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Abstract

The use of FRP materials in strengthening and repairing of reinforced concrete (RC)
structures has increased in the past two decades. Recently, FRP materials have become one
of the most used materials in rehabilitation engineering. For seismic retrofitting of RC
structures, usually the process involves strengthening or repairing the vertical support
elements of the buildings or bridges. Several studies focused on the use of FRP materials
in strengthening and repairing RC columns. Externally bonded (EB) FRP sheets or
laminates and near-surface-mounted (NSM) FRP rods have been used for enhancing the
strength and ductility of RC columns. Although glass FRP (GFRP) and basalt FRP (BFRP)
rods have been used in flexural strengthening of RC columns, NSM-CFRP rods have not
been used yet. In addition, studies in the use of CFRP ropes in flexural strengthening or
repairing of RC columns are not available.
To address these gaps, an experimental investigation was conducted on the use of CFRP
materials in strengthening and repairing RC columns. The investigation consisted of three
main parts. The three parts focused on strengthening and repairing slender RC columns
using CFRP materials. The first part of the investigation focused on the use of CFRP sheets,
rods, and ropes in flexural strengthening of RC columns. Half scale square (150 x 150 mm)
RC columns were fabricated and tested. Each specimen consisted of two 1.065-meter long
columns connected in the middle by a stiff element (concrete stub). All columns were
designed based on older codes (pre 1970s). The specimens were (1) as built specimen, (2)
strengthened with CFRP confinement only, (3) strengthened with CFRP confinement and
NSM-CFRP rods, and (4) strengthened with CFRP confinement and NSM-CFRP ropes
i

(two specimens). Another specimen was strengthened with EB-CFRP sheets. The results
showed that both EB and NSM techniques can effectively be used in strengthening slender
RC columns. In addition, CFRP ropes are very effective in strengthening RC columns. The
strength enhancement ranged from 35% to 60%. Finally, a theoretical model was created
to predict the load-displacement response of RC columns strengthened with EB-CFRP
sheets and NSM-CFRP rods and ropes. The theoretical results showed good agreement
with the experimental results. The second part of the investigation focused on the use of
CFRP sheets and ropes in repairing damaged RC columns. Recently, RC columns have
been upgraded and strengthened with FRP confinement all around the globe. Future cases
of repair will likely encounter RC columns that were strengthened previously with FRP
confinement. However, studies on repairing damaged columns that were enhanced by
confinement before damage are not currently available. Moreover, there is a vital need for
an emergency repair technique that can be used to rapidly repair damaged columns of
essential structures after a seismic event. In this study, the time required to complete the
repair was a key factor to propose a rapid CFRP-based repair technique. A total of four
specimens, each one representing two columns, were fabricated and tested. The technique
was applied to square RC columns (150 mm x 150 mm x 1,065 mm) subjected to combined
axial and cyclic lateral loads. The process of applying the repair technique was completed
in three days. Test results showed that the proposed repair technique was effective not only
by restoring the original strength, but also by improving the strength significantly.
Moreover, the measured and idealized load-displacement response showed that the
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ductility of the repaired column was reasonably sufficient. The proposed technique appears
promising and may be considered as a permanent repair technique.
The third part of the investigation focused on the tensile strength of CFRP ropes anchored
to concrete using chemical epoxy. One of the major problems with using fiber reinforced
polymer (FRP) in strengthening reinforced concrete (RC) structures is premature
debonding of FRP. Anchoring FRP materials to concrete has become associated with most
of the strengthening techniques. One of the anchoring techniques is using handmade
anchors made from FRP materials. In previous studies, most FRP anchors were made from
rolling pre-cut FRP sheets with short embedment (<100 mm) as they were used for flexural
or shear strengthening of RC beams. In the present study, FRP anchors were made from
carbon fiber reinforced polymer (CFRP) ropes and had long embedment to be used for
flexural strengthening of RC columns. A total of twenty-one pullout tests were conducted
on CFRP rope anchors bonded to concrete using chemical epoxy. The test parameters
included embedment lengths of 45 mm, 90 mm, 135 mm, 180 mm, 270 mm, and 315 mm;
anchor hole diameters of 12.7 mm, 19.1 mm, and 25.4 mm; and two epoxy types, Hilti 500
and MasterBrace SAT 4500. Test results showed that the pullout strength of CFRP anchors
increased with the increase in embedment length, and no significant effect of the hole
diameter on the pullout strength was observed. However, the bond strength increased with
decreasing embedment length and hole diameter. For shorter embedment lengths, the
distribution of the bond stress along the length of the anchor is expected to be more uniform
than that of anchors with longer embedment lengths. The average bond stress (strength) is
calculated by dividing the maximum pullout force by the embedment length. Therefore,
iii

increasing the embedment length without significant improvement in the pullout load
results in lower bond strength. The observed pullout results and failure modes were
compared to the predictions using available models. Finally, a modified model was
proposed to predict the pullout strength of CFRP rope anchors.
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Chapter 1:

1.1

Introduction

General

In general, the use of fiber reinforced polymer (FRP) materials in reinforcing,
strengthening, and repairing concrete structures has been significantly increased in the past
two decades [1–4]. FRPs can be made with glass GFRP, aramid AFRP, basalt BFRP, and
carbon CFRP materials. CFRP is one of the most commonly used material for
strengthening concrete members. CFRP composite materials have extremely high tensile
strength (about 4 times stronger than conventional steel reinforcement) and high tensile
modulus (about 75% of steel) compared with other types of FRP materials. Carbon fibers
are extremely strong in tension, with tensile strength and modulus of elasticity in the range
of 3500-5200 MPa and 260-450 MPa, respectively [5]. However, typical tensile strength
of CFRP composites is between 1200 and 2300 MPa, and typical tensile modulus between
100 and 150 GPa [6].
There are several forms and products of CFRP composites, namely CFRP sheets, CFRP
rods, and CFRP ropes. CFRP sheets are mainly used in strengthening and repairing of RC
columns by means of lateral confinement. Previous research has shown that CFRP sheets
can be very effective in providing lateral confinement for columns with deficient lateral
reinforcement [7–11]. CFRP rods can be used as internal reinforcement instead of steel
reinforcement in RC structures. They can also be used in strengthening and repairing
concrete structures by utilizing near-surface-mounted (NSM) technique. Previous studies
have used NSM-GFRP rods [12–15] and NSM-BFRP rods [16] in flexural strengthening
1

of RC columns. Although CFRP is typically stronger than GFRP and BFRP, NSM-CFRP
rods have never been used in flexural strengthening of RC columns.
The last form of CFRP discussed here is a new form of CFRP composites called CFRP
ropes. CFRP ropes have the highest flexibility for usage in strengthening and rehabilitation
process. Up to date, FRP ropes have mainly been used in lateral confinement of RC
columns [17,18] and shear and flexural strengthening of RC beams [19–21]. The use of
CFRP ropes in flexural strengthening of RC columns has not been investigated.
In the present study, CFRP sheets, rods, and ropes have been utilized in strengthening and
repairing of RC columns. CFRP sheets were used in lateral confinement, while for the first
time NSM-CFRP rods and ropes were used in flexural strengthening of RC columns.
This investigation is divided into three main parts:
a) The first part of this investigation discusses the use of externally bonded (EB)
CFRP sheet and NSM-CFRP rods and ropes in strengthening deficient RC
columns.
b) In the second part, a rapid CFRP-based repairing technique is proposed. The
rapid repairing technique aims to allow damaged RC structures to be repaired
within a time span of three days.
c) The third part of the investigation includes twenty-one pullout tests on CFRP
anchors made of CFRP ropes

2

This document follows the multi-paper format, which is a compilation of papers in a journal
article style format. Therefore, the format of this document is divided into three main
sections. Each section will have its own introduction, methodology, results, conclusions,
tables, figures, and list of references. Further introductory remarks about the three main
parts of the investigation are provided below.

1.2

Strengthening of RC columns

Externally bonded EB-FRP and near-surface-mounted NSM-FRP systems have been
investigated in the literature in flexural strengthening of reinforced concrete (RC) columns.
Regarding the use of NSM-FRP in flexural strengthening of RC columns, only GFRP and
BFRP rods have been used, and not CFRP. Research has shown that NSM-FRP systems
are preferred in most cases over the use of EB-FRP systems especially in flexural
strengthening RC columns against lateral loads [22–25]. However, only limited studies
have been conducted to compare the behavior of RC columns that were constructed with
the same geometry, concrete mix, and steel reinforcement, but strengthened with EB-FRP
or NSM-FRP systems. In this part of the current investigation, the two strengthening
systems are compared. To add to the novelty of this investigation, CFRP ropes were used
for the first time in flexural strengthening RC columns subjected to cyclic lateral loads.
Two of the columns were strengthened with NSM-CFRP ropes, one with NSM-CFRP rods,
and one with CFRP lateral confinement only. The lateral cyclic responses of these columns
were compared to that of the reference “as-built” column. The results of this study show
that strengthening deficient RC columns with NSM-CFRP ropes and rods is promising and
3

may be more efficient than strengthening with EB-CFRP composites. Moreover, a
theoretical model was created to predict the load-deflection of RC columns strengthened
with NSM-CFRP rods and ropes. More details about this investigation is provided in
Chapter 2.

1.3

Post-strengthening repair of damaged RC columns

Repairing of concrete structures has become one of the major topics concerning structural
engineers globally. It has been stated that the cost of repairing damaged structures has
exceeded that spent on constructing new structures [10]. Rapid repair is necessary for
essential structures and to prevent the full collapse of damaged structures due to successive
strong ground motion. The traditional techniques of concrete and steel jacketing are not
efficient methods for rapid or emergency repair because they require intensive labor and
time [7,24,26,27]. Research has shown that the use of fiber reinforced polymer (FRP)
materials in rapid or emergency repair of damaged concrete columns is one of the best
alternatives [10]. In the past two decades, many columns have been upgraded with FRP
jacketing to meet the seismic demands by the prevailing codes. Therefore, any future repair
may include columns that have already been strengthened with FRP jacketing. In this study,
a rapid repair technique is proposed to repair damaged RC columns that have already been
strengthened with CFRP jacketing before being damaged. The aim of this investigation is
to propose a repair method that allows engineers to repair damaged columns in a matter of
days. The repair technique utilizes NSM-CFRP ropes in the axial direction of the columns
and CFRP sheets in the transverse direction. This technique was applied to a square RC
4

column (150 mm x 150 mm) subjected to combined axial and cyclic lateral loads. The loaddeflection response of the repaired column is compared to the original columns, i.e., “asbuilt” column, and the column strengthened with CFRP jacketing only. The results show
that the proposed repair technique is promising and may be effective as a rapid repair
technique for damaged RC columns. More details about this investigation is provided in
Chapter 3.

1.4

Tensile behavior of FRP anchors

Premature FRP-to-concrete debonding failure that reduces the efficiency of the
strengthening system has often been observed [28–31]. Therefore, researchers have
developed anchorage systems to delay or prevent debonding failure and utilize the most of
the FRP materials before failure [32–35]. FRP anchors (also called fan anchors or spike
anchors) are one of the common types that have been developed to increase the efficiency
of EB-FRP system in flexural strengthening of concrete structures [3,36,37]. Depending
on the inclination angle and the location where they are installed, FRP anchors can be
subjected to shear and/or pullout (tensile) forces.
FRP anchors that are used with EB-FRP strengthening systems for flexural or shear
strengthening of RC beams are mostly subjected to shear forces as the angle between FRP
anchor and EB-FRP reinforcement is usually between 90º (perpendicular) and 165º [37].
On the other hand, FRP anchors used in flexural strengthening of RC columns are often
subjected to pullout forces because the angle between FRP anchors and EB-FRP
5

reinforcement is usually 180º [38,39]. In the case of using NSM-FRP technique in flexural
strengthening of RC columns, the NSM-FRP rods or laminates must be anchored to transfer
the load to the foundation or to the joints. To do that, NSM-FRP materials are inserted in
holes predrilled in the foundation and filled with bonding agent [12,14,16]. The forces
acting on the FRP materials anchored to the holes are similar to the pullout forces acting
on the 180º FRP anchors described earlier. Therefore, FRP anchors subjected to pullout
forces are common whether EB-FRP or NSM-FRP systems are used in the strengthening
process. Direct pullout test is the simplest and most common way to investigate the bond
properties of FRP materials bonded to concrete [40,41].
Previous research on pullout tests on CFRP anchors are limited to three studies [42–44]. In
all these studies, CFRP anchors were made from rolling pre-cut CFRP sheets. It has been
reported that the quality of work associated with fabricating the anchors by rolling pre-cut
CFRP sheets has resulted in scattered data [42–44]. Recently, CFRP ropes have become
commercially available. Fabricating CFRP anchors made from ropes is easier than making
anchors from pre-cut CFRP sheets. In addition, none of the previous studies tested CFRP
anchors with embedment deeper than 100 mm, and none investigated the effects of
different epoxy type. In the present study, twenty-one pullout tests were conducted on
CFRP anchors made of CFRP ropes, and the effects of embedment length, hole diameter,
and epoxy type were investigated. This experimental investigation aims to enhance the
current knowledge on CFRP ropes epoxy bonded to uncracked concrete since no similar
tests have been conducted previously. More details about this investigation are provided in
Chapter 4.
6

1.5

Research significance and objectives

Recently, the use of fiber reinforced polymer in strengthening and repairing of RC
structures have become one of the major topics of investigation. Much research has been
conducted to investigate the use of externally bonded FRP systems and near-surfacemounted FRP technique in strengthening and repairing concrete structures. Data collected
for columns strengthened in flexure with FRP materials (a total of 45 columns), show that
22 columns were strengthened with NSM-FRP rods, 9 columns were strengthened with
EB-FRP sheets or laminates, and 14 columns were strengthened with NSM-FRP strips or
laminates. Despite the superior properties of CFRP rods, none of the previous studies used
CFRP rods in flexural strengthening RC columns. In addition, the new form of CFRP
material, called ropes, have never been used in strengthening or repairing RC columns. In
fact, the only study focused on using CFRP ropes in strengthening flexural members
(beams in this case) was conducted by Kaya et al. [21].
The presented work is the first of its kind to explore the use of CFRP ropes and rods in
flexural strengthening of RC columns subjected to cyclic lateral loads. The results are
promising and reveal significant findings for researchers and structural engineers in the
field of using advanced composite materials in strengthening and rehabilitation of concrete
structures. In addition, a rapid repair technique using NSM-CFRP ropes is proposed in this
study. The proposed repair technique focuses on repairing columns that had already been
strengthened with CFRP confinement. This topic has not been investigated yet by other
investigators and the current study is the first investigation on this topic. Finally, the tensile
behavior of CFRP ropes bonded to uncracked concrete using chemical epoxy was
7

investigated by conducting twenty-one pullout tests. The results of the pullout tests will
help engineers have better understanding of the tensile behavior of CFRP ropes anchored
to concrete.
In summary, the main objectives of this study are:
1) Investigate the possible use of CFRP rods and ropes in improving flexural strength
and ductility of long RC columns subjected to cyclic lateral loads.
2) Propose a new and rapid repair technique by using a combination of EB-CFRP
confinement and NSM-CFRP ropes.
3) Investigate the tensile behavior of CFRP ropes anchored to uncracked concrete
using chemical epoxy.
4) For the first time, investigate the effects of deep embedment (larger than 100 mm),
and the effects of epoxy type, in anchors made of CFRP ropes.
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Chapter 2:

Flexural Strengthening of Deficient RC Columns with EB-CFRP
Sheets and NSM-CFRP Rods and Ropes

2.1

Introduction

The conventional methods of strengthening RC structures by using steel or concrete
jacketing have proven not to be efficient because they require undesired section
enlargement and additional weight, intensive labor, and they commonly encounter
construction limitations [1,2]. Additionally, they increase the stiffness of the columns and
therefore attract more seismic forces to the strengthened columns [3,4]. On the other hand,
fiber reinforced polymers (FRPs) have been used for structural strengthening of reinforced
concrete (RC) structures for more than two decades now [5]. FRPs have attractive
properties including high tensile strength to weight ratio, high resistance to corrosion, and
ease of application and handling [6–8]. FRP jacketing may improve the ductility of
strengthened columns, but research has shown that FRP confinement by itself does not
improve the flexural strength [9,10].
Externally bonded (EB) FRP sheets or near-surface-mounted (NSM) FRP techniques have
been used in flexural strengthening of RC columns or joints [11–14]. Although studies
have shown that EB-FRP system is one of the techniques that can be used in flexural
strengthening of RC columns [1,15], NSM-FRP technique has been claimed to be more
effective and practical for flexural strengthening of RC columns. This is because FRP
materials must be anchored to transfer the force between the column element and its
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foundation or joint [2,16], and anchoring FRP materials at the ends of structural elements
is more difficult and time-consuming for EB-FRP system than it is for NSM-FRP system.
Although CFRP rods have superior tensile properties compared with GFRP and BFRP bars
[5], research on the use of CFRP bars in flexural strengthening of RC columns against
seismic loads has not been reported in the literature yet. Therefore, CFRP rods were used
in this study to strengthen one of the columns for comparison purposes. In addition, this
study presents the only investigation in the use of a new form of CFRP material called
“CFRP ropes” in flexural strengthening of RC columns. Up to date, the use of FRP ropes
in strengthening RC columns has been limited to lateral confinement only [17–19]. To the
best of the authors’ knowledge, Kaya et al. [20] is the only investigation in the literature
that focused on the use of CFRP ropes in flexural strengthening of RC beams; not columns.
The advantage of using CFRP ropes in flexural strengthening of RC columns is that ropes
are flexible and can be bent easily at the column-foundation intersection compared to CFRP
rods. In using CFRP rods, much more effort is required to make straight holes in the
foundation to anchor the rods.
In this study, a total of six column specimens were tested under combined axial and cyclic
lateral loads. One specimen was a reference column, one was strengthened with CFRP
jacketing only, one was strengthened in flexure with EB CFRP sheets, one was
strengthened in flexure using NSM-CFRP rods, and two were strengthened with NSMCFRP ropes. It should be mentioned that each specimen consisted of two “identical”
columns (designed and built with the same materials and details) that were connected in
the middle by a concrete stub (rigid element). Therefore, the response of each column
17

specimen was basically the average response of two columns tested at the same time. More
details are available in section 4 (Test setup, instrumentations, and loading protocol). The
lateral responses of the columns in terms of hysteresis load-displacement curves, lateral
(flexural) strength, stability limits, and ductility are analyzed and discussed. Finally, the
observed load-displacement responses of the original and strengthened RC columns were
compared to the predicted responses obtained from theoretical calculations.

2.2

Materials

2.2.1. Concrete

Concrete mix was designed to have a nominal compressive strength of 20 MPa at 28 days.
This represents a typical concrete strength for older concrete structures (pre 1970s). Due
to equipment and space limitations in the laboratory, each column specimen was cast
separately using individual concrete batches. Three concrete cylinders were tested to
determine the compressive strength based on ASTM standards [21]. Table 2.1 shows the
concrete strength on the day of testing for all column specimens.

2.2.2. Steel

Deformed steel reinforcing bars were used in flexural reinforcement of reinforced concrete
columns. No. 9 deformed steel bars were used for flexural reinforcement. Steel wires were
used for shear reinforcement and ties for the columns. The mechanical properties of steel
18

bars and wires were determined experimentally following ASTM Standards [22], and the
results were published by Yosefani [23], as shown in Table 2.2.

2.2.3. CFRP

Three different forms of CFRP materials were used in this study. Unidirectional CFRP
sheets were used mainly for lateral confinement applied to strengthened RC columns. The
tensile properties of CFRP sheets were determined in the materials laboratory at Portland
State University by Aules et al. [24] following ASTM D7565/ D7565M [25]. The other
form of CFRP used in this study was No. 6 (6.35 mm) CFRP rods. The rods were tested in
the same laboratory following ASTM D7205/ D7205M [26], and the results were published
by Al-Obaidi et al. [27,28]. The last form of CFRP used in the present study was CFRP
ropes. CFRP ropes were tested under pure tension in the laboratory using grippers devised
by Saeed et al. [29]. However, all specimens failed before achieving maximum tensile
strength reported by the manufacturer due to difficulties in anchoring CFRP ropes and
misalignment of the fibers. The mechanical properties of CFRP sheets, rods, and ropes as
reported by the manufacturer and as resulted from the experimental tests are presented in
Table 2.3.
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2.2.4. Epoxy adhesives

Low viscosity epoxy material (commercially known as MasterBrace SAT 4500) was used
as an impregnating resin for CFRP ropes and as a bonding agent for EB CFRP sheets. The
tensile strength, elastic modulus, and ultimate strain of the MasterBrace SAT 4500 were
55 MPa, 3 GPa, and 3.5%, respectively. Hilti 500 was used as the bonding agent for NSMCFRP materials and to fill the holes where CFRP rods and ropes were anchored to the
foundation. The tensile strength, bond strength, and ultimate strain of Hilti 500 were 44
MPa, 12 MPa, and 2.0%, respectively.

