. 17b) after the form was removed was roughened with a needle gun
as shown in Fig. 17c. Later, an anchor hole was drilled with an impact
hammer drill, as can be seen in Fig. 17d. The edge of the anchor hole was
rounded (see Fig. 17e) to ensure that the anchor fibers at the key portion
do not get damaged by sharp edges. Finally, the inside of the anchor hole
was brushed to remove any loose debris, as shown in Fig. 17f. Before
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moving the columns inside the laboratory prior to testing, all surfaces
were cleaned using pressurized air.

One day before installation of the FRP system on the RC column, a
short length of the loop end of the CF anchor was cured in a PVC pipe to
form a circular cross-section that can be inserted into the anchor hole.
The formed CF anchor end, shown in Fig. 18a, provides an effective way
of pushing the CF anchor into the anchor hole. The two-component
epoxy was mixed following the manufacturer’s recommendations, and
the repair region was primed with the epoxy, and the CFRP sheet (col-
umns C-2 and C-3 only) was impregnated and applied to the concrete
surface, as shown in Fig. 18b. The remainder of the dowel part of the CF
anchor was saturated with epoxy, and the anchor hole was partially
filled with the remaining epoxy. The CF anchor was pushed into the
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anchor hole with a smooth steel bar as shown in Fig. 18¢c, and the CF
anchor fan fibers were splayed onto the CFRP laminate surface. The CF
anchor fan fibers were saturated with epoxy using a bristle brush as
shown in Fig. 18d. A putty knife (see Fig. 18e) was used to stretch the
anchor fan fibers to ensure no bulging at the key portion of the anchor. It
was observed that saturating the CF anchor fan fibers with a bristle
brush left some dry fibers. Therefore, for subsequent installations, the
anchors were fully saturated with epoxy before splaying the anchor fan
fibers. Unsaturated fibers will reduce the anchor capacity and result in a
premature failure (as discussed later with specimen C-2-A2-254). For
columns C-2 and C-3, transverse CFRP laminates were wrapped around
the column as shown in Fig. 18f. A ribbed roller was used to remove
trapped air from behind the CFRP laminates.

3.3. Test matrix for column specimens

Three RC columns were utilized to investigate the behavior of CF
anchors under column bending. All of the anchors tested in this series
had a nominal 25 mm diameter. The test matrix shown in Table 4 was
developed to investigate column bending on CF anchor behavior. The
Anchor ID in Table 4 defines key details of the column anchor tests ac-
cording to the following format: [C: Column]-[Column Number]-[An-
chor Test Number]-[Anchor Hole Depth in mm].

In the first test (C-1-A1-330) the anchor was installed into a 330 mm
deep anchor hole, and splayed directly on the concrete substrate using a
fan width of 380 mm and fan length of 559 mm, resulting in a fan angle
of 37°. The anchor hole diameter was 32 mm for all anchors tested in this
series. After testing the first anchor monotonically under column
bending, the second anchor on the diametrically opposite face was
installed. The second test (C-1-A2-355) was modified by installing the
anchor into a 355 mm deep anchor hole and splaying the anchor fan
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onto a single layer of vertical CFRP laminate that was bonded to the
concrete substrate. The width of the anchor fan was 380 mm and the fan
length was 483 mm, resulting in a fan angle of 43°. The intent was to
splice the anchor fan with a CFRP sheet with fibers oriented in the
longitudinal direction representing a typical FRP flexural strengthening
application. The embedment depth was not the same for every test
depending on the anchor hole location relative to the internal steel
reinforcement of the footing. The fan length of the second anchor was
reduced as the bond between the anchor fan and the CFRP laminate was
expected to be stronger than that of the anchor fan and the concrete
substrate. For the second column tests (C-2-A1-381 and C-2-A2-254),
two CF anchors were installed (one at each extreme face of the column)
into 381 mm and 254 mm deep anchor holes, and the anchor fans were
splayed directly on the concrete substrate with an anchor fan width of
380 mm and an anchor fan length of 559 mm, resulting in a fan angle of
37°. Both anchors were installed on the same day. Following the
installation of both anchors, the repair region was wrapped with three
layers of hoop fibers designed to prevent anchor fan debonding observed
in the C-1 column tests. A detailed discussion of the design of the CFRP
wrap is given in the following section. The anchor fans were sandwiched
between two vertical CFRP laminates and wrapped with three layers of
hoop fibers for the third column tests (C-3-A1-330 and C-3-A2-280). The
embedment depth of these anchors was 330 mm and 280 mm, respec-
tively, and the fan width and fan length were 380 mm and 559 mm for
both anchors, again resulting in a fan angle of 37°. Based on the
observation from the C-2 column tests, the vertical CFRP laminates were
deemed to be necessary as large flexural cracks in the grout substrate
due to the fractured steel reinforcing bars led to an undesired failure
mode.
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Fig. 17. Preparation of Cover Concrete: a) Flexible Form with High-Strength Non-Shrink Grout, b) Restored Cross Section, c) Surface Roughening, d) Anchor Hole