2.3

Test specimens and strengthening methods

2.3.1. Control specimen
All specimens are labeled with letter C, representing “Column”, followed by a number, 1
through 6: C1-Control, C2-Confined, C3-Sheet, C4-Rod, C5-Rope, C6-Rope-debond. The
geometry and details of the control specimen (C1-Control) is shown in Fig. 2.1. Each
specimen consisted of two cantilevered columns connected to a stiff member (concrete
stub) in the middle. The cross-sectional dimensions of the columns are 150 x 150 mm. The
columns are reinforced longitudinally with four No. 9 steel bars (steel reinforcement ratio
ρℓ = 1.26%). Steel ties made of No. 6 smooth wires were placed at 150 mm on center. The
columns were constructed with low concrete strength (20 MPa) and were poorly detailed
at the plastic hinge zone representing deficient RC columns designed based on older codes
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(pre 1970s) [30]. The concrete stub (the stiff element at the middle of the specimen) was
heavily reinforced (as shown in Fig. 2.1) to act as a fixed end for the columns.

2.3.2. Strengthened columns

The strengthened column specimens were constructed the same as the control specimen
except that they were strengthened with CFRP materials after they were cured for at least
28 days. Fig. 2.2 shows the test specimens and strengthening techniques for all specimens.
Details of strengthened columns are presented in Table 2.4.

2.3.2.1. Externally bonded (EB) CFRP sheets

Specimen C2-Confined was strengthened with lateral CFRP confinement only. The
strengthening process for C2-Confined began with concrete surface grinding. The surface
of concrete was first cleaned, then ground with a concrete grinder. The corners of the
columns were rounded (R=25mm) at the plastic hinge region. The plastic hinge zone,
determined based on the definition of ACI 318-14 [31] and ACI 440.2R-17 [32], was equal
to 356 mm from the column base. Then, two layers of epoxy (commercially known as
MasterBrace P2000 and MasterBrace P3500) were applied and cured as recommended by
the manufacturer before applying CFRP composite sheets. One layer of CFRP composite
sheet was applied at the plastic hinge zone of C2-Confined specimen (Fig. 2.3). Details of
the strengthening design are shown in Fig. 2.2b and Table 2.4. Fig. 2.2c shows the details
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of the column strengthened with EB-CFRP sheets in longitudinal direction (C3-Sheet).
Specimen C3-Sheet is strengthened with one layer of CFRP sheet in the longitudinal
direction of the column to upgrade its flexural strength (Fig. 2.2c). The longitudinal CFRP
sheet was anchored to the concrete stub using a novel anchorage system proposed by Aules
et al. [24]. Then, one layer of CFRP confinement was applied at the plastic hinge zone, and
three CFRP strips were distributed along the length of the column between the plastic hinge
zone and the hinge support to improve the shear resistance of the column and to prevent
debonding of the longitudinal CFRP sheet (Fig. 2.2c and Fig. 2.3).

2.3.2.2. NSM CFRP rods

For specimen C4-Rod, a groove was cut in the longitudinal direction (parallel to steel
flexural reinforcement) on each flexural side of the column (Fig. 2.3). The cross-sectional
dimensions of the grooves were 13 mm x 13 mm, which were equal to two times the
diameter of CFRP rod as recommended by previous studies [32–34]. Previous researchers
[35,36] have recommended to use width to depth ratio of the grooves equal to one. Groove
details are shown in Fig. 2.2. Straight holes were drilled into the concrete stub to anchor
CFRP rods at the base of the column. The diameter of the holes was 1.5 times the rod
diameter as recommended by Godat et al. [37], and the anchorage length was 150 mm
[11,37–39]. The grooves and holes were cleaned with compressed air and steel brush, Hilti
epoxy was injected into the holes and grooves, and then CFRP rods were inserted. Extra
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amount of epoxy was added, and the surface was leveled. After one day of epoxy curing,
CFRP confinement (as described previously) was applied (Fig. 2.2d).

2.3.2.3. NSM CFRP ropes

The last two columns (C5-Rope and C6-Rope-debond) were strengthened in flexure with
NSM-CFRP ropes. The design of C6-Rope-debond aimed to increase the ductility of the
strengthened column by allowing CFRP rope to deform independent of the concrete. For
these two columns, the process of creating the grooves was the same as that of specimen
C4-Rod. However, the dimensions of the grooves were different because CFRP ropes were
thicker than the rods. The grooves depth had to be 13 mm, equal to the thickness of the
concrete cover, and the width of the grooves was 18 mm. The most available sizes of
drilling bits that could work were 12.7 mm (1/2 inch) and 19.1 mm (3/4 inch). The 12.7mm bit did not work as it was smaller than 1.5 the diameter. Therefore, the diameter of the
holes was 19.1 mm. Unlike C4-Rod, where the holes had to be straight, the holes of C5Rope and C6-Rope-debond were drilled at a 7-degree slope (Fig. 2.2). This was one of the
advantages of using the flexible CFRP ropes instead of the rigid CFRP rods. Test results
of Ozbakkaloglu and Saatcioglu [40] showed that a rope inclination of up to 15-degree had
no significant effects on the anchor pullout strength.
The rope was cut by special scissors to the desired lengths (1.0 m each). Then, the ropes
were impregnated with resin for 30 minutes to 1 hour until the fibers were saturated
thoroughly with resin. Next, ropes were inserted into the holes and grooves using a steel
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rod. The CFRP ropes were pressed slightly to make sure that the epoxy went through and
around all fibers to fill all the voids. The grooves were filled with more epoxy, the surface
was leveled and let to cure for one day. Finally, CFRP confinement jackets were applied
following the procedure described earlier. The pictures in Fig. 2.3 show some of the main
steps of the strengthening process. The only difference between specimens C5-Rope (Fig.
2.2e) and C6-Rope-debond (Fig. 2.2f) was that CFRP ropes were debonded for 150 mm at
the column base of specimen C6-Rope-debond. At the debonding region, CFRP rope was
isolated by a plastic sheet to prevent any bond mechanism between CFRP rope and the
surrounding concrete (Fig. 2.3).

2.3.3. Test setup, instrumentations, and loading protocol

Fig. 2.4 shows the loading frame used to test the columns under axial and cyclic lateral
loads. The specimens were placed horizontally, and each specimen was a combination of
two columns connected in the middle by a stiff element (concrete stub 305 x 450 x 150
mm, Fig. 2.1) and supported at the ends by hinge-type supports (Fig. 2.4). The applied
lateral load was resisted by the two columns and the recorded response was the average
response of the two columns. The axial load was constant, set equal to 0.2𝑓𝑐′ 𝐴𝑔 for all
specimens. The axial load was monitored manually and continuously during the test using
a strain-gauge based load cell connected to a data-logging system. The lateral load was
applied using a hydraulic actuator connected to a tension-compression load cell (Fig. 2.4).
The lateral loading protocol recommended by ACI 374.2R-13 [41], shown in Fig. 2.5, was
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used in this study. The columns were subjected to four cycles per loading or displacement
increment. The first two increments were controlled by Vy, which was the lateral force
required to yield the steel reinforcement in tension. The columns were loaded up to Vy/2
for the first increment (cycles 1 through cycle 4) and loaded up to Vy in the second
increment (cycle 5 through cycle 8). Vy was determined when any of the steel strain gauges
recorded a strain of 0.0024.
Displacement-controlled loading protocol was used for the subsequent increments. Yield
displacement (∆y) was measured from the second increment so that the subsequent
displacement increments were 2∆y, 3∆y, 4∆y, and so on until the specimen failed. Four
load cycles per each displacement increment continued until the end of the tests.
Displacement was measured using two long LVDTs (250 mm) instrumented as shown in
Fig. 2.4. The test stopped when the drop in lateral strength was more than 50%, or when
the loading frame reached its maximum possible displacement (125 mm). Four strain
gauges were used to measure the tensile and compressive strains in the longitudinal steel
reinforcing bars in all specimens (Fig. 2.1). To monitor the strains developed in
longitudinal CFRP materials, six strain gauges were used for C3-Sheet, thirteen strain
gauges for specimen C4-Rod, and nine strain gauges for C5-Rope and C6-Rope-debond,
as will be discussed in section 2.4.5.
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2.4

Results and discussions

2.4.1. Load-carrying capacity

Table 2.5 compares the peak forces and corresponding displacements achieved by each
specimen. As shown in Fig. 2.4, the column specimens were tested in a horizontal position.
The negative signs in Table 2.5 refer to the values obtained when the force was applied
downward (push), and the positive numbers mean that the force was applied upward (pull).
As expected, the lateral strength of the control specimen (C1) was the lowest among all
specimens. However, strengthening with lateral confinement only (C2-confinemnet) did
not have a significant effect on the lateral strength of the column (2% improvement). When
CFRP materials were added in the longitudinal direction of the column (flexural
strengthening), the enhancement in lateral strength was significant. Strengthening the
control column with externally bonded (EB) CFRP sheet (C3-Sheet) and NSM CFRP rods
(C4-Rod) improved the lateral strength of columns by 37% and 44%, respectively (Table
2.5). However, the deflection associated with the peak load for C4-Rod was 28% larger
than that of C3-Sheet (considering the average reported in Table 2.5). Previous studies have
shown that the percentage of enhancement for columns strengthened with externally
bonded CFRP sheets ranged from 19% to 87% [1,12,42,43], and it was 7% to 86% for
columns strengthened with NSM FRP rods [3,4,14,44–46]. It should be noted that none of
the previous studies considered using carbon FRP rods in flexural strengthening of RC
columns. Most of the column tests reported in the literature were strengthened in flexure
by using glass FRP or basalt FRP rods.
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In the current study, specimen C5-Rope achieved the highest lateral force. The
enhancement was 60% compared to the control specimen. This could be attributed to the
larger area of CFRP material in the rope compared to CFRP sheet (C3-Sheet) and rod (C4Rod). C6-Rope-debond was designed to be the same as C5-Rope except that 150 mm of
CFRP rope was debonded at the column base (Fig. 2.2). The design of C6-Rope-debond
aimed to increase the ductility of the strengthened column by allowing CFRP rope to
deform independent of the concrete. Research in the literature has shown that debonding
FRP materials at the base increased the ductility of the strengthened columns [12].
However, in the present study not enough confinement was provided for the CFRP rope to
prevent the rope from buckling failure. CFRP ropes in C6-Rope-debond crushed under
high compressive stresses as they were not confined adequately. The peak load was 16.02
kN in the pull direction, but the peak was only 13.45 kN in the push direction since most
of the fibers in the rope were crushed in the previous cycle.

2.4.2. Force-displacement response

Fig. 2.6 compares the force-displacement hysteresis curves for all specimens. The control
column is shown in all graphs of Fig. 2.6 to easily compare the behavior of each column
specimen to that of the control column (C1-Control). The load-displacement relationship
of C1-Control showed a poor and brittle behavior of the column under axial and cyclic
lateral load. The lateral strength started dropping immediately after the column was
subjected to the 5th cycle approaching Vy (1st cycle of the second increment, see section 3.4
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“Test setup, instrumentations, and loading protocol”). The test continued until severe
concrete spalling was observed and the force dropped more than 50% of the peak.
However, the data logging system erroneously stopped recording and the data were lost.
Confining the columns at the plastic hinge zone with one layer of CFRP sheet (C2Confined) did not noticeably enhance the strength but significantly improved the overall
force-displacement response of the column (Fig. 2.6). Because of CFRP confinement, it
was not possible to see the failure development and crack patterns during the test. At the
end of the test, no significant damage was observed in the CFRP confinement sheets. The
test was stopped when the loading frame reached its maximum displacement capacity.
The lateral strength of specimen C3-Sheet was improved by adding EB CFRP sheets in the
longitudinal direction (Fig. 2.2). C3-Sheet handled the first two increments (a total of eight
cycles) without any strength degradation. EB-CFRP sheet was ruptured when the column
was subjected to the 9th cycle; the 1st cycle in increment 3 (2 ∆y). CFRP sheet was ruptured
on both sides when the displacement approached 2∆y in the positive and negative
directions. Rupture occurred 38 mm away from the column-foundation intersection. After
CFRP rupture, the column behavior immediately resumed to match the behavior of C2Confined.
The lateral response of specimen C4-Rod was slightly different in terms of strength
degradation after the peak load. Unlike C3-Sheet, the lateral force in C4-Rod did not drop
rapidly after the peak force as evident in Fig. 2.6. The peak force was obtained during the
first cycle of the third displacement increment (2 ∆y), but the force afterward dropped
gradually. The gradual drop was most probably caused by limited slippage of CFRP rods,
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which reduced the tensile force in the rod and increased the displacement of the column
before CFRP rupture. The same behavior of NSM-FRP rods in flexural strengthening of
RC columns was also observed by Yao and Wu [10]. CFRP rod ruptured at the 4th
displacement increment (3 ∆y), and the behavior resumed to that of C2-Confined (Fig. 2.6).
Specimen C5-Rope continued to resist the applied lateral force without strength
degradation until most of the fibers in the rope ruptured at the 4th displacement increment
(3 ∆y). It should be noted that C5-Rope is the only specimen that reached a displacement
of 3 ∆y (cycle #13) without strength degradation. Then, the force dropped suddenly to a
lower level but not to the point where one could confirm that CFRP rope had completely
ruptured. After completing all four cycles of the 4th displacement increment (3 ∆y), CFRP
rope completely ruptured during displacement cycle number 17 (1st cycle of the 5th
displacement increment). The resistance of C5-Rope resumed to that of C2-Confined.
Specimen C6-Rope-debond failed at lower lateral force than specimen C5-Rope. The major
difference between the last two columns was that the rope in C6-Rope-debond was
debonded for 150 mm at the base of the column. In retrospect, the area where CFRP was
debonded should have been confined well to prevent buckling of CFRP under compression
force. At the beginning of the 3rd displacement increment (2 ∆y), cycle # 9, CFRP rope in
the tension side was healthy, therefore the lateral resistance went all the way up to 16.02
kN. However, when the lateral force reached its maximum in the 9th cycle, CFRP rope in
the compression side buckled and most fibers crushed. Therefore, the peak force when the
load was applied upward (pull) was higher than the peak force when the load was applied
downward (push) as the column was loaded upward first. In the subsequent cycles, strength
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degradation was observed and finally the force-displacement response became similar to
the behavior of C2-Confined specimen.

2.4.3. Load-displacement envelopes

Fig. 2.7 shows the load-displacement curves for all tested columns. The envelopes were
developed from the load-displacement hysteresis curves (Fig. 2.6) by plotting the peaks of
all loading increments. Load-displacement envelopes help compare the lateral response of
each column to the others. It can be observed that once CFRP ruptured in the columns
strengthened in flexure, the load in the columns began to decline somewhat similar to the
behavior of the second column (C2-Confined). It can also be observed that the responses
were not exactly symmetric. The behavior on the pull side (positive load-displacement) is
slightly different from that on the push side (negative load-displacement). The specimens
were always loaded in the upward direction first, then followed by applying the load in the
downward direction to complete a single cycle. Therefore, when a column was loaded in
the downward direction, the compression side of the concrete had already been loaded or
cracked in the previous cycle. Another observation is that the strength degradation in
externally bonded CFRP technique (C3-Sheet) was more sudden than those observed in
NSM-CFRP specimens (C4-Rod, C5-Rope, and C6-debond). Finally, it can be observed
that specimen C4-Rod had the best gradual and smooth strength degradation after the peak
load.
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2.4.4. Stability limit and displacement ductility

Displacement ductility depends mainly on the yield displacement and ultimate
displacement. The yield displacement of each specimen was determined experimentally as
the displacement recorded when any of the strain gauges attached to steel reinforcement in
tension reached a strain of 0.24%. Table 2.6 lists the yield displacements for all specimens.
The ultimate displacement is dependent on the structural stability of the member. It is
common to associate the ultimate displacement or the displacement capacity with the
displacement corresponding to 20% decay in lateral strength [41]. The “20% decay” limit
is used as a measure of prevention against lateral instability or collapse. However, for
some types of structures, instability may occur before the 20% decay in lateral strength
while other structural members are able to carry axial and lateral loads beyond 20% decay
in lateral strength [41].
For long RC columns, different stability limits have been proposed in the literature.
Priestley et al. [47] suggested that the ratio of the secondary moment (P-∆ effects) to the
total moment should not exceed 0.3. Silva et al. [48] recommend a stability limit of 0.4,
which is less conservative than the limit proposed by Priestley et al. [47]. ACI 318 [31]
limits the ratio of the total moment to the primary moment to 1.4. Finally, the stability
limit has been defined by Barrera et al. as when the secondary moment is equal to the
primary moment [49,50]. Based on stability limits described above, the corresponding
displacements were measured and the resulting ductility for all specimens were
determined, as listed in Table 2.6. In addition, the stability limits are visually shown in Fig.
2.8. The total moment in Fig. 2.8 is the total moment resisted by the column due to the
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applied lateral force and constant axial force. The primary moment is the applied lateral
force multiplied by the lever arm, and the secondary moment is the axial load multiplied
by the lateral deflection.
As shown in Fig. 2.8 and Table 2.6, the ductility resulting from Barrera’s stability limit
was the highest compared with the ductility by other limits. Of course, considering the
maximum measured displacement as the ultimate displacement resulted in ductility even
higher than that based on Barrera’s stability limit. It was observed that for specimens with
sudden drop in lateral strength (C3-Sheet, C5-Rope, and C6-Rope-debond), the ductility
calculated based on 20% decay, ACI limit [31], and Priestley et al. [47] were very close.
However, if there is small and gradual (not sudden) strength degradation after the peak, the
ductility based on 20% decay was higher than those based on ACI and Priestley’s limits
(Specimens C2-Confined and C4-Rod). In most cases, Silva’s limit resulted in higher
ductility than those based on 20% decay, ACI limit and Priestley’s. It should be noted that
specimen C5-Rope had the highest ductility in all tested specimens regardless of the
method used to determine the ductility. This was mainly due to the higher stiffness of C5Rope before reaching yield displacement. As shown in Table 2.6, that the yield
displacement for C5-Rope was the smallest.
It has been stated in the literature that considering 20% decay in lateral strength in
calculating the displacement capacity of slender RC columns is conservative [41,51,52].
Based on the results of the current study, it is observed that 20% decay is also conservative
for slender RC columns strengthened with CFRP. The tested columns were all stable and
able to carry the axial load until the end of tests (∆u in Table 2.6). Some researchers have
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considered the ultimate displacement obtained from tests as the displacement capacity of
strengthened RC columns [53–55]. In the current study, if the measured ultimate
displacements are considered in evaluating ductility, all strengthened columns had a
ductility equal to or more than 5.0. On the other hand, it may be safer to define the stability
limit for columns strengthened with CFRP in lateral and longitudinal directions when the
secondary moment is equal to the primary moment [49,50]. For strengthened slender RC
columns both of the above suggestions in defining the displacement capacity are less
conservative, however perhaps more realistic than using ACI stability limit [31], Priestley’s
limit [47], Silva’s limit [48], and 20% decay in lateral strength. Nevertheless, it is important
to recognize that stability limits defined by ACI and Priestley are meant for practical
column design, which inherently must contain a prudent level of conservatism to partially
take into account the effects of creep, shrinkage, excessive accidental eccentricity, limited
support settlement, etc., that may be present but generally not taken into account in routine
design practices.

2.4.5. CFRP strains

Several strain gauges were attached to CFRP materials in the longitudinal direction as
shown in Fig 2.9, Fig. 2.10, and Fig. 2.11. The locations of the strain gauges are labeled
using a name code consisting of two letters and one number. The first letter (R or L)
indicates whether the strain gauge is on the right or on the left side of the specimen. The
second letter (T or B) indicates whether the strain gauge is on the top or on the bottom side
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of the column. Finally, the number at the end refers to the distance (in inches; 1 in. = 25.4
mm) between a strain gauge and the column-foundation intersection. For example, “RT3”
means that the strain gauge is on the right-top side and the distance between the strain
gauge and the column-foundation intersection is 3 in. (76 mm). A negative number (for
example, the number “-3” in RT-3) indicates that a strain gauge is embedded inside the
foundation.
Fig. 2.9 shows the change in strains over time developed in the CFRP sheets at different
critical locations for specimen C3-Sheet. As shown in Fig. 2.9, the maximum strain was
achieved in the first cycle of the third increment (2∆y). Then, CFRP sheets were ruptured
and very small strains occurred afterwards. The small strains recorded after the rupture of
CFRP sheets were based on the stresses developed between the location of CFRP rupture
and the location of the strain gauges. The locations of CFRP rupture ranged from 35 to 40
mm away from the column-foundation intersection. The maximum recorded CFRP strain
was 0.0083 recorded by RB3, which was located 38 mm away from the observed rupture
location.
The behavior was slightly different for NSM-CFRP rods. As shown in Fig. 2.10, CFRP
strains did not drop immediately after the maximum CFRP strain or stress was achieved.
Instead, CFRP strains continued to drop gradually until the fifth loading or displacement
increment (4∆y), at which the recorded strains were very small indicating that CFRP rods
were completely ruptured (Fig. 2.12). Therefore, the lateral load was decreasing gradually
rather than rapidly. The gradual decrease in the lateral load and in CFRP strains were most
likely due to limited slippage of CFRP rods. Fig. 2.12 also shows that there was bond
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failure between CFRP rods and epoxy, which probably resulted in limited slippage. This
can be explained by examining the strain change over time of LB1.5 (Fig. 2.10). The
displacement increment was increased from 2∆y to 4∆y (loading protocol; Fig. 2.5), while
the peak values of CFRP strains were almost constant. Therefore, there should have been
releases in the forces developed at CFRP rods. Since CFRP rods do not yield, the release
in the force was most likely due to some slippage. The maximum recorded CFRP strain
was 0.012, recorded by RT0 which was less than 10 mm away from the observed rupture
location.
The behavior of NSM-CFRP ropes (Fig. 2.11) was in between the behavior of EB-CFRP
sheet (Fig. 2.9) and NSM-CFRP rods (Fig. 2.10). The tensile strain did not drop suddenly
like it did with EB-CFRP sheets nor did the strain keep its peak values for several cycles
like it did with NSM-CFRP rods. Fig. 2.11 shows that the peak strain was most likely
achieved in the first cycle of the fourth displacement increment (3∆y). Although the strain
recording was lost on the left side of the specimen (LT0 and LB0) after the peak strain, it
can be observed from RT3 that the strain values dropped about 69% after the recorded peak
strain. This suggests that some of the fibers could have fractured causing the drop in CFRP
strain and consequently a reduction in the lateral load (Fig. 2.6). At cycle number
seventeen, which was the first cycle in the fifth displacement increment (4∆y), the strain
increased slightly and then dropped to small values indicating a complete rupture of the
NSM-CFRP ropes, as shown in Fig. 2.12. The maximum CFRP strain was equal to 0.009,
which was recorded by LT0 (Fig. 2.11). LT0 was located about 25 mm away from the
observed rupture location.
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2.5

Theoretical prediction

2.5.1. Introduction

A computer-based model was developed using MATLAB software to predict the momentcurvature and load-displacement response of slender RC columns strengthened with EBCFRP sheets and NSM-CFRP rods and ropes and subjected to combination of lateral and
constant axial loads. The theoretical analysis in this study does not provide a new method
of calculating the moment-curvature or load-displacement response. Instead, the model
utilizes the available equations and methods developed in previous studies and guidelines
to predict the response of slender RC columns. The mechanical properties of steel
reinforcement, concrete, and CFRP determined in the laboratory were used in the model.
Based on the results of the moment-curvature, the lateral displacement due to flexural
bending was determined. The additional displacements due to shear deformation, rebar
slip, and geometric nonlinearity due to P-∆ effects were also considered.

2.5.2. Moment-curvature

The procedure to determine the moment-curvature relationship was iterative which started
by assuming a value for concrete strain (𝜀𝑐 ) at the extreme compression face of a predefined concrete cross section. Based on the assumed concrete strain and the resulting
neutral axis, the equilibrium of the forces acting on the cross section was checked. Strain
compatibility and force equilibrium had to be satisfied with an error in the resulting forces
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limited to 2.2 x 10-5 kN before proceeding to the next step. The curvature and corresponding
moment were then calculated by repeating the procedure for different concrete strains (𝜀𝑐 ).
The initial concrete strain was 0.0004 and it was increased by strain increments of 0.0001.
Initial concrete strain less than 0.0004 caused an error in the model script as the concrete
cross-section would be under compressive stresses only. Based on the distribution of the
axial strains along the depth of the cross-section (Fig. 2.13), the axial stresses of concrete,
steel reinforcement, and CFRP were determined based on the stress-strain relationship of
each material. In this study, two models were used to define the stress-strain relationship
of confined and unconfined concrete materials. For unconfined concrete and concrete core
confined with steel hoops, the model proposed by Mander et al. [56] was utilized, as shown
in Fig. 2.14. Further details on how to calculate the concrete stresses corresponding to the
assumed concrete strains can be found in original reference [56]. The ultimate concrete
strain (εcu ) for the concrete core confined with steel hoops (Fig. 2.14) was the only
parameter that was modified in the present study. The authors [56] suggested that the
maximum concrete strain (εcu ) for concrete confined with steel was at first hoop rupture.
However, this limit was found to be not reasonable for the columns tested in the present
study since the hoops were not ruptured. Therefore, an ultimate concrete strain proposed
by Paulay and Priestley [57] was used as shown in the following equation:

εcu = 0.004 + 1.4 (ρx +ρy ) fyh

εsm
f′cc

(1)
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Where, ρx and ρy are the transverse reinforcement ratios in both directions of the column,
fyh is the yield strength of the hoops, and εsm is the steel tensile strain at maximum stress.
It should be mentioned that the model proposed by Mander et al. [56] (Fig. 2.14) was used
for the control specimen only. The other five column-specimens were confined with CFRP
sheet, and the stress-strain relationship of CFRP-confined concrete was based on the model
proposed by Lam and Teng [58], and adopted by ACI 440 [32]. The maximum concrete
strain was limited to 0.01 [32]. The stress-strain relationship of CFRP-confined concrete is
shown in Fig. 2.15. The unconfined concrete strength (𝑓𝑐, ) was taken from the experimental
tests for each specimen, but the rest of the parameters shown in Fig. 2.15 were calculated
following the procedure proposed by ACI 440 [32].
The longitudinal steel reinforcement was modeled almost exactly similar to the test results
obtained from the laboratory. In the model used in the present study, the equations
proposed by Raynor et al. [59] were modified with parameters from the test results to obtain
the tensile behavior shown in Fig. 2.16. Finally, the CFRP sheets, rods, and ropes were
modeled as linear elastic materials. CFRP materials were modeled with constant moduli of
elasticity (Table 2.3), and CFRP stresses at any increment were always equal to the strains
multiplied by the constant elastic moduli.
Once the internal forces were in equilibrium and convergence attained, the section
curvature and the corresponding moment were determined. Then, the concrete strain was
increased by 0.0001 and the process described above was repeated until concrete strain
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reached its ultimate strain, i.e., Eq. 1 for C1-Control and ACI 440 [32] for strengthened
specimens.

2.5.3. Load-displacement response

The total displacement in a long RC column is the summation of flexural deformation,
including the effects of secondary (P-∆) moment, shear deformation, and deformation due
to additional column rotation caused by steel rebar slip at the base of the column. Based on
the moment and curvature distributions along the length of the column established in the
previous section, the second moment-area theorem was applied to find the flexural
deformation (∆flexural) associated with each moment. Then, displacements due to shear
deformation (∆shear) and steel rebar slip (∆slip) were added. The total moment was then
determined by adding the secondary moment (axial load x [∆flexural + ∆shear + ∆slip]) to the
primary moment (lateral load x column length). Based on the calculated total moment, a
new displacement was determined using the same procedure. An iteration procedure was
followed to check that the new displacement (∆i+1) was very close to the previously
calculated displacement (∆i) so that the difference was smaller than 0.025 mm before
continuing to the next step. This procedure was followed to account for the deformation
resulting from P-∆ effects, as the additional displacements due to shear deformation and
steel rebar slip were predefined using equations available in the literature. The word “slip”
does not refer to an actual slippage of steel reinforcement, but instead, it refers to an
additional displacement caused by steel deformation when longitudinal rebar yields. The
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displacement associated with rebar slip was determined using an equation proposed by
Sezen and Moehle [60], which depends on the stress and strain developed in the steel rebar,
the diameter of the rebar, and the bond strength between steel rebars and concrete. Finally,
the shear deformation was calculated by dividing the moment by the effective shear area
and by the effective shear modulus [61].
The distribution of the curvature along the column length is approximately linear up to the
yielding moment. After yielding, the plastic curvature is concentrated in the plastic hinge
length. The plastic hinge was estimated to be formed at a theoretical distance using a wellknown equation proposed by Paulay and Priestley [57]. After establishing the location of
the plastic hinge, any increase in the curvature due to increasing the applied load was
distributed between the base of the column (concrete stub) and the location of the plastic
hinge. The increase in the load after yielding, however, did not affect the distribution of
the curvature between the plastic hinge and the hinge support (Fig. 2.4).

2.5.4. Theoretical-experimental comparison

Fig. 2.17 compares the predicted load-displacement curves to the experimental results. In
general, the results obtained from the theoretical analysis are in good agreement with the
experimental results. Up to the yielding point, the theoretical and experimental loaddisplacement relationships were almost identical for all specimens. For C1-Control and
C2-Confined, the yield strength was very close to the maximum strength (Table 2.7). Then,
the effects of secondary moment caused strength degradation until the end of the test. For
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specimens strengthened in longitudinal direction (C3 through C6), the load increased after
the yield point with lower stiffness until CFRP ruptured. The maximum strength for the
columns strengthened in flexure was achieved when CFRP rupture occurred. Theoretically,
once CFRP sheets, rods, and ropes ruptured, the behavior of the columns resumed to match
the behavior of C2-Confined. For specimen C4-Rod, the theoretical behavior after rupture
was different from the experimental behavior because the theoretical model did not
consider the effects of CFRP rod slippage. Theoretically, the analyses could be terminated
at the strain limits labeled in Fig. 2.17 (based on [32,57]). However, the theoretical loaddisplacement curves were extended to end at theoretical displacements close to those
obtained experimentally for comparison purposes.
Table 2.7 compares the theoretical and experimental results in terms of yield strength,
maximum strength, and displacements at yield and at maximum strength. The theoretical
procedure well predicted the yield strength and the maximum strength. The predicted yield
strengths and maximum strengths ranged from 88% to 109% and from 91% to 107% of
those obtained from the experimental results, respectively. The prediction of the
displacements was less accurate but still close to the actual displacements. The predicted
yield displacements were always less than the actual displacements except for specimen
C5-Rope, for which the predicted and actual displacements were almost equal. The
predicted displacements at maximum strength varied from 65% to 146% of those obtained
from experimental results. Fig. 2.17 and Table 2.7 show that the best prediction was for
specimen C5-Rope. Since no previous studies on the use of CFRP ropes in flexural
strengthening of RC columns are currently available, engineers may wish to use the
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equations available in the literature and follow the procedure presented in the present study
to predict the load-displacement relationship for RC columns strengthened in flexure with
CFRP ropes. More data in this area are needed.

2.5.5. Parametric study – Area of CFRP
Using the theoretical model proposed in this study, a parametric study was conducted to
investigate the effects of CFRP reinforcement ratio on the behavior of strengthened RC
columns. Columns strengthened with NSM-CFRP ropes were chosen for this study. All
structural materials and design features were the same as specimen C5-Rope. The only
variable was the amount of CFRP used in flexural strengthening. Specimen C5-Rope had
one NSM-CFRP rope on each flexural side. The reinforcement ratio of CFRP (ρfrp) for one
rope on each side was 0.57 % (the total area of CFRP ropes on both sides divided by the
gross area of the column). The amount of CFRP investigated in this parametric study was
half a rope (ρfrp = 0.29 %), one rope (ρfrp = 0.57 %), one and a half ropes (ρfrp = 0.86 %),
two ropes (ρfrp = 1.15 %), and three ropes (ρfrp = 1.72 %). Fig. 2.18 compares the momentcurvature responses for the tested specimens. It can be observed that using more CFRP in
flexure increases the lateral capacity of the strengthened columns, as expected. However,
the curvature capacity of the strengthened columns reduces with increasing FRP materials.
Using CFRP reinforcement ratio more than 0.57 % changes the failure mode from CFRP
rupture to concrete compressive failure. In this study, the concrete in compression was
considered failed if the concrete compressive strain exceeds 0.01 (ACI 440.2R). Fig. 2.18
shows that for CFRP reinforcement ratios more than 0.57%, the expected failure mode is
42

concrete compression. On the other hand, reducing the reinforcement ratio to less than
0.57% reduces the lateral strength but does not increase the curvature capacity of the
strengthened columns. Whether one rope of CFRP (ρfrp = 0.57 %) or half a rope (ρfrp = 0.29
%) is used for flexural strengthening, the compression failure of concrete (axial strain =
0.01) occurs after CFRP rupture at about the same curvature capacity. Therefore, it is
recommended to limit the CFRP reinforcement ratio to about 0.60 %, similar to specimen
C5-Rope.
The behavior demonstrated by this parametric study is analogous to the behavior of steel
reinforced concrete beams where a large amount of steel (more than ρmax) results in primary
compression failure of concrete, and less than desirable ductility.

2.6

Conclusions

Externally bonded CFRP and NSM-CFRP techniques for flexural strengthening of RC
columns were investigated by experimentally testing six square RC column specimens.
NSM-CFRP ropes were used for the first time in flexural strengthening of RC columns.
Based on the results of this study, the following conclusions can be drawn:
1. Both techniques, EB-CFRP and NSM-CFRP, can effectively be used to improve
the flexural strength of deficient RC columns. The lateral strength of columns
strengthened with EB-CFRP sheets and NSM-CFRP rods were increased by 37%
and 44%, respectively.
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2. The force-displacement response of columns strengthened with NSM-CFRP rods
was more desirable than that of the columns strengthened with EB-CFRP sheets
because the strength degradation after the peak lateral load was more gradual for
NSM-CFRP rods compared with EB-CFRP sheets.
3. Strengthening a column with NSM-CFRP ropes can improve the lateral strength
significantly; the percentage of enhancement was 60%. However, the forcedisplacement response was not ductile and sudden strength degradation was
observed.
4. Debonding of NSM-CFRP materials at the base of a column aiming to allow CFRP
ropes to deform independent of the concrete to increase column deformability was
not successful. Debonding CFRP ropes may require more confinement and
probably a different debonding technique to prevent buckling of CFRP ropes under
high compressive forces. This observation needs to be further investigated as it was
based on testing one column with debonded NSM-CFRP rope.
5. The yield displacement for C5-Rope was the smallest and the ductility was the
highest compared to all other tested columns regardless of the method used to
calculate the ductility.
6. Considering 20% decay in lateral strength as the stability limit resulted in
displacement ductility that ranged from 1.74 to 3.39. However, all strengthened
specimens achieved displacement ductility equal or higher than 5.0 when the
ultimate recorded displacement was considered.
44

7. The theoretical procedure followed in this study well predicted the loaddisplacement of RC columns strengthened with EB-CFRP sheets and NSM-CFRP
rods and ropes. The predicted maximum strengths varied from 91% to 107% of the
experimental values.
8. Among all specimens, the best prediction of the load-displacement behavior was
for specimen C5-Rope (strengthened with NSM-CFRP ropes).
9. To preserve adequate ductility, it is recommended to limit the CFRP reinforcement
ratio to about 0.6 %, similar to specimen C5-Rope.
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2.7

Tables

Table 2.1 Concrete compressive strength
Specimen

C1-Control

C2-Confined

C3-Sheet

C4-Rod

C5-Rope

Strength,
MPa

23.8

22.2

23.2

19.0

20.5

C6-Ropedebond
19.2

Table 2.2 Mechanical properties of steel bars and wires
Label

No. 9, deformed
bar
No. 6, smooth
wire

Diameter,
mm

Area,
mm2
71

Yield
strength,
MPa
493

9.5
6.4

32

393

Yield
strain

Ultimate
strength, MPa

Ultimate
strain, MPa

0.0024

Elastic
modulus,
GPa
200

765

0.05

0.0022

180

514

0.05

Table 2.3 Mechanical properties of CFRP materials used in flexural strengthening
Nominal properties of CFRP materials (from technical data sheet)
Tensile strength,
Cross-sectional
Max. force,
MPa
area, mm2
kN
CFRP sheet
3,530
16.95
60
CFRP rod
2,241
31.67
71
CFRP rope
2,100
64.5
135
Experimental properties of CFRP materials
CFRP sheet
3,123
16.95
53
CFRP rod
2,509
31.67
79
CFRP rope
1,180
64.50
76

Tensile modulus,
GPa
233
124
230

Tensile
strain, %
1.50
1.81
0.91

233
156
140

1.34
1.61
0.84

Table 2.4 Test specimens and CFRP strengthening details
Label
C1-Control
C2-Confined
C3-Sheet
C4-Rod
C5-Rope
C6-Ropedebond

ρℓ
%
1.26
1.26
1.26
1.26
1.26
1.26

Flexural strengthening
method
None
None
100-mm wide EB-CFRP sheet
No. 6 NSM-CFRP rod
NSM-CFRP rope
NSM-CFRP rope debonded at
the column base

AFRP per
flexural side
0.00
0.00
16.95 mm2
31.67 mm2
64.50 mm2
64.50 mm2

ρfrp
%
0.00
0.00
0.15
0.28
0.57
0.57

Confinement
None
1 layer of CFRP sheet
1 layer of CFRP sheet
1 layer of CFRP sheet
1 layer of CFRP sheet
1 layer of CFRP sheet
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Table 2.5 Maximum measured force for all columns
Specimen

Peak force,
kN

C1-Control
C2-Confined
C3-Sheet
C4-Rod
C5-Rope
C6-Rope-debond

Pull
10.87
11.19
15.03
15.98
17.33
16.02

Push
-10.90
-10.96
-14.83
-15.26
-17.54
-13.45

Deflection at peak force,
mm

Average
10.88
11.08
14.93
15.62
17.43
14.74

Pull
28.72
29.06
32.59
41.52
45.95
35.57

Push
-29.58
-30.80
-32.15
-41.30
-30.29
-35.09

Percentage of
enhancement in lateral
strength

Average
29.15
29.93
32.37
41.41
38.12
35.33

1.00
1.02
1.37
1.44
1.60
1.35

Table 2.6 Ductility of tested specimens
Category

Ductility (∆u / ∆y) based on:

Yield displacement ∆y,
mm
20% decay in lateral
strength
ACI limit [31]
Priestley et al. [47]
Silva et al. [48]
Barrera et al. [49]
Max. measured ∆u

(+)
(-)
(+)
(-)
(+)
(-)
(+)
(-)
(+)
(-)
(+)
(-)
(+)
(-)

C1

C2

C3

C4

C5

C6

23.37
-25.15
2.31
2.45
1.88
1.59
1.97
1.75
2.48
2.47
N/A
N/A
2.78
2.56

24.13
-24.64
2.98
3.27
1.95
1.54
2.03
1.87
2.74
2.72
3.69
3.57
5.17
4.99

21.59
-22.10
1.83
1.74
2.32
1.95
2.36
2.13
3.15
2.99
4.26
4.07
6.34
6.39

24.56
-24.56
3.14
2.85
2.61
2.20
2.53
2.36
3.34
3.18
3.91
3.83
5.08
5.04

17.71
-16.63
3.39
3.07
3.27
3.13
3.39
3.37
3.95
4.39
4.52
5.59
6.88
7.89

22.99
-23.07
2.24
2.34
2.30
1.95
2.35
2.17
2.91
2.90
3.48
3.64
5.41
5.45

Table 2.7 Theoretical-experimental comparison
Label

C1
C2
C3
C4
C5
C6

Yield strength, kN

∆ at yield, mm

Maximum strength,
kN

∆ at maximum, mm

Expt.1

Theo.2

(2)/(1)

Expt.1

Theo.2

(2)/(1)