Drilling, e) Anchor Hole Edge Rounding, f) Brushing.

3.4. Design consideration for hoop fibers

Confining the CF anchor fan with hoop fibers is a practical and
convenient way of preventing debonding failure of the anchor fan for the
application considered in this test series. The length of vertical CFRP
laminates, or the anchor fan, are limited in plastic hinge relocation ap-
plications so as not to over strengthen the column, increasing demands
on other structural elements of the system. The design concept suggested
by Rasheed et al. [22] for the design of U-wraps to anchor EB longitu-
dinal FRP for flexural strengthening via a clamping force mechanism
was adopted in this research. Dilation of the debonding crack at the FRP-
to-concrete interface mobilizes the U-wrap resulting in a force normal to
the debonding plane restraining the propagation of the debonding crack.
In the limit, if the frictional force developed along the debonding crack is
sufficiently large it will be possible to achieve the rupture strain limit of
the longitudinal FRP.

In the repair of plastic hinge regions in damaged RC columns, the CF
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anchor fan is sandwiched between vertical CFRP laminates that are
bonded to the concrete surface and wrapped with hoop fibers. The
vertical fibers transfer axial tensile forces due to column bending from
the column to the footing through the CF anchor across the interface.
Transverse fibers in the hoop direction from a CFRP wrap will have the
tendency delay, or prevent, premature debonding of the vertical CFRP at
the concrete substrate interface. The magnitude of the clamping force
provided by the CFRP wrap is a function of the number of layers of hoop
fibers, and may be designed by adapting the procedure proposed by
Rasheed et al. [22]. With increasing lateral column deformation, the
axial tension force in the CF anchors also increases until such time that
debonding initiates at the concrete interface. The CFRP must slip rela-
tive to the concrete as the debonding crack propagates, which must also
be accompanied by dilation, the widening of the debonding crack. This
mechanism engages the CFRP wrap and develops tensile hoop strain that
is limited by the rupture strain capacity of the transverse fibers. The
confinement stress that develops as a result of the tension in the CFRP
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Fig. 18. CFRP Application a) Cured Loop End b) CFRP Laminate Application ¢) CF anchor Application and Splaying of Anchor Fan Fiber d) Anchor Fan Fiber

Saturation e) Stretching Anchor Fan Fiber to Form Anchor Fan f) Transverse Wrap.