Expt.1

Theo.2

(2)/(1)

Expt.1

Theo.2

(2)/(1)

10.50
10.85
13.17
13.12
11.08
13.21

10.05
10.16
11.56
11.88
12.10
12.10

0.96
0.94
0.88
0.91
1.09
0.92

23.37
24.13
21.59
24.56
17.71
22.99

18.29
19.79
17.84
17.84
17.76
17.76

0.78
0.82
0.83
0.73
1.00
0.77

10.87
11.19
15.03
15.98
17.33
16.02

10.10
10.22
14.28
17.15
17.58
17.58

0.93
0.91
0.95
1.07
1.01
1.10

28.72
29.06
32.59
41.52
45.95
35.57

18.79
20.39
35.18
49.75
51.96
51.96

0.65
0.70
1.08
1.20
1.13
1.46

Notes:
1
The results were obtained from experimental tests
2
The results were obtained from theoretical analysis
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2.8

Figures

Fig. 2.1 Details of RC columns
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Novel
anchors

(a) C1-Control

(b) C2-Confined

(e) C5-Rope

(c) C3-Sheet

(d) C4-Rod

(f) C6-Rope-debond

Fig. 2.2 Test specimens and strengthening technique for each column
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Measurements before grinding

Drilling holes

C3: EB CFRP sheet in long. direction

C4: Inserting NSM-CFRP rods

C5: Inserting NSM-CFRP ropes

C6: Debonding CFRP ropes

Epoxy layers before CFRP
confinement

CFRP confinement

Fig. 2.3 Photos showing the strengthening process
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Fig. 2.4 Test setup

Fig. 2.5 Loading protocol
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Fig. 2.6 Load-displacement relationships for control and strengthened columns
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Fig. 2.7 Load-displacement envelopes
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(a) C1-Control

(b) C2-Confined

(c) C3-Sheet

Fig. 2.8 Moment-displacement relationships; ductility and stability limits
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(d) C4-Rod

(e) C5-Rope

(f) C6-Rope-debond

Fig. 2.8 Moment-displacement relationships; ductility and stability limits (continued)
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Fig. 2.9 Axial strains developed at CFRP sheets in longitudinal direction

Fig. 2.10 Axial strains developed at CFRP rods in longitudinal direction
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Fig. 2.11 Axial strains developed at CFRP ropes in longitudinal direction

Indication of
CFRP-epoxy
bond failure

Ruptured CFRP
rod

Ruptured CFRP
rope

Fig. 2.12 Photos of CFRP ruptures
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Fig. 2.13 Cross-sectional analysis – strain and stress distributions
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Fig. 2.14 Stress-strain curves for unconfined concrete and concrete confined with steel
hoops

Fig. 2.15 Stress-strain curve for CFRP confined concrete
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Fig. 2.16 Stress-strain curve for steel reinforcement

Fig. 2.17 Theoretical-experimental comparison
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Fig. 2.18 Moment-curvature relationships for different CFRP reinforcement ratios
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Chapter 3:

Post-Strengthening Rapid Repair of Damaged RC Columns Using

CFRP Sheets for Confinement and NSM-CFRP Ropes for Flexural
Strengthening

3.1

Introduction

Repairing concrete structures has become one of the major topics for structural engineers
globally. It has been stated that money spent on repairing damaged structures has exceeded
that spent on constructing new structures [1]. The major difference between conventional
and rapid repair techniques is the that rapid repair aims (1) to rapidly repair the areas
damaged by earthquake to quickly reopen bridges and essential structures, and (2) to
prevent full collapse of damaged structures during the subsequent aftershocks [2]. It has
been reported that in various earthquake events many structures were damaged during the
mainshock but collapsed during the aftershocks [3]. Therefore, rapid repair is necessary for
essential structures to prevent full collapse and to reopen quickly. During seismic events,
some essential structures and key bridges must be repaired and reopened in a matter of
days [2,4]. However, the time required to complete the repair has not been a major
consideration in most of the repair techniques available in the literature.
The traditional techniques of concrete and steel jacketing are not efficient methods for rapid
or emergency repair because they require intensive labor over an extended period of time
[5–9]. Research has shown that the use of fiber reinforced polymer (FRP) materials in rapid
or emergency repair of damaged concrete columns is one of the best alternatives [10–13].
FRP composites require short time, are relatively easy to install compared with
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conventional repair techniques, and can rapidly achieve high strength [14–16]. FRP
confinement has been proven to be effective in repairing concrete structures [1,9,17,18].
However, it may be difficult to restore the strength of severely damaged columns by FRP
confinement only without additional flexural reinforcement [3,15]. Therefore, it is
important to develop a rapid repair technique that can effectively restore or improve the
flexural capacity of damaged columns.
Few ideas have been proposed for rapid repair of damaged RC columns using externally
bonded (EB) CFRP in the longitudinal (flexural) direction of columns. Using EB-CFRP
system in flexural repair of RC columns against lateral loads must involve complicated
anchorage systems at the column-foundation intersection [14,19]. Therefore, near-surfacemounted (NSM)-FRP systems are less complicated in terms of transferring the load from
columns to their foundations. FRP rods are the common materials used in NSM-FRP repair
techniques. The challenge in such cases is to make straight holes in the foundation to insert
FRP rods as they are not flexible against bending. Therefore, straight holes sometimes are
made outside the perimeter of damaged columns [20], and the cross section of repaired
columns must be increased. Otherwise, significant effort is needed to make straight holes
inside the perimeter of damaged columns [3]. As an alternative to overcome these
challenges, CFRP ropes have the highest flexibility to be used in such repair techniques.
CFRP ropes are flexible and can be bent and inserted in inclined holes made at the edge of
column-foundation intersection. Research has shown that bending CFRP anchors up to 15º
has negligible effects on the pullout strength of CFRP [21]. Although CFRP ropes have
the advantages mentioned above, their use in flexural strengthening or repairing of RC
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columns has not been investigated yet. Another area that has not been investigated is the
repairing of columns that had already been strengthened before being damaged with
earthquake forces. In the past two decades, many columns all around the globe have been
upgraded and strengthened with FRP jacketing to meet the current seismic demands.
Therefore, future repairs are likely to include columns that have already been strengthened
with FRP jacketing.
In this study, a rapid repair technique is proposed to repair damaged RC columns that had
already been strengthened with CFRP jacketing before being damaged. The repair
technique utilizes NSM-CFRP ropes in the axial direction of the columns and CFRP sheets
in the transverse direction. All columns in this study were designed based on pre-1971 ACI
code [22]. Each specimen consisted of two identical columns connected in the middle by a
concrete stub. The first specimen called the control specimen (C1-Control) was constructed
based on pre-1971 ACI code and tested. The second specimen (C2-Confined) was the same
as C1-Control, except that it was strengthened with CFRP confinement before it was tested.
Specimen C5-Strengthened was the same as C1-Control except that it was strengthened
with CFRP confinement and NSM-CFRP ropes before it was tested. C5-Strengthened was
tested to check the applicability of the proposed technique in strengthening and repairing
of RC columns. After C2-Confined was tested under combined axial and lateral cyclic
loads, the damaged specimen was then repaired with the proposed rapid repair technique.
The repaired C2-Confined was named C7-Repaired.
The main aim of this investigation was to investigate the feasibility of a repair method that
may allow engineers to repair damaged columns within a short span of time, e.g., three
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days [4]. The following sections describe the proposed technique. The results of the tested
columns are then presented and discussed.

3.2

Experimental Program

3.2.1. Materials properties

A concrete strength on the order of 20 MPa is common for older RC columns. The 20 MPa
is a relatively low strength, hence represents a more conservative assumption for concrete
strength to be used in this investigation. Therefore, the nominal strength of the concrete
used in constructing the column specimens in this study was selected as 20 MPa at 28 days.
Three concrete cylinders ( 150 x 300 mm) were tested to determine the compressive
strength based on ASTM standards [23]. The average concrete strength at 28 days was 22.4
MPa. Concrete strengths on the day of testing for C1-Control, C2-Confined, C5Strengthened, and C7-Repaired were 23.8, 22.2, 20.5, and 22.2 MPa, respectively.
Columns were reinforced in the longitudinal direction with No. 10 (9.52 mm) deformed
steel bars. The yield strength, yield strain, modulus of elasticity and ultimate strength were
determined experimentally in the Concrete Laboratory at Portland State University by
Yosefani [24] and were equal to 493 MPa, 0.24%, 200 GPa, and 765 MPa, respectively.
Steel ties were made using No. 6 (6.35 mm) smooth steel wires. The yield strength, yield
strain, modulus of elasticity and ultimate strength were 393 MPa, 0.22%, 180 GPa, and
514 MPa, respectively [24].
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Two different forms of CFRP materials were used in this study. Unidirectional CFRP sheet
was used mainly for lateral confinement applied to the strengthened and repaired RC
columns. The tensile mechanical properties of CFRP sheets were determined in the same
laboratory by Aules et al. [19] following ASTM D7565 [25]. The tensile strength, ultimate
strain, modulus of elasticity of CFRP composite sheets are 3,123 MPa, 1.50%, and 233
GPa. The thickness of the CFRP sheets is 0.167 mm. The other form of CFRP used in the
present study was CFRP ropes. CFRP ropes were tested under pure tension in the
laboratory, but all specimens failed before achieving maximum tensile strength due to
difficulties in anchoring CFRP ropes. To the best of authors’ knowledge, an accepted
experimental methodology to determine tensile properties of CFRP ropes is not available.
Therefore, properties reported by the manufacturer were used for CFRP ropes. The
reported tensile strength, ultimate strain, modulus of elasticity of CFRP composite ropes
are 2,100 MPa, 0.91%, and 230 GPa, and the reported cross-sectional area of the rope is
64.5 mm2.
Low viscosity epoxy material (MasterBrace SAT 4500) was used as an impregnating resin
for CFRP ropes and as a bonding agent for CFRP sheets. The tensile strength, elastic
modulus, and ultimate strain of the MasterBrace SAT 4500 were 55 MPa, 3 GPa, and 3.5%,
respectively. Hilti 500 was used as the bonding agent for NSM-CFRP materials and to fill
the holes where CFRP ropes were anchored to the foundation. The tensile strength, bond
strength, and ultimate strain of Hilti 500 were 44 MPa, 12 MPa, and 2.0%, respectively.
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3.2.2. Control specimen

The geometry and details of the control specimen (C1-Control) is shown in Fig. 3.1. The
specimen consisted of two cantilevered columns connected to a stiff member (concrete
stub) in the middle. So, in effect, each specimen contained two columns tested at the same
time. The cross-sectional dimensions of the columns are 150 x 150 mm2. The columns
were reinforced longitudinally with four No. 10 steel bars (steel reinforcement ratio ρ ℓ =
1.26%). Steel stirrups made of No. 6 smooth wires were placed at 150 mm on center. The
columns were constructed with low concrete strength and were poorly detailed at the plastic
hinge zone representing deficient RC columns designed based on older (pre 1970s) codes.
The concrete stub (the stiff element at the middle of the specimen) was heavily reinforced
(as shown in Fig. 3.1) to act as a fixed end for the columns.

3.2.3. CFRP confinement

The first step in CFRP confinement was concrete surface grinding. A typical concrete
grinder was used to remove loose particles from the top surface of concrete. Additionally,
the corners of the columns were rounded (R = 25 mm) at the plastic hinge region or
wherever CFRP confinement was applied. The plastic hinge zone, determined based on the
definition of ACI codes [26,27], was equal to 356 mm from the column base. After
grinding, concrete surface was cleaned with compressed air and washed with water to
remove any dust or loose particles. Then, concrete surface was prepared with two layers of
epoxy materials, commercially named MasterBrace P 2000 and MasterBrace P 3500. One
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layer of CFRP composite sheet was applied. MasterBrace SAT 4500 was used to bond
CFRP composite sheets to pretreated concrete surface. Fig. 3.2 shows the details of all
specimens tested in this study. C2-Confined was constructed similar to the control
specimen (C1-Control) except that it was strengthened with CFRP confinement before it
was tested. One layer of CFRP confinement was applied at the plastic hinge zone of all
strengthened and repaired columns.

3.2.4. NSM-CFRP ropes

Near-surface-mounted CFRP technique started with cutting a groove in the longitudinal
direction (parallel to steel flexural reinforcement) on each flexural side of the strengthened
and repaired columns. The dimensions of the grooves for NSM-CFRP rods are
recommended to be two time the rod diameter [3,27,28]. Although the width of the grooves
in this study was about two times CFRP rope diameter (18 mm), the depth of the grooves
had to be 13 mm as that was the thickness of the concrete cover. Since NSM-CFRP ropes
had to be anchored at the base of the columns, holes were drilled into the foundation
(concrete stub). The diameter of the holes was 19 mm, and they were 150 mm deep based
on previous studies [29–32]. The holes were drilled at a 7-degree slope (Fig. 3.2). This was
one of the advantages of using the flexible CFRP ropes instead of the rigid CFRP rods.
Test results of Ozbakkaloglu and Saatcioglu [21] showed that an inclination of up to 15degree had no significant effects on the pullout strength of CFRP anchors. The grooves and
holes were cleaned with compressed air and steel brush. The rope was cut by special
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scissors to the desired lengths (1.0 m each). Then, the ropes were impregnated for 30
minutes to 1 hour until the fibers were saturated thoroughly with the impregnating resin.
Next, ropes were inserted into the holes (using a steel stick) and grooves. The CFRP ropes
were pressed slightly to make sure that the epoxy went through and around all fibers and
to fill all the voids. The grooves were filled with more epoxy, and the surface was leveled
and let to cure until the day of testing.
Fig. 3.2 shows that specimen C5-Strengthened was strengthened with NSM-CFRP ropes
and with CFRP confinement. After one day of curing for NSM-CFRP ropes, CFRP
confinement (as described in section 2.3) was applied to specimen C5-Strengthened. Table
3.1 presents the design details for the specimens of this study. Only C5-strengthend and
C7-Repaired were strengthened/repaired with NSM-CFRP ropes. NSM-CFRP reinforcing
ratio (ρfrp) was 0.57%.

3.2.5. Proposed repair technique

3.2.5.1. Cleaning damaged concrete

One of the issues in repairing columns that were previously strengthened with CFRP
confinement is that cracks and damage to the concrete are not visible before cleaning and
peeling off CFRP sheets. As shown in Fig. 3.3 (a), the damaged column appeared healthy.
However, Fig. 3.3 (b) shows that the concrete under CFRP sheets was completely damaged.
The concrete under CFRP sheets was more like loose aggregates wrapped with CFRP.
Therefore, it was decided to remove all loose concrete, as shown in Fig. 3.3 (c). The
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strengthened column (C2-Confined) underwent large deformation (maximum drift ratio of
11.7%) when it was tested under combined axial and lateral cyclic loads. The steel
reinforcement had already yielded under tension and buckled under compression. Special
efforts were made to straighten the steel reinforcement and the specimen overall as much
as possible.

3.2.5.2. Casting repair concrete

Fig. 3.4 (a) shows the formwork of the column being repaired before casting. A
commercially available concrete bonding adhesive (SikaLatex® R Concrete Fortifier) was
used to help bond the existing concrete to the new concrete. Since the aim was to develop
a rapid repair technique, the repair concrete mix was selected to achieve the design strength
(25 MPa) in the first three hours after casting. Based on the manufacturer, the concrete
strength in one day and seven days are 31 MPa and 38 MPa, respectively. Fig. 3.4 (b)
shows the column sections after the concrete mix was cast. At the same time, concrete
cylinders (75 mm x 150 mm) were prepared, and tests showed that the concrete strength
was 30 MPa after 24 hours, and 40 MPa on the day of testing the column specimen (C7Repaired). Fig. 3.5 (a) shows the cured repaired concrete section next to the old (original)
concrete ready for CFRP application.
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3.2.5.3. Surface preparation, grooves, and holes

Concrete surface at the plastic hinge zone was ground to be ready for CFRP confinement.
As shown in Fig. 3.5 (a), the corners of the column were rounded with a 25-mm radius (R
= 25 mm). Grooves were cut in the longitudinal direction on each flexural side of the
column as described in section 2.4. Because CFRP ropes are flexible, the anchor holes did
not have to be exactly parallel to the column axis. Therefore, inclined holes at an angle of
7º (Fig. 3.2) were drilled at the column-foundation intersection (Fig. 3.5b). Finally, grooves
and holes were cleaned with compressed air and steel brush.

3.2.5.4. CFRP application

Four pieces of CFRP ropes, 1.0-meter-long each, were prepared and impregnated to be
used for specimen C7-Repaired. As shown in Fig. 3.6, CFRP ropes were inserted in the
holes and placed inside the grooves. The same procedure described in section 2.4 was
followed. After six hours of curing time for Hilti 500 (NSM-CFRP), the application of
CFRP confinement started by applying MasterBrace P 2000 at the plastic hinge zone (Fig.
3.7). Six hours later, MasterBrace P 3500 was applied. Then, concrete column was
confined with one layer of CFRP sheet in the plastic hinge zone using MasterBrace SAT
4500 (Fig. 3.7b).
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3.2.5.5. Timeline of the repair technique

Since this is a rapid repair technique, time is of essence. The timeline presented in Fig. 3.8
shows that the proposed rapid repair technique can be completed within three days. One of
the main steps was using the rapid set concrete mix. Because concrete strength of 25 MPa
could be achieved in three hours, concrete surface preparation could be started three hours
after the concrete was cast. All physical work of the proposed rapid repair technique was
completed in 40 hours. Then, the repaired column was left for curing in room temperature.
After 12 hours of curing, test instrumentations and setup started, and the repaired column
became ready for test. It should be noted that in real-life projects columns are larger, so
repair is likely to take a longer time to complete. However, columns in real projects do not
need complicated instrumentation (strain gauges, LVDTs, load cells, data logging system,
etc.) and do not need setups for tests. Even if the time of repairing full scale columns is
twice as long as it was for specimen C7-Repaired, 80 hours can still be considered “rapid”
for repairing a damaged RC column.

3.2.6. Test setup, instrumentations, and loading protocol

Fig. 3.9 shows the loading frame used to test the columns under axial and cyclic lateral
loads. Each specimen consisted of two columns, and the obtained results were the average
response of the two columns. The axial load was consistent and was equal to 0.2𝑓𝑐′ 𝐴𝑔 for
all specimens. The axial load was monitored continuously during the test using a straingauge based load cell connected to the data logging system. The lateral load was applied
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using a hydraulic actuator connected to a tension-compression load cell (Fig. 3.9). The
lateral loading protocol recommended by ACI 374.2R-13 (2013) was used in this study, as
shown in Fig. 3.10. The columns were subjected to four cycles per loading or displacement
increment. The first two increments were controlled by Vy, which was the lateral force
required to yield the steel reinforcement in tension. The columns were loaded up to Vy/2
for the first increment (cycles 1 through cycle 4) and loaded up to Vy in the second
increment (cycle 5 through cycle 8). Vy was determined when any of the steel strain gauges
(Fig. 3.1) reached a strain of 0.0024.
Displacement-controlled loading protocol was used for the subsequent increments. Yield
displacement (∆y) was measured from the second increment so that the subsequent
displacement increments were 2∆y, 3∆y, 4∆y, and so on until the specimen failed (Fig.
3.10). Displacement was measured using two long LVDTs (250 mm) instrumented as
shown in Fig. 3.9. The test stopped when the drop in lateral strength was more than 50%,
or when the loading frame reached its maximum possible displacement (125 mm).
Four strain gauges were used to measure the tensile and compressive strains in the
longitudinal steel reinforcing bars in all specimens (Fig. 3.1). Fig. 3.11 shows the
distribution of strain gauges that were attached to CFRP ropes for specimens C5Strengthened and C7-Repaired. The locations of the strain gauges are labeled using a name
code consisting of two letters and one number. The first letter (R or L) indicates whether a
strain gauge is on the right or on the left side of the specimen. The second letter (T or B)
indicates whether a strain gauge is located on the top or on the bottom side of the column.
Finally, the number at the end refers to the distance (in inches; 1 in. = 25.4 mm) between
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a strain gauge and the column-foundation intersection. For example, “RT3” means that
RT3 strain gauge is on the right-top side and the distance between RT3 and the columnfoundation intersection is 3 in. (76 mm).

3.3

Experimental results and discussions

3.3.1. Lateral strength

The main goal of an emergency repair is to restore the original strength [2,11]. The
philosophy of the proposed repair technique is to design the repaired column such that its
reinforcing steel yields under a lateral force equal to the target lateral strength, and to
behave similar to the column before it was damaged, under cyclic loading. The target
strength in this case was the lateral strength of the original column. Table 3.2 shows the
yield and maximum strengths and displacements for all specimens. The forces and
displacements in both directions of the load cycles are listed. The difference was
reasonably small, so the average of the two values (Pull and Push directions, Table 3.2)
were considered for comparison purposes. Table 3.2 shows that the proposed repair
technique improved the flexural strength significantly. The percentage of enhancement in
lateral strength for specimen C7-Repaired (18.31 kN) was 68% compared to C1-Control
(10.89 kN) and 65% compared to C2-Confined (11.08 kN). In fact, the strength
improvement of C7-Repaired based on the theoretical (moment-curvature) analyses and
based on the result of specimen C5-Strengthened was expected to be at least 60%. The
prediction of 60% came from the results of column C5-Strengthened (17.44 kN) which was
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strengthened with the same amount of CFRP materials in flexure and same amount of
CFRP confinement. The difference between C5-Strengthened and C7-Repaired was that
C5-Strengthened was strengthened before testing, while C7-Repaired was the damaged
column C2 which was repaired, and then tested. The higher strength of the repair concrete
mix used in the plastic hinge zone of C7-Repaired specimen probably contributed to the
slightly higher strength of C7-Repaired. The concrete strength of the original concrete was
22.2 MPa, while the strength of the repair mix was 40 MPa on the day of testing. In
conclusion, this observation indicates that the results are promising, and the repair
technique is effective in restoring and improving the lateral strength of damaged RC
columns.

3.3.2. Load-displacement response

Fig. 3.12 presents the hysteresis load-displacement relationships for all columns. Except
for specimen C7-Repaired, the responses of the specimens in both directions (positive and
negative) were approximately symmetrical. The load-displacement response of C1-Control
showed a poor and brittle behavior of the column under axial and cyclic lateral load. The
lateral strength started dropping immediately after the column was subjected to the 5th
cycle approaching Vy (1st cycle of the second increment, see section 2.6). The test
continued until severe concrete spalling was observed and the force dropped to a level less
than 50% of the peak. However, the data logging system erroneously stopped recording
and some of the data were lost. The observed behavior of C1-Control was expected because
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it was originally designed as a deficient column. Confining the columns at the plastic hinge
zone with one layer of CFRP sheet (C2-Confined) did not noticeably enhance the strength
but significantly improved the overall force-displacement response of the column (Fig.
3.12). The ultimate displacement increased significantly. This observation is in alignment
with the results of previous studies [5,34–36] which showed that confinement could
improve the displacement capacity of strengthened columns but was not effective for
flexural strengthening. Because of CFRP confinement, it was not possible to see the failure
development and crack patterns during the test. At the end of the test, no significant damage
was observed in the CFRP confinement sheets. The test was stopped when the loading
frame reached its maximum displacement capacity.
Specimen C5-Strengthened continued to resist the applied lateral force without strength
degradation until most of the fibers in the rope ruptured at the 4th displacement increment
(3 ∆y). Then, the force dropped suddenly to a lower level but not to the point where one
could confirm that CFRP rope had completely ruptured. After completing all four cycles
of the 4th displacement increment (3 ∆y), CFRP rope completely ruptured during
displacement cycle number 17 (1st cycle of the 5th displacement increment). The resistance
of C5-Strengthened resumed to that of C2-Confined.
The unsymmetrical response of C7-Repaired was expected because the original concrete
in both flexural sides had cracks, and the damaged concrete was removed and replaced
with a new concrete mix. In addition, this could be attributed to the unsymmetrical straining
of the steel reinforcement in the damaged column. Before repairing, the damaged column
(C2-Confined) underwent full 28 cycles, and it experienced a drift ratio of 11.7%.
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Therefore, the steel reinforcement bars were far from symmetrical-elastic response. The
overall response of C7-Repaired was not much different from C5-Strengthened. Once
rupture of CFRP rope initiated, the load capacity started to drop rapidly to match that of
C2-Confined. The cycles continued until the maximum capacity of the loading frame was
reached.
Fig. 3.13 shows the load-displacement envelopes for the four columns. The envelopes were
developed from the load-displacement hysteresis curves (Fig. 3.12) by simply plotting the
peaks of all loading increments. Load-displacement envelopes help compare the lateral
response of each column to the others. It can be observed that once CFRP ruptured in the
columns strengthened in flexure, the load in the columns began to decline somewhat
similar to the behavior of the second column (C2-Confined). It can also be observed that
the responses were not exactly symmetric. The behavior on the pull side (positive loaddisplacement) is slightly different from that on the push side (negative load-displacement).
The specimens were always loaded in the upward direction first, then followed by applying
the load in the downward direction to complete a single cycle. Therefore, when a column
was loaded in the downward direction, the compression side of the concrete had already
been loaded or cracked in the previous cycle. It can be observed that specimens C1-Control
and C2-Confined had similar strengths but different ultimate deflections. Fig. 3.13 shows
the strength improvement of the strengthened column (C5) and repaired column (C7)
compared to specimens C1 and C2. Although specimens C5 and C7 had similar responses,
Fig. 3.13 shows the slight difference between the lateral responses of each specimen.
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3.3.3. Stability limits and displacement ductility

Displacement ductility depends mainly on the yield displacement and ultimate
displacement. The yield displacement of each specimen was determined experimentally as
the displacement recorded when any of the strain gauges attached to the steel reinforcement
in tension reached a strain of 0.24%. Table 3.3 lists the yield displacements for all
specimens. For the repaired column (C7), it was impossible to record the yield
displacement because the steel rebars were in plastic condition (have already yielded before
the test). Therefore, the yield displacements in the positive and negative directions were
based on the author’s best estimates from the load-displacement curves. The ultimate
displacement is dependent on the structural stability of the member. It is common to
associate the ultimate displacement or the displacement capacity with the displacement
corresponding to 20% decay in lateral strength [33]. The “20% decay” limit is used as a
measure of prevention against lateral instability or collapse. However, for some types of
structures, instability may occur before the 20% decay in lateral strength while other
structural members are able to carry axial and lateral loads well beyond 20% decay [33].
For long RC columns, a number of stability limits have been proposed in the literature.
Priestley et al. [37] suggested that the ratio of the secondary moment (P-∆ effects) to the
total moment should not exceed 0.3. Silva et al. [38] recommend a stability limit of 0.4,
which is less conservative than the limit proposed by Priestley et al. [37]. ACI 318 [26]
limits the ratio of the total moment to the primary moment to 1.4. Finally, the stability
limit has been defined by Barrera et al. as when the secondary moment is equal to the
primary moment [39,40]. Based on stability limits described above, the corresponding
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displacements were measured and the resulting ductility for all specimens were
determined, as listed in Table 3.3. In addition, the stability limits are visually shown in Fig.
3.14. The total moment in Fig. 3.14 is the total moment resisted by the column due to the
applied lateral force and constant axial force. The primary moment is the applied lateral
force multiplied by the lever arm, and the secondary moment is the axial load multiplied
by the lateral deflection.
As shown in Fig. 3.14 and Table 3.3, the ductility resulting from Barrera’s stability limit
was the highest compared to ductility by other limits. Considering the maximum measured
displacement as the ultimate displacement resulted in ductility even higher than that based
on Barrera’s stability limit. In most cases, Silva’s limit resulted in higher value than
ductility based on 20% decay, ACI limit and Priestley’s. It has been stated in the literature
that considering 20% decay in lateral strength in calculating the displacement capacity of
slender RC columns is conservative [33,41,42]. Based on the results of the current study,
it is also observed that 20% decay is conservative for slender RC columns strengthened
with CFRP. The tested columns were all stable and able to carry the axial load until the
end of tests (∆u in Table 3.3). Some researchers have considered the ultimate displacement
obtained from tests as the displacement capacity of strengthened RC columns [43–45]. In
the current study, if the measured ultimate displacements are considered in evaluating
ductility, all strengthened and repaired columns had a ductility equal to or more than 5.0,
which is a desired value of ductility based on Caltrans guidelines [46]. On the other hand,
it may be safer to define the stability limit for columns strengthened or repaired with CFRP
in lateral and longitudinal directions when the secondary moment is equal to the primary
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moment [39,40]. For strengthened slender RC columns both of the above suggestions in
defining the displacement capacity are less conservative, however perhaps more realistic
than using ACI stability limit [26], Priestley’s limit [37], Silva’s limit [38], and 20% decay
in lateral strength.
Table 3.3 suggests that the proposed repair technique is not only effective in improving the
strength (Table 3.2), but also effective in improving the ductility. Therefore, the proposed
emergency repair technique may be considered as a viable repair technique in areas of
moderate seismicity since the ductility of the repaired column appears to be satisfactory
[2,46]. As a reminder, the design philosophy of the proposed technique assumes that the
strength of the repaired column is the yield strength. In this case, the 68% overstrength is
ignored for more safety. It should be noted that this observation is based on limited tests
conducted in this study. Therefore, more tests are required to confirm the results.

3.3.4. Idealized load-displacement relationships

To better compare the results and to accurately evaluate the load-displacement response of
the repaired column compared to the other columns, idealized load-displacement envelopes
were constructed. Fig. 3.15 shows the hysteresis responses and the experimental
(measured) and idealized load-displacement envelopes for all tested specimens. The
idealized envelopes were constructed as bilinear relationships. The initial slope of the
idealized envelopes is the slope between the origin and the point on the measured curve at
which the lateral strength is equal to half of the maximum measured strength. The plastic
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portion or the yield level of the idealized envelope was defined by equalizing the area under
the two curves: the measured and idealized curves. This procedure was adopted from
previous experimental studies [3,14,15].
Fig. 3.16 compares the idealized envelopes of the four specimens. Similar to the
observation made when measured envelopes were compared (Fig. 3.13), Fig. 3.16 shows
that specimens C1 and C2 had nearly the same idealized strength, as well as specimens C5
and C7. The lateral strength of C7 in the positive direction was slightly higher than the
strength of C5. However, C5 and C7 had almost similar strengths in the negative direction.
The idealized yield displacements and strengths reported in Table 3.4 are the average
between the positive and negative values. The ductility ratios were obtained by dividing
the ultimate displacement by the idealized yield displacement. Based on the idealized
envelopes, the ductility of the repaired column (C7) was 79% of the ductility of the column
before repairing (C2). On the other hand, the stiffness (the slope of the elastic portion of
the idealized envelope) of the repaired column (C7) was higher than that of C2.
Fig. 3.17 compares the measured and idealized envelopes of the columns before and after
repair. Fig. 3.17 confirms that the proposed repair technique significantly improved the
column strength with an acceptable level of ductility. Based on Table 3.4, the ductility of
the repaired column (8.49) is 70% higher than the desired ductility (5.0) reported in
previous studies and guidelines [2,46]. Few examples of repair techniques presented in
previous studies are summarized in the following. Yang et al. [15] repaired a circular RC
column with EB-CFRP laminates and CFRP jacketing, and the ductility of the repaired
column was 4.0 based on the idealized load-displacement envelope. He et al. [14] proposed
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a rapid repair technique for square RC columns using EB-CFRP sheets and novel steel
anchors, and they tested three large-scale columns. Based on the idealized curves, the
ductility of the repaired columns did not exceed 4.9. Jiang et al. [3] repaired four circular
RC columns with NSM-BFRP bars in longitudinal direction and BFRP jacketing in
transverse direction. The ductility calculated from the idealized envelopes of the repaired
columns ranged from 3.82 to 4.53. Saiidi and Cheng [11] repaired four large scale RC
flared columns with CFRP and GFRP fabrics with fibers running in longitudinal and
transverse directions of the columns. The ductility obtained from experimental results did
not exceed 4.4. Based on the results of the current study as compared to previous
experimental investigations, the proposed repair technique may be considered as a
permanent repair, especially in low and moderate seismic areas.

3.4

Conclusions

A proposed rapid repair technique using CFRP sheets and ropes is proposed in this
experimental investigation. A total of four specimens were fabricated and tested under a
combination of axial and cyclic lateral loads. Each specimen consisted of two columns
connected in the middle by a stiff element (concrete stub). C1-Control was an as-built
specimen, C2-Confined was strengthened with CFRP confinement in the plastic hinge zone
only, C5-Strengthened was strengthened with CFRP confinement in the plastic hinge zone
and with NSM-CFRP ropes in longitudinal direction, and specimen C7-Repaired was the
repaired version of C2-Confined. The rapid repairing technique involves replacing the
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damaged concrete with rapid high strength concrete mix, confining the column with one
layer of CFRP confinement in the plastic hinge zone, and strengthening the column in
flexure using NSM-CFRP ropes. The conclusions stated below are made based on the
results of limited tests. Testing more specimens may affect the conclusions reported in this
study, given the fact that the response of each specimen depended on the behavior of
concrete (a non-homogenous material), steel, CFRP, and epoxy. However, the results of
each specimen were the average of testing two columns, which is expected to increase the
reliability of the results. In addition, the experimental results of C1, C2, C5, and C7 were
reasonably close to the results predicted by the theoretical analysis, which may point to
more reliability. Finally, what may give rise to the level of confidence in the results is that
the response of C7-Repaired was close to that of C5-Strengthened. Comparable responses
were expected because both specimens had experienced the same strengthening/repairing
procedure with same amount of CFRP reinforcement.
The following conclusions can be drawn based on the results of the tested columns which
were presented and discussed in previous sections:
1. The proposed rapid repair technique can be applied and completed in less than three
days.
2. The rapid repair technique increased the lateral strength by 68% compared to the
as-built column (C1-Control) and 65% compared to the column strengthened by
confinement only (C2-Confined).
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3. By considering most of the known stability limits reported in the literature to
determine the ultimate displacement, the ductility of the repaired column was
higher than the ductility of C1-Control and C2-Confined.
4. Based on the idealized envelopes, the repaired column had higher strength and
stiffness compared to C1-Control and C2-Confined. However, the ductility of the
repaired column (C7-Repaired) was reduced by 21% compared with C2-Confined.
5. The ductility ratio of the repaired column was 6.12 based on the ultimate measured
displacement and 8.49 based on the idealized load-displacement envelopes. This
observation combined with the significant improvement in strength leads to the
possibility of considering the proposed rapid repair technique as a viable technique
in areas of moderate seismicity.
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3.5

Tables

Table 3.1 Test specimens and CFRP strengthening details

C1-Control
C2-Confined

ρℓ
%
1.26
1.26

Strengthening/repairing
method
None
Confinement

AFRP per
flexural side
0.00
0.00

ρfrp
%
0.00
0.00

C5-Strengthened

1.26

64.5 mm2

0.57

C7-Repaired

1.26

Confinement+NSM-CFRP
rope
Confinement + NSM-CFRP
rope + Replacing damaged
concrete with concrete repair
mix

64.5 mm2

0.57

Label

Confinement
None
1 layer of CFRP
sheet
1 layer of CFRP
sheet
1 layer of CFRP
sheet

Table 3.2 Experimental results: values recorded during the tests
Label

C1
C2
C5
C7*

∆ at yield,
mm

Yield strength,
kN

Maximum strength,
kN

∆ at max. strength,
mm

Pull1

Push2

Avg.3

Pull1

Push2

Avg.3

Pull1

Push2

Avg.3

Pull1

Push2

Avg.3

10.50
10.85
11.08
12.51

-10.58
-10.45
-12.96
-13.99

10.54
10.65
12.02
13.25

23.37
24.13
17.71
20.00

-25.15
-24.64
-16.63
-19.00

24.26
24.39
17.17
19.50

10.87
11.19
17.33
17.53

-10.90
-10.96
-17.54
-19.09

10.89
11.08
17.44
18.31

28.72
29.06
45.95
40.67

-29.58
-30.80
-30.29
-40.22

29.15
29.93
38.12
40.44

Notes:
1
The direction of the applied load was upward (positive)
2
The direction of the applied load was downward (negative)
3
Avg. means the average of the two values
*
It was impossible to record the yield strength or yield displacement because the steel rebars were in
plastic condition (have already yielded before the test). Therefore, the yield information was based on the
authors’ best estimates from the load-displacement curves.

94

Table 3.3 Ductility based on different stability limits
Category

C1

Ductility (∆u / ∆y) based on:

Yield displacement ∆y,
mm
20% decay in lateral
strength

1

ACI limit [26]
Priestley et al. [37]
Silva et al. [38]
Barrera et al. [39]
Max. measured ∆u

(+)
(-)
(+)
(-)
(+)
(-)
(+)
(-)
(+)
(-)
(+)
(-)
(+)
(-)

23.37
-25.15
2.31
2.45
1.88
1.59
1.97
1.75
2.48
2.47
N/A1
N/A1
2.78
2.56

C2
Avg.
2.38
1.74
1.86
2.48
N/A1
2.67

24.13
-24.64
2.98
3.27
1.95
1.54
2.03
1.87
2.74
2.72
3.69
3.57
5.17
4.99

C5
Avg.
3.13
1.75
1.95
2.73
3.63
5.08

17.71
-16.63
3.39
3.07
3.27
3.13
3.39
3.37
3.95
4.39
4.52
5.59
6.88
7.89

C7
Avg
.
3.23
3.20
3.38
4.17
5.06
7.39

20.00
-19.00
2.68
2.76
2.85
2.87
2.95
3.05
3.68
4.00
4.53
4.89
6.74
5.50

Avg.
2.72
2.86
3.00
3.84
4.71
6.12

N/A means not available.