Table 4
Test Matrix for Anchors Tested under Column Bending.
Anchor Fan Fan Anchor Transverse Vertical
D Width Length Embedment CFRP CFRP
(mm) (mm) Depth (mm) Laminate Laminate
C-1-Al- 380 559 330 - -
330
C-1-A2- 380 483 355 - One Layer
355
C-2-Al1- 380 559 381 Three Layers -
381
C-2-A2- 380 559 254 Three Layers -
254
C-3-Al1- 380 559 330 Three Layers Two
330 Layers
C-3-A2- 380 559 280 Three Layers Two
280 Layers
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wrap provides a frictional resistance along the debonding crack that will
resist the slip. Depending on the magnitude of the frictional resistance
developed, the propagation of the debonding crack may be prevented so
that the rupture capacity of the anchor will be achieved and control
failure. If the frictional resistance developed exceeds the tensile capacity
of the CF anchor, then debonding would be prevented resulting in a
rupture failure mode, achieving the maximum capacity of the fanned
anchor. Two parameters are required to design the number of layers of
hoop fibers, namely, the coefficient of friction along the cracked con-
crete debonding interface and the CFRP hoop fiber rupture strain limit.
Rasheed et al. [22] used a coefficient of friction of 1.4. In this research a
more conservative coefficient of friction of 1.0 was used as the
debonding failure plane through the high-strength non-shrink grout
used to restore the concrete section was expected to have a smoother
cracked surface due to the absence of coarse aggregate. The design strain
limit of the CFRP hoop fibers was taken as 0.0058, based on research by
Harries and Carey [23].
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3.5. Column tests results

Three columns were tested under a single monotonic push and pull
cycle until the CF anchor on diametrically opposite faces of the column
failed in tension. Observations and results of each anchor test are pre-
sented in the following sections for each of the three columns tested.

3.5.1. Column C-1

When the top of the column reached 20 mm of lateral displacement
at a lateral load of 102 kN in specimen C-1-A1-330, the CF anchor fan
suddenly debonded from the grout substrate as shown in Fig. 19a. The
observed debonding failure was initiated due to formation of a flexural
crack in the grout substrate near the column-footing interface, as iden-
tified in Fig. 19a. Following the formation of the flexural crack in the
grout due to column bending, the debonding crack at the anchor fan-
grout interface initiated and propagated as the flexural crack widened,
ultimately leading to complete debonding of the CF anchor fan. For
specimen C-1-A2-355, the CFRP laminate debonded from the grout
substrate at the same column lateral load and displacement level. The
debonded CFRP laminate was contained within the width of the anchor
fan, as can be seen in Fig. 19b. The CFRP laminate bonded between the
CF anchor fan and the grout substrate did not improve the bond as the
same debonding mechanism developed. The vertical strain field over the
anchor fan obtained using the DIC, as well as the vertical strain distri-
bution along the center-line of the anchor fan using the non-contact
optical measuring system data, are shown for the two anchors tested
on Column C-1 in Fig. 20. The strain distributions shown in Fig. 20 were
taken just prior to failure, at a lateral load on the column of 102 kN. It
can be seen that the maximum strain is located in the region near the key
portion of the anchor fan above the footing interface. For specimen C-1-
Al1-330 the local maximum recorded strain is in the range of
0.008-0.009 according to the DIC data, and approximately 0.005 ac-
cording to the non-contact optical measuring system data. For specimen
C-1-A2-355, the maximum recorded DIC strain is between 0.0065 and
0.007, and 0.009 according to the non-contact optical measuring system
data. As expected, the strain varies from a maximum near the column-
footing interface at the key portion of the anchor fan to zero at the top
free edge of the anchor fan. The strain does not vary uniformly along the
length of the anchor fan due to the local effects of cracking of the grout

Flexural Crack in
Grout Substrate

(@)
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substrate behind the anchor fan and nonuniform thicknesses of grout
remaining attached to the debonded anchor fan.

The height of the vertical CFRP laminate used in specimen C-1-A2-
355 was 610 mm and is limited by the extent of the plastic hinge region
of the repaired column, as discussed in previous research [7]. However,
extending the vertical CFRP laminate further would not have prevented
the observed debonding failure of the anchor fan. The most effective
way to delay, or prevent, debonding failure of the anchor fan, especially
in a circular column application, is to confine the system with a trans-
verse CFRP wrap, as discussed in the following section.