Table 3.4 Results based on idealized relationships
Label

C1-Control
C2-Confined
C5-Strengthened
C7-Repaired

Idealized yield
displacement,
mm
14.07
11.48
11.76
14.02

Idealized yield
(max) strength,
kN
9.75
9.05
11.82
12.49

Ultimate
displacement,
mm
65.00
123.50
122.00
119.00

Ductility
ratio

Stiffness,
kN/mm

4.62
10.76
10.37
8.49

0.69
0.79
1.01
0.89
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3.6

Figures

Fig. 3.1 Steel reinforcement details of the tested specimens

(a) C1-Control

(b) C2-Confined

(c) C5-Strengthened

(d) C7-Repaired

Fig. 3.2 Strengthening and repairing details of the tested columns
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(a)

(b)

(c)

Fig. 3.3 Cleaning damaged concrete

(a)

(b)

Fig. 3.4 (a) form work, and (b) casting repair mix concrete
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(b)

(a)

Repaired
concrete

Original
concrete

Fig. 3.5 (a) concrete grinding, and (b) NSM-CFRP grooves and anchoring holes

NSM-CFRP
rope coved with
Hilti 500 epoxy
Inserting
CFRP rope in
the hole using
steel stick

NSM-CFRP
rope coved with
Hilti 500 epoxy
Impregnated CFRP
rope placed in groves

Fig. 3.6 Installation of CFRP ropes
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(a)

(b)

Fig. 3.7 (a) Concrete surface coated with epoxy, and (b) Application of CFRP
confinement

Fig. 3.8 The proposed rapid repairing technique – timeline

99

Fig. 3.9 Test setup

Fig. 3.10 Loading protocol

100

Fig. 3.11 Location of strain gauges attached to CFRP ropes

Fig. 3.12 Load-displacement hysteresis curves
101

Fig. 3.13 Load-displacement envelope

102

Fig. 3.14 Moment-displacement relationships showing the stability limits
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Fig. 3.15 Idealized load-displacement curves

Fig. 3.16 Comparison of the idealized load-displacement envelopes
104

Fig. 3.17 Measured and idealized envelopes for C2-Confined (before repairing) and C7Repaired (after repairing)
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Chapter 4:

Tensile Behavior of FRP Anchors Made from CFRP Ropes Epoxy-

Bonded to Uncracked Concrete for Flexural Strengthening of RC Columns
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“Case Studies in Construction Materials.”
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4.1

Introduction

4.1.1. Background
Fiber reinforced polymer (FRP) materials have become the material of choice for
strengthening and repairing reinforced concrete (RC) structures. FRP composites have
been used successfully in strengthening RC beams [1,2], slabs [3,4], columns [5,6] beamcolumn joints [7,8], and walls [9,10]. The way of strengthening RC structures can mainly
be done by either externally bonded EB-FRP system or near-surface-mounted NSM-FRP
technique. Previous studies have reported that EB-FRP technique can effectively be used
in strengthening RC structures. However, premature FRP-to-concrete debonding failure
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that reduces the efficiency of the strengthening system has often been observed [11–14].
Therefore, researchers have developed anchorage systems to delay or prevent debonding
failure and utilize the most of the FRP materials before failure [15–18]. FRP anchors (also
called fan anchors or spike anchors) are one of the common types that have been developed
to increase the efficiency of EB-FRP system in flexural strengthening of concrete structures
[19–21]. Depending on the inclination angle and the location where they are installed, FRP
anchors can be subjected to shear and/or pullout (tensile) forces.
FRP anchors that are used with EB-FRP strengthening systems for flexural or shear
strengthening of RC beams are mostly subjected to shear forces as the angle between FRP
anchor and EB-FRP reinforcement is usually between 90º (perpendicular) and 165º [21].
On the other hand, FRP anchors used in flexural strengthening of RC columns are often
subjected to pullout forces because the angle between FRP anchors and EB-FRP
reinforcement is usually 180º [22,23]. In the case of using NSM-FRP technique in flexural
strengthening of RC columns, the NSM-FRP rods or laminates must be anchored to transfer
the load to the foundation or to the joints. To do that, NSM-FRP materials are inserted in
holes predrilled in the foundation and filled with bonding agent [24–26]. The forces acting
on the FRP materials anchored to the holes are similar to the pullout forces acting on the
180º FRP anchors described earlier. Therefore, FRP anchors subjected to pullout forces are
common whether EB-FRP or NSM-FRP systems are used in the strengthening process.
Direct pullout test is the simplest and most common way to investigate the bond properties
of FRP materials bonded to concrete [27,28].
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4.1.2. Previous pullout tests

Much research has been carried out to investigate the bond properties of FRP rods epoxybonded to concrete and subjected to pullout forces [29–32]. However, information about
the tensile properties of FRP anchors is mainly limited to the experimental tests of three
studies [33–35]. Kim and Smith [33] tested a total of 27 FRP anchors under pure tension
loading. The parameters were the embedment length (20, 40 and 60 mm), the hole (anchor)
diameter (12, 14 and 16 mm), and the amount of CFRP (width of rolled CFRP sheet = 60,
110 and 130 mm). The observed failure modes were concrete cone failure, combined
concrete cone and bond failure, FRP rupture failure, and bond failure. Concrete cone failure
was observed for all FRP anchors with 20 mm embedment. All other failure modes
mentioned earlier were observed for anchors with embedment length of 40 mm or larger.
With significant variation in the test results, it was observed that anchors with 14 mm
anchor hole diameter had higher pullout strength than those with 16 mm hole diameter.
FRP rupture failure was seen in most of the anchors with 60 mm embedment. The pullout
strength clearly increased with the increase of the embedment length. Compared to the
nominal strength of FRP stated by the manufacturer, the maximum pullout force achieved
by FRP anchors with 20, 40, and 60 mm embedment lengths were 34%, 47%, and 60%,
respectively. However, the authors stated that more tests were required to verify their
conclusions. It was claimed that the variation of the results was mainly due to the challenge
associated with the manufacturing process of FRP anchors.
Ozbakkaloglu and Saatcioglu [34] tested 81 FRP anchors under pure tension (pullout). The
parameters were the embedment length (25, 50, 75, and 100 mm), the hole diameter (12.7,
116

15.9, and 19.1 mm), concrete strength (25 and 50 MPa), and the angle of anchor inclination
(0º, 15º, 30º, and 45º). It was observed that 84% of the tested anchors failed by either cone
failure or combined cone and bond failure, 10 % failed by FRP rupture, and 6% failed by
concrete splitting. Cone failure mode was observed for all FRP anchors with 25 mm
embedment length, and the depth of the concrete cone was 25 mm as well. However, it was
found that the depth of the concrete cone reduced when the embedment length increased.
The average bond stress decreased when increasing the embedment length, suggesting that
the stress distribution along the length of the anchor was not uniform. The average bond
strength also decreased with increasing the anchor diameter. The authors related this
observation to the effects of Poisson’s ratio. Concrete strength did not have a significant
effect on the bond strength. Data from all the 81 tested anchors including those that failed
in FRP rupture revealed that the maximum achieved pullout force did not exceed 50% of
the nominal FRP strength. This was judged to be significantly related to the quality of the
manufacturing process of FRP anchors. Therefore, the authors recommended a reduction
factor of 0.33 when calculating the tensile strength of handmade FRP anchors.
For the first set of tests, Ozdemir [35] tested a total of 153 pullout specimens. However,
only 127 tests were considered because the quality of 26 tests were not as desired, and
therefore they were excluded. The study parameters were the embedment length (70, 100,
and 150 mm), the hole diameter (12, 14, and 16 mm), CFRP amount (width of pre-cut
CFRP sheet = 80, 120, and 160 mm), and concrete compressive strength (10, 16, and 20
MPa). The author stated that it was hard to make any conclusions out of the test results as
the results had no clear correlation. It was observed, though, that the optimum embedment
117

depth was 100 mm. Seventeen additional tests were carried out in the second series of the
pullout tests. All seventeen specimens were made of the same width of pre-cut CFRP sheet
(120 mm) and had a hole diameter of 20 mm. The varied parameters were the embedment
depth (50, 70, 100, 150 mm) and concrete strength (10 and 16 MPa). Ozdemir confirmed
from the second set of pullout tests that the optimum embedment length for FRP anchors
was 100 mm. However, by reviewing the row raw data published by the same author [35],
it can be observed that many of the specimens with embedment length of 150 mm achieved
higher pullout strengths than those with 100 mm embedment. In fact, the ratio of the
maximum achieved pullout force to the nominal ultimate capacity of CFRP was at its
maximum (66%) when the embedment length was 150 mm. Therefore, it appears that the
tensile behavior of CFRP anchors with deeper embedment lengths should be further
investigated.
In all previous studies [33–35], CFRP anchors were made by rolling pre-cut CFRP sheets
to form rope-like anchors. A common conclusion was that the results were scattered, and
large variation in pullout strength was observed because of the challenges associated with
the fabrication process of the anchors. Twisting and “poor alignment” of the fibers while
fabricating CFRP anchors were the main reasons of this challenge [33]. However, readymade CFRP ropes have recently become available in the market. Using CFRP ropes to
produce CFRP anchors is easier than rolling pre-cut CFRP sheets to fabricate CFRP
anchors. Since none of the previous studies used CFRP ropes as anchors, it is unsafe to
assume that the tensile behavior of CFRP anchors made of rolling pre-cut CFRP sheets is
the same as that of anchors made from CFRP ropes. Moreover, the maximum embedment
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length considered in the previous studies was 100 mm, except for Ozdemir [35] who tested
a few samples with 150 mm embedment. However, Ozdemir was not successful to obtain
useful conclusions for anchors with an embedment length larger than 100 mm. One might
argue that longer embedment may be required if FRP anchors are used in flexural
strengthening of RC columns because the anchors are installed where the maximum load
transfer occurs. However, all these studies [33–35] focused on using the anchors to delay
or prevent debonding failure for RC beams strengthened with EB-FRP composite sheets.
Kim and Smith [36] proposed a model to predict the pullout strength of FRP anchors. They
concluded that more tests are required to improve the accuracy of the model. The model
considered embedment lengths of up to 100 mm because there was no reliable data with
larger embedment lengths. A more recent theoretical model has been proposed by
Villanueva Llauradó [21]. However, for pullout strength (anchors subjected to pure
tension), Villanueva Llauradó used the same model proposed by Kim and Smith [36]
because there were no reliable experimental data other than the tests considered in the
model proposed by Kim and Smith. Finally, even though the properties of the bonding
agent (epoxy adhesive in this case) is expected to affect the tensile behavior of FRP anchors
[34], to the best of the author’s knowledge epoxy type has not been considered as a
parameter in any of the previous studies focusing on pullout strength of FRP anchors.
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4.1.3. Pullout tests – the present study

In the present study, a total of twenty-one pullout tests were carried out on CFRP anchors
made from ready-made CFRP ropes. The nominal embedment lengths were 45, 90, 135,
180, 270, and 315 mm. This study is the first to consider an embedment length larger than
150 mm. The hole diameters were 12.7, 19.1, and 25.4 mm. Since none of the previous
studies considered varying the epoxy type, two types of epoxy adhesives available in the
market were considered in this study. The results of previous tests [33–35] show that
concrete compressive strength did not have significant effects on the pullout strength of
FRP anchors, especially for anchors with deep embedment. Therefore, a nominal concrete
strength of 20 MPa was selected for all test specimens in the present study. The main aim
of this investigation was to provide additional experimental data on the tensile behavior of
FRP anchors made from CFRP ropes. In addition, the tests carried out in this study was
part of an investigation on using CFRP ropes in flexural strengthening of RC columns. As
mentioned earlier, CFRP ropes epoxy-bonded to concrete has not been tested to examine
their tensile behavior. It is expected that the results of this investigation may provide useful
information for developing and calibrating future theoretical models to predict the tensile
behavior of FRP anchors made of CFRP ropes. The available models in the literature have
been utilized to predict the pullout strengths of the teste specimens, and the results were
compared with the experimental data of this study. Finally, a modified model was proposed
to better predict the tensile strength of CFRP rope anchors.
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4.2

Materials

4.2.1. Concrete

The concrete strength was not one of the parameters considered in this study. Therefore, it
was aimed to consider one concrete strength for all test specimens. A ready-mixed concrete
of 20 MPa was ordered from a local provider. All test specimens were cast on the same
day. However, the pullout tests were conducted in different days. The time period between
the first test and the last test was 15 days. The average concrete strength at 28 days was
19.1 MPa determined based on testing three concrete cylinders (150 mm x 300 mm)
following ASTM Standards [37]. The concrete strength for each pullout specimen was also
determined by testing three concrete cylinders on the day of pullout test. The concrete
strengths for all pullout specimens will be presented later.

4.2.2. CFRP
A new form of CFRP material called “CFRP rope” was used in the present study. It is a
unidirectional carbon fiber string that comes from the manufacturer (Sika Corporation) as
a 25-meter string encased in a plastic envelope and rolled on plastic reel dispenser. One of
the advantages of using CFRP rope is that it is a flexible-multifunctional string that can be
used in different shapes and angles in structural strengthening and rehabilitation of concrete
structures. Based on the manufacturer data sheet, the dry fiber tensile strength, modulus of
elasticity, and ultimate strain are 4000 MPa, 240 GPa, and 1.67%, respectively. However,
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the rope composite tensile strength, modulus of elasticity, and ultimate strain are 2100
MPa, 230 GPa, and 0.91%, respectively. Depending on the manufacturer’s technical data
sheet, the strength of CFRP fibers (4000 MPa) was reduced significantly (48%) when
mixed with epoxy and tested as a composite material (2100 MPa).

4.2.3. Epoxy

Two types of commercially available epoxy adhesives were considered and used in this
study. One type of epoxy was a high viscosity, high strength, two-part epoxy adhesive that
was used as an anchoring resin (commercially known as Hilti 500 and referred to as epoxy
Type A in this study). As specified by the manufacturer, the tensile strength, bond strength,
and ultimate strain of the anchoring resin Type A were 43.4 MPa, 12.4 MPa, and 2.0%,
respectively. Epoxy Type A is a red epoxy usually used in practice as a chemical adhesive
for fastening steel bars/bolts into concrete. The epoxy type was one of the parameters
considered in this investigation. A low viscosity epoxy material that consisted of two parts
was used as an impregnating resin (commercially known as MasterBrace SAT 4500 and
referred to as epoxy Type B in this study). Epoxy Type B is a blue color epoxy usually
used in practice to encapsulate FRP fabrics. As specified by the manufacturer, the tensile
strength, modulus of elasticity, and the ultimate strain of the impregnating resin were 55.2
MPa, 3 GPa, and 3.5%, respectively. All CFRP anchors were impregnated with epoxy Type
B. However, specimens were anchored to the concrete by using either Type A or Type B
epoxy adhesives.
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4.3

Test specimens

4.3.1. Concrete blocks

A total of nine plain concrete blocks were fabricated in the laboratory. Concrete blocks #1,
#2, and #3 were designed for short CFRP rope anchors (embedment = 5D and 10D) and
were 200 mm (width) x 900 mm (length) x 150 mm (thickness). The letter “D” here
represents the diameter of CFRP rope, which was assumed to be 9 mm. For longer CFRP
anchors (15D and 20D), the dimensions of the concrete blocks (blocks #4 and #5) were
400 mm (width) x 800 mm (length) x 250 mm (thickness). For the longest CFRP anchors
(20D, 30D, and 35D), the dimensions of the concrete blocks (blocks #6 through #9) were
600 mm (width) x 600 mm (length) x 400 mm (thickness). The compressive strengths for
all concrete blocks on the day of testing are listed in Table 4.1.

4.3.2. Steel grippers

One of the challenges with FRP composite materials is the fact that they are extremely
weak in the transverse direction. This fact makes it a challenge to hold FRP materials
during pullout or tensile tests. In this study, the anchoring technique proposed by Saeed
and Rad [38,39] were modified and used to hold one of the ends of CFRP ropes during the
pullout tests. The gripping technique consisted of a steel tube continuously threaded from
the outside and smooth from the inside. In the present study, the inside smooth surface of
the tube was roughened slightly by a hand threading tap to increase the friction between
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the bonding agent and the steel surface (Fig. 4.1a). From the outside, a hex nut was placed
and fixed at one of the tube ends. As shown in Fig. 4.1 (a), the outside surface of the nut
was also roughened slightly using a steel grinding tool. The edges at the end of the steel
tube, where the nut was attached, was curved to minimize stress concentration when the
fibers of CFRP rope bend over it. The length of the steel tube ranged between 65 mm to
125 mm depending on the anticipated maximum force and the dimensional requirements
of the test setup. CFRP rope was cut by special scissors to the desired lengths (Fig. 4.1b).
The steel tube was held vertically on a wood frame as shown in Fig. 4.1 (c), and the lower
opening was closed by a duct tape to prevent epoxy from spalling out. The steel tube was
then filled with epoxy. After being impregnated, CFRP rope was inserted inside the steel
tube from top to bottom (Fig. 4.1c). The extra length of CFRP fibers on the top were
separated like a fan and bent 180º to be attached to the outside surface of the nut as shown
in Fig. 4.1 (d). The other end (bottom end) of CFRP rope was embedded into the concrete
as described in the following section. The samples were left undisturbed for at least 48
hours.

4.3.3. CFRP anchor installation

The procedure started with drilling holes in the concrete blocks using a commercially
available concrete drill (Fig. 4.2a). New drill pits were used to avoid local cracks and
damages to the concrete specimens. The holes were cleaned using compressed air and steel
brush, then filled with epoxy. As described in the previous section, each steel tube was
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placed vertically on a wood frame and centered on top of a hole that was already cleaned
and filled with epoxy (Fig. 4.2b). CFRP rope was then inserted vertically from the top all
the way through the steel tube to the concrete surface. The bottom end of CFRP rope was
tied with a plastic zipper and pushed to the bottom of the hole by a steel rod. Since the
holes were filled with epoxy before inserting the ropes, extra epoxy spilled out of the holes.
The extra epoxy was leveled, and special efforts were made to make the fibers of the CFRP
rope straight with good alignment (Fig. 4.2c). An example of cured CFRP anchors ready
for pullout test is shown in Fig. 4.2 (d).

4.3.4. Specimen designation and test matrix
Specimens’ labels were associated with the assumed diameter of CFRP rope. Because
impregnated CFRP rope does not have a clear diameter, the diameter was assumed to be 9
mm based on the authors’ best estimation. The letter “D” in a specimen label refers to the
diameter of the rope. Epoxy type was also considered in naming the specimens. Specimens
starting with the letter “A” mean that epoxy Type A was used as the anchoring resin, and
specimens starting with the letter “B” indicate that epoxy Type B was used. For example,
A-5D-1.5D refers to a specimen with epoxy Type A, nominal embedment length of 5D (5
x 9 = 45 mm), and a nominal hole diameter of 1.5D (1.5 x 9 = 13.5 mm). It should be noted
that the hole diameters in this study were selected based on the most available sizes of
drilling bits in the United States (12.7, 19.1, and 25.4 mm). Table 4.1 provides a list of
pullout test specimens. Specimens’ labels, concrete strength, epoxy type, embedment
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length, and hole diameter are listed in Table 4.1. Two specimens (A-5D-2D-R and A-20D2D-R) had the letter “R” at the end meaning that these specimens were repeated because
similar previous specimens (A-5D-2D and A-20D-2D) failed in concrete splitting.

4.3.5. Test setup and instrumentations

Fig. 4.3 shows the test setup and instrumentation. The head of the anchor was hooked as
shown in the figure and pulled up using an all-thread high-strength steel rod and a hydraulic
ram. The strain in the CFRP rope was measured by a strain gauge attached to the free length
of the rope as shown in Fig. 4.3. Two linear variable differential transformers (LVDTs)
were used to measure the slippage between CFRP rope and concrete. The load was
measured using a hollow strain-gauge based load cell. The all-thread steel rod went through
the load cell and the hydraulic ram, and it was locked by a nut on top of the ram. The load
cell, strain gauge, and the two LVDTs were all connected to a data logging system that
measured the applied load, CFRP strain, and displacements at a rate of 20 readings per
second. The loading rate was based on the recommendations of ACI [27] and ASTM [40].
ACI recommends that the loading rate should not be more than 20 kN/min. ASTM suggests
that the test should be done between one and three minutes. In this study, the anticipated
maximum anchor capacity was divided by 2 and was applied in one minute, aiming to
finish the test within two minutes. The loading rate used in this study fulfilled both above
guidelines.
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4.4

Experimental results and discussions

Table 4.1 shows the pullout load capacities for all tested specimens. The pullout strengths
ranged from about 12 kN for shallow embedment to 76 kN for deep embedment of CFRP
anchors. The largest pullout load (76 kN) achieved in this study is the maximum pullout
strength among all data reported in the literature so far. The largest load recorded for CFRP
anchors tested by Ozbakkaloglu and Saatcioglu [34] was 61 kN. In the present study,
although the results were scattered similar to most previous studies [33–35], the effects of
embedment length, hole diameter, and epoxy type on the pullout capacity of CFRP anchors
are discussed in the following sections. Discussion about the observed failure modes is also
provided. First, the results of this investigation are presented. Then, data from previous
tests on comparable CFRP anchors [33–35] are included in the discussion.

4.4.1. Effect of embedment length

It has been reported in the literature that higher pullout capacity is expected for longer
embedment length whether the FRP is in a form of bars [29–31] or anchors made of rolling
pre-cut CFRP sheets [33–35]. However, no reliable tests are available for FRP anchors
with embedment length larger than 100 mm. Fig. 4.4 (a) shows the relationship between
the embedment length and pullout capacity of CFRP rope anchors, and Fig. 4.4 (b) shows
the relationship between the pullout capacity of CFRP rope anchor and the embedment
length/hole diameter. The results of the present study confirm that pullout strength
increases with the increase of the embedment length. Considering the trend of the results
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presented in Fig. 4.4 (a), this observation is generally true for all anchors with embedment
lengths up to 270 mm. One specimen (A-35D-2D) was tested with 315 mm embedment,
and it achieved lower pullout strength than anchors with 270 mm embedment. In addition,
the pullout strength of anchors with 180 mm was slightly lower than that of 270-mm
anchors. Therefore, it can be stated that the optimum embedment length for CFRP rope
anchor lays between 180 mm and 270 mm. Ozdemir [35] concluded that the optimum
embedment length for CFRP anchors was 100 mm. However, all Ozdemir’s specimens
with 150-mm embedment failed by CFRP rupture, which means that the CFRP amount
used in fabricating the anchors was not adequate. If more CFRP amount had been used,
anchors with 150-mm embedment potentially could have achieved higher pullout loads
than those with 100-mm embedment. The results of the present study confirm that anchors
longer than 100-mm embedment achieved higher pullout strength.
Fig. 4.4 (b) shows that the pullout strength increases with increasing the embedment/ hole
diameter ratio. The maximum achieved pullout strengths were for CFRP rope anchors with
embedment/ hole diameter between 9.5 and 14.5. Fig. 4.5 compares the results of the
present study to the data available in the literature. It can be observed that information
about CFRP anchors longer than 100 mm relies solely on the tests performed in the present
study. Although more tests are required to have statistically meaningful data, the increase
of the pullout strength with increasing embedment length can be clearly observed. Fig. 4.6
(a) shows the average bond stress vs. embedment length. The average bond stress was
calculated by dividing the maximum achieved pullout force (kN) by the bonded area of
CFRP rope anchor. As shown in Fig. 4.6 (a), it can be observed that the average bond stress
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decreased with the increase in embedment length, Moreover, for the same embedment
length, smaller anchor hole diameters achieved higher bond strength than larger diameters.
Fig. 4.6 (b) compares the results of this study with the average bond stresses achieved by
other investigators in previous tests. Although the data points are scattered, it can be noted
that generally the bond stress decreases as embedment length increases. This observation
stands against the simplifying assumption that the bond stress is evenly distributed along
the length of the anchor.