3.5.2. Column C-2

Using the approach described in Section 3.4, three layers of hoop
carbon fibers were applied based on the average straight anchor ca-
pacity of 445 kN obtained from the straight anchor test results. A con-
servative design procedure was followed, regardless of fan angle, to
prevent anchor fan debonding. It should be noted that in this column test
the anchor fan fibers were directly bonded to the grout substrate. That is,
no vertical CFRP fibers were provided as in specimen C-1-A2-355. For
specimen C-2-A1-381, the maximum lateral load applied to the top of
the column was 169 kN at a lateral displacement of 37 mm when the
anchor ruptured near the column-footing interface, as can be seen in
Fig. 21a. Hence, wrapping the anchor fan with hoop fibers was effective
in preventing debonding, enabling the anchor to develop its rupture
capacity. Horizontal splitting parallel to the hoop fiber direction was
observed, as can be seen in Fig. 21b, coinciding with the location of the
flexural cracks in the grout substrate from column bending. It is
observed that the splitting cracks did not propagate where the wrap
overlapped the anchor fan fibers. The second anchor, C-2-A2-254, at the
diametrically opposite face of the column failed prematurely due to a
flaw in the installation of the anchor at a maximum column lateral load
of 67 kN and a lateral displacement of 8 mm. Although this anchor was
exposed to compression forces during the test of C-2-A1-381, compres-
sion is not considered to be the primary reason for the premature failure.
With increasing post-peak lateral column displacement is was possible to
observe that dry fibers of the anchor fan where being pulled out at the
location of the flexural crack in the grout due to column bending, as can
be seen in Fig. 21c. Hence, the premature failure observed in this test
was largely due to improper saturation of the anchor fan fibers during

(b)

Fig. 19. Failure of CF Anchor in C1 a) C-1-A1-330b) C-1-A2-355.



E. Tasdemir et al.

(DIC)

exx [1] -Lagrange
0.009

0.007875
0.00675
0.005625
0.0045
0.003375
0.00225
0.001125
0
-0.001125
-0.00225
-0.003375
-0.0045
-0.005625
-0.00675
-0.007875

-0.008

[1] -Lagrangs
0.007

0.0065625
0.006125
0.0056375
0.00525
0.0048125
0.004375
0.0039375
0.0035
0.0030525
0.002625
0.0021875
0.00175
0.0013125
0.000875

0.0004375

o

Location (mm)
[} o [¥5)
W
o

Construction and Building Materials 394 (2023) 132174

(OPTOTRAK)
500
450 ~-Strain Distribution at Failure
400
350

b4
=1

150 —
100 T
——
50
0
0 0.002 0.004 0.006
Strain (mm/mm)
(@)
400
! --Strain Distribution at Failure
30 |/
300
E 250
§200
g -
3 150 /
100 T
50
0
0 0.002 0.004 0.006 0.008 0.01
Strain (mm/mm)
(b)

Fig. 20. Vertical Strain Distribution for Specimens: a) C-1-A1-330b) C-1-A2-355.

installation.

The strain distribution on the surface of the CFRP wrap was recorded
using both DIC and non-contact optical measuring system for specimen
C-2-A1-381. The concentration of vertical strain just prior to failure, at
lateral column load of 169 kN, can clearly be seen in Fig. 22. These lo-
cations coincide with those of flexural cracks in the grout due to column
bending near the maximum moment region above the column-footing
interface, and at the top free edge of the anchor fan, located 559 mm
from the top of the footing.

The hoop strain was also calculated using only the non-contact op-
tical measuring system data shown in Fig. 23, just prior to failure when
the lateral column load was 169 kN. The maximum recorded hoop strain
from the non-contact optical measuring system data was approximately
0.007, which is larger than the design strain limit used (0.0058) how-
ever, no hoop fiber rupture was observed. It is worth noting that the
maximum recorded hoop strain was localized at the key portion of the
anchor just above the top of the footing. Over the remainder of the
height of the anchor fan, the hoop strain was less than half of the
adopted design strain limit. It may be concluded that the adopted design
strain limit and coefficient of friction could be used to conservatively
design the number of hoop fiber layers. Certainly, more tests with
different anchor fan configurations and anchor diameters are needed to
obtain a robust design procedure.

3.5.3. Column C-3
The two anchors designed for Column C-3, specimens C-3-A1-330
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and C-3-A2-280, were intended to represent the most realistic column
strengthening or repair application. For each anchor, the anchor fan was
sandwiched between two layers of vertical CFRP laminates. The first
layer of vertical CFRP laminates was bonded directly to the grout sub-
strate. The anchors were then installed and the anchor fans splayed onto
the surface of the first layer of vertical CFRP laminate. The second layer
of CFRP laminate was then applied and finally, the three layers of hoop
fibers applied to confine the entire system. It was expected that the
vertical CFRP fibers will prevent the horizontal splitting of the hoop
fibers at the location of flexural cracks in the grout due to column
bending, resulting in a more uniform stress distribution over the anchor
fan. The failure of specimen C-3-A1-330, shown in Fig. 24a, was anchor
rupture at the key portion at a lateral load of 115 kN and a lateral
displacement of 32 mm at the top of the column. The difference in
applied load compared to that of specimen C-2-A1-381 is largely
attributed to the variability of anchor rupture capacity, which is sensi-
tive to fiber alignment in this realistic application. Specimen C-3-A2-280
ruptured at a lateral load of 88 kN and a lateral displacement of 25 mm.
It should be noted that this anchor was in a state of compression while
specimen C-2-A1-381 was being tested. Rupture failure of anchor C-3-
A2-280 was slightly above the key portion as shown in Fig. 24b.

The vertical and hoop strain was measured on the surface of the
CFRP wrap for specimen C-3-A1-330, and shown in Fig. 25a and 25b,
respectively, just prior to rupture failure at a lateral column load of 115
kN. It can be seen that the vertical strain approaches zero at the location
where the top of the anchor fan ends, and increases more uniformly
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Fig. 21. Anchor Failure in Column C-2 a) Anchor Rupture (C-2-A1-381) b) Splitting of Hoop Fibers (C-2-A1-381) c) Dry Fibers Pulling Out (C-2-A2-254).
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Fig. 22. Vertical Strain Measured on the Hoop Fibers.

towards the footing interface as no hoop fiber splitting was observed.
The maximum measured vertical strain calculated using non-contact
optical measuring system data was 0.0038, and the DIC recorded
maximum vertical strain was between 0.004 and 0.005. From Fig. 25b, it
can be seen that the hoop fiber strain along with the height of the repair
region is less than 0.001, except locally near the bottom of the hoop
fibers at the footing interface. There, the maximum measured hoop
strain using non-contact optical measuring system data was 0.0035,
whereas DIC yielded a maximum recorded hoop strain between 0.0037
and 0.004. Here again it may be concluded that the design approach
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adopted for the hoop fibers is conservative as debonding of the anchor
fan was effectively prevented and failure was controlled by rupture of
the anchors near the key portion. In addition, the maximum measured
hoop strain was less than the adopted hoop rupture strain limit.

4. Conclusions
This paper presents the result of an experimental program that

investigated the behavior of commercially available CF anchors with
diameters greater than 19 mm. Although it was not possible to propose a
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generic design equation to predict the tensile capacity of large diameter
CF anchors due to the limited number of tests conducted, an improved
understanding of the behavior of large diameter CF anchors was
possible. Recall that efficiency in the context of anchor capacity in this
paper is defined as the ratio of the average tensile stress at failure
determined experimentally (and using the nominal anchor diameter) to
the laminate tensile rupture stress (as provided by the manufacturer).
The conclusions drawn from the test series presented in this paper are as
follows:

4.1. Straight anchor test series (19, 25, and 32 mm diameter anchors)

e Quality control of the anchor installation, particularly in terms of
fiber alignment, is of critical importance affecting both the failure
mode and tensile capacity of the anchor. Even under laboratory
conditions, variability of results were higher and efficiency as much
as 50% less with increasing fiber misalignment depending on the
installation procedure used.

It is recommended to use a drilled anchor hole diameter, d;,, 6 mm
larger than the nominal anchor diameter for large diameter CF an-
chors. When an oversized anchor hole (38 mm diameter) was drilled
for one of the 25 mm diameter anchors tested, the maximum tension
force achieved for that anchor was in the order of 40% less than that

Construction and Building Materials 394 (2023) 132174

of the other 25 mm diameter anchors tested with the same embed-
ment depth.