4.4.2. Effect of anchor hole diameter

The effects of anchor hole diameter on pullout load and average bond stress are presented
in Fig. 4.7 and Fig. 4.8, respectively. The relationship between pullout load (kN) and
anchor hole diameter is shown in Fig. 4.7 (a). It can be observed that hole diameter does
not have a significant effect on the pullout strength of CFRP rope anchors. For a constant
embedment length (45mm or 90 mm), changing hole diameter from 12.7 mm to 25.4 mm
did not increase the pullout load more than 5%. The pullout load decreased 1% when the
hole diameter increased from 12.7 mm to 19.1 mm for anchors with 135-mm embedment.
On the other hand, the pullout load increased by 9% when the anchor hole diameter
increased from 19.1 mm to 25.4 mm for anchors with embedment length of 270 mm. Based
on the limited range of tested specimens and observed results, the effect of hole diameter
on the pullout strength of CFRP rope anchor does not appear to be significant. By
considering more data from previous tests [33–35], as shown in Fig. 4.7 (b), no clear pattern
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of behavior can be observed about the effect of anchor hole diameter on the pullout load.
However, the maximum pullout load was achieved when the hole diameter was 19.1 mm
for all embedment lengths ranged between 25 mm and 100 mm. Depending on the data of
previous results (Fig. 4.7b; embedment is equal to or less than 100 mm), a hole diameter
of 19.1 mm (2D) might be the optimum hole diameter for CFRP anchors. However, Fig.
4.7 (a) shows that this observation is not necessarily true, especially for embedment larger
than 100 mm.
Fig. 4.8 shows that the average bond stress decreases with the increase of anchor hole
diameter. This observation can be made based on the results of this study (Fig. 4.8a) and
based on the results of previous tests [33–35] (Fig. 4.8b). For all embedment lengths
considered in Fig. 4.8 (a) (45 mm to 270 mm), the maximum bond stress was achieved
when the hole diameter was 12.7 mm, which was the smallest diameter considered in this
study. Fig. 4.8 (b) also shows that smaller anchor hole diameters achieved higher bond
stresses than larger diameters. Ozbakkaloglu and Saatcioglu

[34] explained this

phenomenon by the effect of CFRP Poisson’s ratio. Anchors with larger hole diameter
experience larger lateral deformation when subjected to pullout load, and therefore larger
diameters would have less confinement and less frictional resistance between CFRP anchor
and surrounding concrete. In addition, previous studies on pullout strength of FRP bars
bonded to concrete with chemical epoxy have recommended an optimum ratio of hole
diameter to bar diameter of 1.5 [30]. In the present study, anchor hole diameter of 12.7 mm
is approximately 1.5 time the diameter of CFRP ropes.
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4.4.3. Effect of epoxy type

The effect of epoxy type on the pullout strength of CFRP anchors has not been investigated
before. In this study, a total of twelve specimens can be used to compare the influence of
two different types of epoxy on the tensile behavior of CFRP rope anchors. All twelve
specimens had the same embedment length, same hole diameter, and same amount of
CFRP. Two commercially available epoxy types were compared. As described in section
2.3, epoxy referred to as Type A is commercially known as Hilti 500, and epoxy referred
to as Type B is known as MasterBrace SAT 4500. Fig. 4.9 shows that CFRP anchors
constructed with epoxy Type A achieved higher pullout strengths than those with epoxy
Type B, except specimens with 45-mm embedment and 12.7-mm anchor holes (A-5D-1.5d
vs. B-5D-1.5D). The tensile strength of CFRP rope anchors using epoxy Type A was at
least 9% and at most 29% higher when using epoxy Type B. Based on this observation, the
rest of the specimens were constructed with epoxy Type A.

4.4.4. Failure modes

Five main failure modes were observed in this study: concrete cone failure (CC), combined
cone-bond failure (CB), CFRP-to-epoxy bond failure (BF), concrete splitting (SF), and
CFRP rupture failure (RF). In addition, CFRP rope slipped from the steel gripper for two
specimens (A-20D-2D-R and A-30D-2D). This failure mode is called gripper failure (GF)
in this study. The observed failure modes are listed in Table 4.1. Concrete cone failure
mode was observed in most specimens with 45-mm embedment (Fig. 4.10a). This is similar
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to results reported in previous studies [33]. The cone depth was equal to the embedment
length. Only one specimen (A-5D-2D) of 45-mm embedment failed in concrete splitting,
therefore the test was repeated (A-5D-2D-R). Another specimen (B-5D-2D) failed in
combined cone and bond failure. All specimens with embedment of 90-mm and 135mm
failed in combined cone and bond failure (Fig. 4.10b). The cone depth was smaller than
that of 45-mm anchors. It is interesting to note that the relationship between embedment
length and failure modes observed in this study was similar to the failure modes observed
in testing metal anchors [41].
Unfortunately, two of the 180-mm anchors (A-20D-2D and A-20D-2.8D) failed by
concrete splitting (Fig. 4.10c). Concrete splitting failure indicated that the concrete block
was too small to resist the pullout force. The results of these two specimens were excluded
from the analysis. Bond failure (Fig. 4.10d) was observed by only one specimen (A-30D2.8D), which had an embedment of 270 mm. The bond failure was between CFRP rope
and epoxy. This type of failure is new and was not observed in any of the previous studies.
Gripper failure (GF) was observed in specimens A-20D-2D-R and A-30D-2D (Fig. 4.10e).
The failure was caused by low construction quality of the steel grippers for these two
specimens. Finally, one specimen only (A-35D-2D) failed in FRP rupture (Fig. 4.10f).
Although A-35D-2D reached CFRP rupture, the maximum pullout load was 13% lower
than the maximum pullout strength achieved by A-30D-2.8D, which failed by CFRP-toepoxy bond failure (BF). This indicates that the CFRP fibers in A-35D-2D were not aligned
well. The issue of fiber misalignment was also observed by previous investigations [33–
35].
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Fig. 4.11 shows the relationship between the maximum pullout load and embedment length
characterized by failure modes based on the present and previous studies [33–35]. It can
be observed from Fig. 4.11(a) and (b) that for anchor embedment between 40 mm and 50
mm the failure mode changed from concrete cone failure (CC) to combined cone and bond
failure (CB). However, no clear observation could be made about the rupture failure (RF).
The main reason for specimens that failed by CFRP rupture in previous studies was due to
inadequate amount of CFRP used to make the anchors. If larger amount of CFRP had been
used, the rupture failure could have been avoided. In the present study CFRP rupture did
not occur for anchors with embedment less than 318 mm because the amount of CFRP was
large enough to prevent the rupture of the ropes. This observation is in agreement with
previous studies [33, 36].

4.4.5. Load-displacement relationships

Fig. 4.12 shows typical load-displacement relationships for some of the tested specimens.
Two small LVDTs were attached to the CFRP rope and concrete surface to measure the
displacement, as shown in Fig. 4.3. Because of the test setup and the nature of the CFRP
rope anchor, it was difficult to distinguish between the slippage and concrete displacement.
Therefore, the displacement in Fig. 4.12 is the total displacement including slippage, if
occurred. It was not expected to see any significant slippage for short anchors (45-mm
embedment), most of which failed in concrete cone failure mode. Longer anchors may have
experienced some slippage, but slippage was not measured separately. Only one specimen
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(A-30D-2.8D) in this study failed mainly by slippage that occurred between CFRP rope
and epoxy. A-30D-2.8D had 270-mm embedment and 25.4-mm hole diameter. The loaddisplacement response of A-30D-2.8D is labeled in Fig. 4.12 as “270 mm” or “slip-270
mm.” The reason the response of this specimen was divided into two stages in Fig. 4.12
was because it was the only specimen to show a ductile post-peak response. Slippage was
the main reason for the post-peak ductile response of A-30D-2.8D. All other specimens
failed in a brittle manner as shown in Fig. 4.12.

4.4.6. Bond strength

It can be observed in Fig. 4.6 and Fig. 4.8 that the average bond stress decreases with the
increase of embedment length and hole diameter. The average bond stress for all eighteen
specimens tested in this study (excluding specimens with concrete splitting failure mode)
was 5.8 MPa. By considering a total of 76 pullout tests on CFRP anchors analyzed by Kim
and Smith [33], the average bond stress was 8.8 MPa. There are no guidelines specifying
what to assume as the average bond stress for CFRP anchors. ACI 440 [42] recommends
that 6.9 MPa can be assumed as the average bond stress for NSM-FRP bars. However, that
assumption was based on tests conducted on FRP bars; not FRP anchors or ropes. Because
no data were available on the tensile behavior of CFRP rope anchors, Kaya et al. [43],
which is the only study in the literature that used CFRP rope in strengthening flexural
members, proposed that an average bond stress of 5 MPa could “conservatively” be
assumed for CFRP ropes chemically bonded to concrete. Based on the test results of the
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present study and previous studies [33–35], as shown in Fig. 4.6b, an average bond stress
lower than that suggested by ACI 440 (6.9 MPa) should be recommended for FRP anchors.
The average bond stress should be reduced even more for FRP anchors with deep
embedment (larger than 100 mm).

4.5

Available theoretical models

In this section, the results of the pullout tests were compared with existing theoretical
models. The only available model up to date is the one proposed by Kim and Smith [36].
The model was developed based on the pullout tests conducted on FRP anchors by three
experimental studies [33–35]. All data gathered to create the model [36] were based on
CFRP anchors made from rolling pre-cut CFRP sheets. The pullout strength of CFRP
anchors were predicted based on three main failure modes, namely concrete cone failure,
combined cone-bond failure, and CFRP rupture. Table 4.2 presents the equations used to
calculate the pullout strength of CFRP anchors based on the failure modes. In the following
sections, the equations available for each failure mode are discussed. Then, the equations
presented in Table 4.2 are used to predict the pullout strength of the specimens tested in
the present study.
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4.5.1. Concrete cone failure model (NCC)

This type of failure commonly occurs in anchors with shallow embedment. The pullout
capacity in this type of failure mode depends mostly on concrete tensile strength. The
embedment length at which FRP anchor fails due to concrete cone failure varies and affects
by the mechanical properties of the concrete. Ozdemir [35] used Eq. 1 to calculate concrete
cone capacity of FRP anchors. The equation was originally developed by ACI 349-85 [44]
for metallic anchors. Concrete cone pullout capacity in Eq. 1 is determined by multiplying
concrete tensile strength (0.33 √𝑓𝑐′ ) by the projected area of the failure cone assuming an
angle of 45º [𝜋ℎ(𝑑 + ℎ)]. Ozdemir [35] assumed that all FRP anchors with embedment (h)
less than 50 mm fail by concrete cone failure mode (CC), as shown in Eq. 1. Ozbakkaloglu
and Saatcioglu [34] stated that ACI equation of concrete tensile strength, 0.33√𝑓𝑐′ ,
underestimate the actual tensile strength, so they modified Eq. 1 by replacing the tensile
strength of concrete, 0.33√𝑓𝑐′ , with experimentally-recorded tensile strengths, (𝑓𝑐𝑡′ )𝑒𝑥𝑝 .
Kim and Smith [36] used the concrete capacity design (CCD) approach proposed by Fuchs
et al. [45] to calculate the concrete breakout strength, or concrete cone capacity of FRP
anchors. Eq. 3 assumes that the angle of failure cone is about 35º. For metallic anchors, the
value of the α is recommended to be 13.5 [45]. Kim and Smith [36] analyzed the
experimental data of FRP anchors [33–35] and recommended to use a value of 9.68 for α.
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4.5.2. Combined concrete cone-bond failure mode (NCC + NCB)

Combined concrete cone-bond failure mode is a combination of concrete cone strength
(NCC) and anchor bond strength (NCB). Cook et al. [46] proposed an approach to determine
the pullout capacity of metallic adhesive anchors by adding concrete cone capacity to
anchor bond capacity (NU = NCC +NCB). Ozdemir [35] used the same approach proposed
by Cook et al. [46] but assumed that cone depth (hc) is always equal to 50 mm, as shown
in Eq. 4 (Table 4.2). In Eq. 4, the average bond strength (𝜏𝑎𝑣𝑒 ) was assumed to be 9.0, 7.2,
and 4.5 MPa for concrete strengths of 20, 16, and 10 MPa, respectively. On the other hand,
Ozbakkaloglu and Saatcioglu [34] determined the cone depths (hc) and bond depths (hb =
h - hc) experimentally for each specimen and used them to develop a relationship between
embedment length, hole diameter and bond strength (Fb). The average bond strength
(𝜏𝑏𝑜𝑛𝑑 , MPa) used in Eq. 5 is calculated by dividing the bond strength (Fb, kN) by the
contact area along the bond depth (h - hc).
Kim and Smith [36] stated that it was difficult to accurately predict of the concrete cone
depth. Ozdemir [35] assumed that the cone depth was constant, equal to 50 mm.
Ozbakkaloglu and Saatcioglu [34] used the observed cone depths without providing an
expression for calculating the cone depth. In addition, the contribution of the concrete cone
resistance to the pullout strength was found to be minimal for metallic anchors [47]. Kim
and Smith [36] found that the best model to efficiently predict the pullout strength of FRP
anchors was by assuming an average bond stress (𝜏𝑎𝑣𝑒 ) acting along the total embedment
length. Based on the analysis conducted on available FRP pullout tests [33–35], Kim and
Smith [36] proposed an equation (Eq. 6) to predict the combined concrete cone-bond
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failure capacity without the need to know the depth of the concrete cone. The average bond
strength (𝜏𝑎𝑣𝑒 ) could be taken as 4.62 MPa for concrete strength less than 20 MPa, and it
could be taken as 9.07 MPa for concrete strength equal or higher than 20 MPa. It should
be noted, however, that the large difference between the two values of the assumed bond
strength significantly affect the results. Therefore, it is probably not straightforward to
choose one of the values for bond strength (4.62 or 9.07 MPa) to predict the tensile capacity
of FRP anchors with a concrete strength close to 20 MPa.

4.5.3. Rupture failure (NRF)

This type of failure occurs when the tensile capacity of FRP anchor is less than the bond
strength between FRP anchor and concrete. The available experimental pullout tests were
conducted on handmade CFRP anchors made by rolling pre-cut CFRP sheets. According
to previous test results [33–35], misalignment and consequently uneven distribution in the
axial strain across the cross-section of the anchor resulted in low tensile capacity of CFRP
anchors compared to the theoretical tensile strength of CFRP materials used to fabricate
the anchors. The maximum achieved tensile strength of CFRP anchors were 61%, 56%,
and 60% compared to the theoretical tensile strength of CFRP materials based on Ozdemir
[35], Ozbakkaloglu and Saatcioglu [34], and, Kim and Smith [33], respectively. Although
Ozdemir did not consider any reduction for anchor rupture failure (Eq. 7), Ozbakkaloglu
and Saatcioglu recommended to divide the tensile strength of FRP anchors by 3 to account
for rupture failure (Eq. 8). The design model proposed by Kim and Smith [36] reduced the
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tensile capacity of FRP anchors to 59% (Eq. 9). It should be noted that the tensile strength
(fFRP ) in Eq. 9 is not the theoretical tensile strength reported by the manufacturer, but it is
the tensile strength of experimentally tested flat coupons of FRP materials. The study by
Kim and Smith [33] is the only one that tested equivalent flat coupons for FRP anchors. It
was reported that the tensile strength of flat coupons was 72% of the theoretical tensile
strength of FRP reported by the manufacturer. Therefore, the rupture failure occurs at 42%
(59% x 72% = 42%) of the theoretical tensile strength of FRP based on the design model
proposed by Kim and Smith [36].

4.5.4. Predicted pullout strengths of tested specimens

In general, the minimum force resulting from the above three failure modes is considered
as the predicted tensile strength of FRP anchors. As mentioned before, the models
presented in Table 4.2 were based on CFRP anchors made from pre-cut CFRP sheets. In
the present study, these models were used because none of the previous studies have
included tests or investigation on CFRP anchors made from CFRP ropes. Table 4.3
compares the experimental results with the predicted tensile strengths as well as the
predicted failure modes. It should be noted that CFRP anchors with embedment deeper
than 100 mm were not considered in the previous models presented in Table 4.3. All three
models underestimated the pullout strength of specimens with 45-mm embedment, except
for one specimen (B-5D-2.8D) . This is mainly because the failure mode for most
specimens with 45-mm embedment was concrete cone failure. For longer embedment
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lengths, Ozdemir [35] overestimated the pullout strength for almost all specimens with
embedment length larger than 45 mm (Fig. 4.13 a). This was expected since Ozdemir (1)
did not reduce the rupture strength of CFRP and (2) used a high bond strength (9.0 MPa)
regardless of the hole diameter and embedment length. Ozbakkaloglu and Saatcioglu [34]
overestimated the strength of all specimens with 90-mm embedment. However, it seems
that the recommended rupture strength (0.33 fFRP ) was very conservative. The pullout
strength resulted from this method [34] did not exceed one-third of the theoretical strength
of CFRP rope (44.7 kN), as shown in Fig. 4.13 (b). The model proposed by Kim and Smith
[36] overestimated the tensile strength of CFRP rope anchors, but it was the best out of the
three models used in this study as shown in Fig. 4.13 (c). This could be attributed to the
assumed average bond strength suggested by Kim and Smith. The model suggested to use
either an average bond strength of 9.07 MPa for concrete strengths equal or higher than 20
MPa or 4.62 MPa for concrete strengths less than 20 MPa. In this study, an average bond
strength of 9.07 was used, and it seemed to be more than the actual bond strength of the
tested specimens. In summary, none of the models used in this study had a consistently
good agreement with the experimental results, therefore a modified or new model for CFRP
ropes epoxy-bonded to uncracked concrete is needed.

4.5.5. Modified model proposed for CFRP rope anchors

The modified model proposed in the current study for CFRP rope anchors is basically the
same as the model proposed by Kim and Smith [36] with some modifications. The equation
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used for concrete cone strength (Eq. 3) was found to be reasonable. However, the
modifications were mostly related to the reduction factor used for FRP rupture strength and
the average bond strength (𝜏𝑎𝑣𝑒 ) used for combined concrete cone-bond failure. The
reduction factor of 0.59 used in Eq. 9 was proposed based on the tensile strength of CFRP
flat coupons determined by Kim and Smith [33]. It is more reasonable to use the theoretical
tensile strength of CFRP (FFRP) instead of the tensile strength of flat coupons (fFRP), which
were based on limited tests conducted on handmade CFRP anchors. In order to use the
theoretical tensile strength of CFRP (FFRP) in Eq. 9, the factor of 0.59 must be reduced. In
the present study, only one specimen failed due to CFRP rupture after achieving 49% of
the theoretical tensile strength of CFRP rope. Therefore, it is recommended to reduce the
factor of 0.59 in Eq. 9 to 0.49 and replace fFRP with FFRP since values for fFRP are not always
available. Although this suggestion is based on very limited data, it is safer to reduce the
rupture failure of CFRP rope anchors until more data becomes available.
Moreover, Kim and Smith [36] suggested to use the same value of bond strength for
different hole diameters and embedment lengths. However, it was observed from tests in
the present study as well as previous tests on CFRP anchors [33,34] that the average bond
strength decreases with the increase of hole diameter and embedment length. In addition,
the model presented by Kim and Smith [36] allows the user to choose either an average
bond strength of 9.07 MPa or 4.62 MPa based on concrete compressive strength. Choosing
a reliable value is crucial as the difference between the two values is significant. Although
embedment length and hole dimeter have been proven in the past to affect the bond
strength, a reliable expression to predict the bond strength has not been proposed yet. Test
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results of the present study showed that the bond strength was influenced by epoxy type as
well. In the modified model proposed in this study for CFRP rope anchors, a multiple linear
regression analysis was performed to quantify the influence of each parameter on the
average bond strength. The parameters were the embedment length, hole diameter, and
epoxy type. The regression analyses showed that the bond strength of CFRP rope anchors
can be expressed using the following equation:

𝐴𝑣𝑔. 𝑏𝑜𝑛𝑑 𝑠𝑡𝑟𝑒𝑠𝑠, 𝜏𝑎𝑣𝑒 = 14.056 + 𝛼𝐿𝑏 + 𝛽𝑑 + 𝛾

−1

(Eq. 10)

−1

where 𝛼 = (96.644), 𝛽 = (3.274), 𝛾 = −0.897 for epoxy Type A and 𝛾 = −1.795 for
epoxy Type B. The regression analysis was performed to gain a better estimation of the
average bond strength proposed by Kim and Smith [36]. It showed that the influence of the
epoxy type was statistically not significant. However, including the influence of epoxy type
as one of the independent variables (x-axis) better explained the dependent variable (yaxis), which was the average bond strength, and improved the model.