For consistency, embedment depth is defined as a function of anchor
hole diameter, d,. Embedment depths ranging from 10 to 13 times dp
were considered in this test series. With optimum fiber alignment,
the 19 mm diameter anchors achieved 100% efficiency when using
an embedment depth of 13dy, in concrete with a compressive strength
of 49 MPa. Under the same conditions, the 25 mm diameter anchors
tested achieved 96% efficiency. For the 32 mm diameter anchors, the
maximum recorded efficiency was 61%, but that was with an
embedment depth of only 11d, and without the optimum fiber
alignment.

The same size effect observed in pultruded Glass FRP reinforcing
bars, where the average stress at tensile rupture reduces with
increasing bar diameter (due to the shear-lag effect), is present in
large diameter CF anchors.

4.2. Fanned anchor test series (25 mm diameter anchors)

Fan angles of 37° and 57° were considered in this test series. It is
recommended to use fan angles within this range. For fan angles
greater than 57° it is expected that premature fiber rupture will occur
at the key portion of the anchor due to the sharp change of geometry,
reducing the efficiency of the anchor. For fan angles less than 37°,
the anchor fan will be thicker and quality control during installation
will be more difficult, resulting in more variable anchor efficiency.
Without any confinement of the anchor fan, debonding of the anchor
fan occurred at an efficiency of only 34% for an anchor with a 37° fan
angle. This is expected to be a lower bound capacity and demon-
strates the need to provide confinement of the anchor fan to achieve
the maximum potential of the anchor in a direct tension application.
When some level of confinement is provided to help delay debonding
of the anchor fan, the efficiency achieved was in the order of 55%.
Debonding remained the failure mode for anchors with a fan angle of
37°. For those anchors with a fan angle of 57°, signs of fiber rupture
were observed at the key portion of the anchor.

Overall, the presence of the anchor fan reduced the efficiency of the
anchor, compared to that of the companion straight anchor, by 36%.
However, confinement of the anchor fan by an FRP wrap in a column
application will be more effective in delaying debonding compared
to the confinement provided in this test series.

4.3. Column bending test series (25 mm diameter anchors)

All anchors were installed with a 37° fan angle in a 32 mm diameter
drilled anchor hole. The embedment depth varied between 8 and 12
times dy, depending on the location of internal steel reinforcement in
the footing. In all but one test, an anchor fan length of 559 mm was

Fig. 24. Failure of CF Anchor in C3 a) C-3-A1-330b) C-3-A2-280.
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used. It may be possible to use a shorter anchor fan length when well-
confined with a CFRP wrap, but that should be investigated as part of
future research.

Pull out of the anchor dowel was not observed in any test, and fiber
rupture at the key portion of the anchor was achieved for well-
confined anchor fans with an embedment depth of only 10dj.
Hence, it is recommended that a 10d, embedment depth is sufficient
to achieve the full capacity of fanned anchor in direct tension. This is
less than the recommended 13d}, embedment depth for straight an-
chors due to the reduced efficiency of fanned anchors and the lower
demand on the anchor dowel.

The proposed procedure to design the number of hoop fiber layers to
confine the anchor fan and prevent a premature and undesirable
debonding failure mode is effective and appears to be reasonably
conservative when using a coefficient of friction along the debonding
crack of 1.0, and a design hoop rupture strain of the CFRP wrap of
0.0058.

For the well-confined anchor fan, the maximum measured vertical
strain along the centerline of the anchor fan using DIC data (recorded
from the exposed surface of the outermost layer of the CFRP wrap)
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was in the order of 0.005 at rupture failure of the key portion of the
anchor. This is approximately 50% of the rupture strain recorded for
the same anchor in the straight anchor test series. This is noteworthy
as it is similar to the 55% efficiency recorded for the same anchor in
the fanned anchor test series.

Two of the anchors tested in this series were subject to a single cycle
that would have induced a significant compression stress in the an-
chor prior to testing in tension. Unfortunately, the extent to which
the compression stress affected the tensile capacity of the anchor was
inconclusive. It is recommended that this be investigated further as
part of future research. This is an important consideration for an-
chors subject to cyclic loading as in seismic retrofit applications.
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