Table 4.4 summarizes the results of the proposed model and shows the steps of calculating
the pullout strength of CFRP rope anchors. Comparison between the predicted strength and
the experimental results are presented in the table as well. Fig. 4.14 (a) shows that the
predicted values have a good agreement with the experimental results of the present study.
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The results of the modified model proposed in this study (Fig. 4.14 a) have a better
agreement with the experimental results than the predicted values using all previous models
(Fig. 4.13). In addition, the results of the proposed model showed a good agreement with
the test results of previous studies [33–35], as shown in Fig. 4.14 (b). Based on the limited
data available currently in the literature, more tests are required to develop a more reliable
mode for CFRP rope anchors.

4.6

Conclusions

The following conclusions can be drawn based on the test results reported in this study,
published by Saeed et al. [48]:
•

CFRP ropes can be used to fabricate FRP anchors without having to cut and roll
CFRP sheets to make the anchors.

•

Based on the limited tests conducted in this study, the increase of pullout strength
with increasing the embedment length continued until an embedment of 270 mm.
However, the increase of strength between an embedment of 180 mm and 270 mm
was not significant. Therefore, the optimum embedment length to maximize the
pullout strength of CFRP rope anchor appears to be between 180 mm and 270 mm.

•

Test results from the present study and previous studies on FRP anchors showed
that there is no clear relationship between anchor hole diameter and pullout
strength.
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•

The average bond strength decreased with the increase of anchor hole diameter and
embedment length.

•

For CFRP rope anchors, resin close to the properties of epoxy Type A is
recommended.

•

The available models used to predict the tensile strength of CFRP anchors did not
show good agreement with the test results of this study.

•

It is recommended to use the modified model for CFRP rope anchors proposed in
this study until a more reliable model becomes available.
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4.7

Tables

Table 4.1 Specimen details and experimental results
Specimen

Concrete
block

Concrete
strength2,
MPa

Epoxy
type3

Nominal
embedment
, mm

Measured
embedment
, mm

Hole
diamete
r, mm

Max.
pullout
, kN

Failure
mode4

A-5D-1.5D
B-5D-1.5D
A-5D-2D
A-5D-2D-R1
B-5D-2D
A-5D-2.8D
B-5D-2.8D
A-10D-1.5D
B-10D-1.5D
A-10D-2D
B-10D-2D
A-10D-2.8D
B-10D-2.8D
A-15D-1.5D
A-15D-2D
A-20D-2D
A-20D-2D-R1
A-20D-2.8D
A-30D-2.8D
A-30D-2D
A-35D-2D

Block#1
Block#1
Block#1
Block#2
Block#1
Block#3
Block#3
Block#1
Block#2
Block#2
Block#2
Block#3
Block#3
Block#5
Block#4
Block#4
Block#6
Block#5
Block#9
Block#7
Block#8

22.4
22.4
22.4
22.1
22.4
22.1
22.1
22.4
22.1
22.1
22.1
22.1
22.1
22.6
22.6
22.6
21.9
22.6
21.9
21.9
21.9

A
B
A
A
B
A
B
A
B
A
B
A
B
A
A
A
A
A
A
A
A

45
45
45
45
45
45
45
90
90
90
90
90
90
135
135
180
180
180
270
270
315

46
47
45
45
43
48
46
93
92
90
91
92
93
136
134
180
182
183
269
270
318

12.70
12.70
19.10
19.10
19.10
25.40
25.40
12.70
12.70
19.10
19.10
25.40
25.40
12.70
19.10
19.10
19.10
25.40
25.40
19.10
19.10

15.70
17.97
11.92
20.46
16.64
20.19
15.70
25.67
23.44
26.11
24.15
27.58
23.98
51.02
50.75
46.35
67.52
48.57
76.11
69.93
66.01

CC
CC
SF
CC
CB
CC
CC
CB
CB
CB
CB
CB
CB
CB
CB
SF
GF
SF
BF
GF
RF

1 The letter “R” means that this specimen was a repeated specimen.
2 Based on the average of testing three concrete cylinders on the day of testing
3 Epoxy Type A is Hilti 500 and Epoxy Type B is MasterBrace SAT 4500.
4 Failure modes; concrete cone failure (CC), combined concrete cone-bond failure (CB), CFRP-to-epoxy
bond failure (BF), concrete splitting (SF), CFRP rupture failure (RF), and gripper failure (GF).
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Table 4.2 Available equations to predict the pullout strength of CFRP anchors

Equation
Eq. 1
Eq. 2
Eq. 3

Eq. 4
Eq. 5
Eq. 6

Eq. 7
Eq. 8
Eq. 9

Concrete cone failure (CC)
Reference
NCC
′
Ozdemir [35]
0.33√fc h(d + h)π
′
(fct
)exp h(d + h)π
Ozbakkaloglu and Saatcioglu [34]
Kim and Smith [36]
α h1.5 √fc′
Combined cone-bond failure (CB)
NCC + NCB
′
0.33√fc 50(d + 50)π + τave πd(h
Ozdemir [35]
− 50)
′
(fct
)exp h𝑐 (d + h𝑐 )π + τbond πd(h
Ozbakkaloglu and Saatcioglu [34]
− hc )
Kim and Smith [36]
𝜏𝑎𝑣𝑒 πdh
Rupture failure (RF)
NRF
Ozdemir [35]
wFRP t FRP 𝐹FRP
Ozbakkaloglu and Saatcioglu [34]
0.33 wFRP t FRP 𝐹FRP
Kim & Smith [36]
0.59 wFRP t FRP fFRP

Condition
h < 50mm

Condition
h > 50

Note: NCC = concrete cone tensile capacity; NCB = combined cone-bond tensile capacity; NRF = FRP rupture
capacity; h = embedment length; hc = concrete cone failure depth; d = anchor hole diameter; τave =
average bond stress along the length of the embedment (h); τbond = average bond stress along the bond
′
length (ℎ𝑏 = h − hc ); (fct
)exp = splitting tensile strength at 28 days based on test results; α = coefficient

for calculating concrete breakout strength based on CCD approach [45] (modified by Kim and Smith [36]);
wFRP = width of FRP sheet used to fabricate FRP anchors; t FRP = thickness of FRP sheet used to fabricate
FRP anchors; 𝐹FRP = maximum theoretical tensile strength of FRP, and fFRP = tensile rupture strength of
tested FRP flat coupons.

146

Table 4.3 Experimental vs. predicted pullout strength of CFRP rope anchors

Specimen
A-5D-1.5D
B-5D-1.5D
A-5D-2D
A-5D-2D-R
B-5D-2D
A-5D-2.8D
B-5D-2.8D
A-10D-1.5D
B-10D-1.5D
A-10D-2D
B-10D-2D
A-10D-2.8D
B-10D-2.8D
A-15D-1.5D
A-15D-2D
A-20D-2D
A-20D-2D-R
A-20D-2.8D
A-30D-2.8D
A-30D-2D
A-35D-2D

Embedment
length, mm
46
47
45
45
43
48
46
93
92
90
91
92
93
136
134
180
182
183
269
270
318

Nu-EXP,
kN
15.70
17.97
11.92
20.46
16.64
20.19
15.70
25.67
23.44
26.11
24.15
27.58
23.98
51.02
50.75
46.35
67.52
48.57
76.11
69.93
66.01

Failure
mode
CC
CC
SF
CC
CB
CC
CC
CB
CB
CB
CB
CB
CB
CB
CB
SF
GF
SF
BF
GF
RF

Ozdemir
Nu,
kN
13.25
13.77
14.16
14.06
13.11
17.18
16.01
30.83
30.37
38.46
39.00
48.56
49.27
46.35
62.42
87.27
88.08
114.14
135.45
135.45

Failure
mode
CC
CC
CC
CC
CC
CC
CC
CB
CB
CB
CB
CB
CB
CB
CB
CB
CB
CB
RF
RF

135.45

RF

Ozbakkaloglu
and Saatcioglu
Nu,
Failure
kN
mode
13.25
CC
13.77
CC
14.16
CC
14.06
CC
14.64
CB
17.18
CC
16.01
CC
37.43
CB
37.30
CB
44.70
RF
44.70
RF
44.70
RF
44.70
RF
44.70
RF
44.70
RF
44.70
RF
44.70
RF
44.70
RF
44.70
RF
44.70
RF
RF
44.70

Kim & Smith
Nu,
kN
14.29
14.76
13.83
13.74
12.92
15.13
14.20
33.67
33.31
38.85
39.50
40.16
40.81
49.24
71.38
79.92
79.92
79.92
79.92
79.92
79.92

Failure
mode
CC
CC
CC
CC
CC
CC
CC
CB
CB
CC
CC
CC
CC
CB
CC
RF
RF
RF
RF
RF
RF
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Table 4.4 Predicted pullout strength based on the modified model proposed in this study
Specimen

Nu-EXP,
kN

Failure
mode

A-5D-1.5D
B-5D-1.5D
A-5D-2D
A-5D-2D-R
B-5D-2D
A-5D-2.8D
B-5D-2.8D
A-10D-1.5D
B-10D-1.5D
A-10D-2D
B-10D-2D
A-10D-2.8D
B-10D-2.8D
A-15D-1.5D
A-15D-2D
A-20D-2D

15.70
17.97
11.92
20.46
16.64
20.19
15.70
25.67
23.44
26.11
24.15
27.58
23.98
51.02
50.75
46.35
67.52
48.57
76.11
69.93
66.01

CC
CC
SF
CC
CB
CC
CC
CB
CB
CB
CB
CB
CB
CB
CB
SF
GF
SF
BF
GF
RF

A-20D-2D-R

A-20D-2.8D
A-30D-2.8D
A-30D-2D
A-35D-2D

𝐍𝐂𝐂
𝐍𝐂𝐁 = (𝟏𝟒. 𝟎𝟓𝟔 +
= 𝟗. 𝟔𝟖 𝐡𝟏.𝟓 √𝐟𝐜′ 𝛂𝐋𝐛 + 𝛃𝐝 +
𝛄)𝛑𝐝𝐡,
kN
kN

14.29
14.76
13.83
13.74
12.92
15.13
14.20
41.09
40.16
38.85
39.50
40.16
40.81
72.99
71.38
111.13
111.23
113.92
199.86
200.98
256.88

16.16
14.81
18.53
18.53
15.44
18.79
14.79
30.88
27.29
34.54
29.97
32.68
26.29
42.74
47.77
59.03
59.46
51.24
56.21
73.45
77.02

𝐍𝐑𝐅 =
Nu= Min
𝟎. 𝟒𝟗𝐅𝐅𝐑𝐏 𝐀𝐅𝐑𝐏 of 𝐍𝐂𝐂 ,
𝐍𝐂𝐁 , 𝐍𝐑𝐅 ,
, kN
kN

66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37
66.37

14.29
14.76
13.83
13.74
12.92
15.13
14.20
30.88
27.29
34.54
29.97
32.68
26.29
42.74
47.77
59.03
59.46
51.24
56.21
66.37
66.37

Control
failure
mode

Nu/
Nu-EXP,

CC
CC
CC
CC
CC
CC
CC
CB
CB
CB
CB
CB
CB
CB
CB
CB
CB
CB
CB
RF
RF

91%
82%
116%
67%
78%
75%
90%
120%
116%
132%
124%
118%
110%
84%
94%
127%
88%
105%
74%
95%
101%
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4.8

Figures

Fig. 4.1 Fabrication of CFRP rope with steel anchors

149

Fig. 4.2 FRP anchor installation

150

Fig. 4.3 Test setup and instrumentation

(a)

(b)

Fig. 4.4 Effect of the embedment length (present study)
151

Fig. 4.5 Pullout load vs. embedment length; data from present and previous studies

152

(a)

(b)
Fig. 4.6 Average bond stress vs. embedment length; (a) Present study and (b) Previous
studies vs. present study
153

(a)

(b)

Fig. 4.7 Effect of anchor hole diameter; (a) present study and (b) data from present and
previous studies

(a)

(b)

Fig. 4.8 Average bond stress vs. anchor hole diameter; (a) Present study and (b) data
from present and previous studies
154

Fig. 4.9 Effect of epoxy type on the pullout strength

155

Fig. 4.10 Failure modes; (a) concrete cone failure, (b) combined cone and bond failure,
(c) concrete splitting, (d) bond failure, (e) gripper failure, and (f) CFRP rupture failure
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(a)

(b)
Fig. 4.11 Pullout load vs. embedment length characterized by failure modes; (a) Present
study, (b) Present study and previous studies
157

Fig. 4.12 Typical pullout load vs. concrete displacement relationships

(a)

(b)

(c)

Fig. 4.13 Experimental vs. predicted tensile strength of CFRP rope anchors; (a)
Ozdemir, (b) Ozbakkaloglu and Saatcioglu, and (c) Kim and Smith
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(a)

(b)

Fig. 4.14 Experimental tests vs. the proposed modified model for CFRP rope anchors; (a)
present study and (b) previous studies in addition to the present study
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Chapter 5:

5.1

Conclusions and Recommendations

Summary and conclusions

This study is aimed at gaining a better understanding of the process of strengthening and
repairing slender RC columns. The first part of the investigation is focused on
strengthening slender RC columns using CFRP sheets, rods, and ropes. All test specimens
were designed and constructed based on older codes (pre 1970s). Each specimen consisted
of two columns connected in the middle by a stiffer element (concrete stub). The behavior
of the strengthened columns was compared to that of the control column which represented
the older as-built columns. One column-specimen was strengthened with CFRP
confinement only to investigate the effect of CFRP confinement on the lateral response of
RC columns. Another column-specimen was strengthened with confinement and NSMCFRP rods. Two column-specimens were strengthened with CFRP confinement and NSMCFRP ropes. CFRP ropes were debonded at the base of the columns in one of the specimens
to investigate the effect of debonding CFRP ropes on the ductility of RC columns. Finally,
the behaviors of the strengthened columns were compared to a column-specimen (C3Sheet) that was strengthened with CFRP confinement and EB-CFRP sheets in the
longitudinal direction. C3-Sheet was tested in a previous study [1], and the results were
previously published in a journal paper [2]. C3-Sheet was included in the present study
because it was built similar to the specimens tested in the present study, except it was
strengthened with EB CFRP sheets. This allowed accurate comparison between
strengthening RC columns with EB-CFRP sheets and strengthening columns with NSM167

CFRP rods or ropes. As part of this study, a theoretical model was proposed to predict the
load-displacement relationship of slender RC columns strengthened with EB-CFRP sheets
or NSM-CFRP rods or ropes. The model was based on moment-curvature analyses,
material properties obtained experimentally, and theoretical equations available in the
literature as described in Chapter 2. The results of the theoretical model were compared
with the experimental results.
The same technique used in strengthening the columns in the first part of the investigation
was used in repairing damaged RC columns. The damaged columns had already been
strengthened with CFRP confinement before being damaged. The second part of this
investigation is the first of its kind to focus on rapid repair of damaged RC columns that
were enhanced by CFRP confinement before damage. The proposed technique aimed to
allow engineers complete the repair in a matter of days. The repaired column-specimen
was tested under a combination of axial and cyclic lateral loads. The behavior of the
repaired column in terms of lateral strength and ductility was compared to the control
specimen and to the strengthened columns.
Finally, whether the process involves strengthening deficient RC columns or repairing
damaged columns using the proposed technique, CFRP ropes in the longitudinal direction
have to be anchored to the foundation or to the joint (depending on the location of the
rehabilitated column). Therefore, the third part of this investigation focused on the tensile
behavior of CFRP ropes epoxy-bonded to uncracked concrete. A total of twenty-one FRP
anchors made from CFRP ropes were fabricated and tested under pure tensile load. The
parameters were the embedment length, hole diameter, and epoxy type. Previous tests [3–
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5] did not investigate deep embedment of FRP anchors as they focused on using the anchors
for flexural or shear strengthening of RC beams with EB FRP sheets anchored at the ends.
For the first time, deep embedment lengths (> 100 mm) of anchors made from CFRP ropes
were investigated in the present study for strengthening or repairing RC columns. Finally,
based on the only model available in the literature [6], a modified theoretical model was
proposed to predict the tensile strength of CFRP anchors made from CFRP ropes. The
results obtained from the model were compared with the results of the current study and
previous tests available in the literature.
Based on the results of this work, the following main conclusions can be drawn:
•

The strength and ductility of slender RC columns that were designed based on older
codes (pre 1970s) can be upgraded using the strengthening technique proposed in
this study. NSM-CFRP ropes can be used in flexural strengthening of deficient RC
columns.

•

For strengthening RC columns, CFRP ropes with higher flexibility, are easier to
transport, and easier to install as compared to CFRP rods and sheets.

•

The predicted load-displacement relationships obtained from a theoretical model
proposed in this study showed good agreement with the experimental results. The
proposed model may be used to predict the behavior of RC columns strengthened
with CFRP confinement and NSM-CFRP ropes in longitudinal direction.

•

The rapid repair technique proposed in this study may be used not only to restore
but also to improve the strength of damaged RC columns. The repair process may
be completed within a few days and appears to be effective in improving the
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strength and ductility of RC columns. The ductility of the repaired column was
larger than the “desired ductility” index of 5.0 when either the idealized or the
measured load-displacement relationships was used to evaluate the ductility.
•

The pullout tests conducted in this study confirm that FRP anchors can be made
using CFRP ropes, and they may be used in strengthening or repairing RC columns.

•

The tensile strength of CFRP rope anchors increased with the increase in
embedment length. However, the results agreed with previous studies that the hole
diameter had no clear effects on the tensile strength of FRP anchors. On the other
hand, the bond strength decreased by increasing the hole diameter and embedment
length.

•

The modified theoretical model proposed in this study may be used to predict the
tensile strength of FRP anchors made from CFRP ropes.

5.2

Recommendations for future work

The conclusions stated in this study are based on the limited tests conducted in this work.
For example, the behavior of slender RC columns strengthened and repaired with CFRP
confinement and NSM-CFRP rods and ropes was evaluated based on testing one specimen
for each case. Although each specimen consisted of two columns, and the results reported
in this document are the average response of the two columns, the conclusions are still
based on limited number of tests. Therefore, testing more specimens would help assess the
reliability of the results reported in this study. In addition, the conclusions are limited to
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the geometry, concrete strength, steel and CFRP reinforcement ratios of the RC columns
tested in this study. Therefore, researchers are encouraged to do more tests to confirm or
modify the results reported in this study.
Below are some of the recommendations for future work:
•

Full scale tests are required to confirm the viability of the proposed strengthening
technique.

•

The strengthening technique presented in this work should be tested on RC columns
with different geometry and concrete strength before it can be used in real-world
practice.

•

Debonding of NSM-CFRP ropes at the base to increase the deformability of the
column should be further investigated. Investigating debonding the rope at a
distance shorter than 150 mm, and segmental debonding of the rope (25-mm to 50mm long segments) are recommended.

•

The limited slippage of NSM-CFRP rods appears to be useful to improve the
ductility response of strengthened columns, but more tests are required to confirm
this observation.

•

The proposed rapid repair technique improved the strength and ductility of the
damaged column. However, it should be applied to full scale columns to investigate
its efficiency and the actual required time to complete the repair.

•

Limited tests were conducted in this study to investigate the effects of embedment
length, hole diameter, and epoxy type on the tensile behavior of FRP anchors made
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from CFRP ropes. More tests are required to develop a reliable model to predict the
pullout capacity of CFRP rope anchors.
•

CFRP rope anchors with varying geometric configurations should be tested. For
example, distance between adjacent anchors, edge distance, and the number of
anchors per tension side of the strengthened/repaired column need to be
investigated.
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