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Abstract 

The effectiveness of seismic retrofitting using three different fibers—carbon fiber (CF), glass fiber (GF), polyethylene 
terephthalate (PET) fiber—and a fiber combination of aramid fiber (AF) and PET fiber (called hybrid fiber reinforced 
polymer (HF)) wrapped on reinforced concrete (RC) circular columns was experimentally evaluated. A total of 11 RC 
circular columns were tested: three control columns and eight retrofitted columns in three different test groups. The 
purpose of fiber wrapping was flexural strength improvement as well as enhancement of rotational capacity in the 
plastic hinge region. Mechanical properties of CF, GF, AF, and PET were first defined; that is, CF, GF, and AF exhibited 
linear stress–strain behavior with limited ultimate strain capacity typically less than 3%, while ductile PET exhibited as 
much as 15% strain and non-linear stress–strain behavior with a very low elastic modulus. In the RC column tests, all 
three different fibers and the AF + PET fiber combination were effective in enhancing the strength and ductility but 
resulted in different structural behaviors and failure modes depending on the fiber type and the fiber amount used. 
The column sections were then analytically studied by section analysis using the behavior of confined concrete, the 
non-linear relationship of fiber-reinforced polymer (FRP), and the actual material properties of reinforcement. The ana‑
lytical and experimental results revealed that ductile PET is beneficial, as it demonstrates more ductile behavior with a 
degree of strength enhancement similar to that of CF and GF.
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1  Introduction
For many existing reinforced concrete (RC) building col-
umns and bridge piers designed and constructed in the 
1960s and 1970s in many countries, including South 
Korea, there is a need to increase flexural and shear 
capacities, as well as ductility. Fiber reinforced polymer 
(FRP) wrapping using carbon fiber (CF) and glass fiber 
(GF) has been widely employed and successfully com-
pleted for retrofitting RC columns, which have insuffi-
cient flexural strength and ductility for seismic actions. 

Although CF is an excellent material with high strength, 
high elastic modulus, and excellent durability, it has its 
own deficiencies, such as high cost, very small rupture 
strain of about 1%, and electric conductivity. GF is more 
economical than CF and has good strength and elastic 
modulus, but it also has deficiencies, including a small 
rupture strain smaller than 3%, and its performance may 
not be reliable when exposed to certain environmental 
conditions, such as alkalinity, moisture, and ultra vio-
let. Aramid fiber (AF) is also an excellent material with 
mechanical properties between CF and GF and has good 
durability, but its rupture strain is about 3% (ACI, 2003; 
ACI, 2007).

Recently, some researchers have focused on the use 
of new fibers with high to very high ultimate strain in 
tension, such as polyethylene naphthalate (PEN) and 
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polyethylene terephthalate (PET), for seismic retrofit-
ting of RC columns (Anggawidjaja et al., 2006; Dai et al., 
2012; Fahmy & Wu, 2010; Liu & Li, 2018; Liu & Sheikh, 
2013; Mirmiran et  al., 1998; Saleem et  al., 2018; Ueda 
et al., 2006; Zhang et al., 2017; Obaidat et al., 2021) PET 
and PEN have a large rupture strain and good strength, 
but the elastic modulus is low for both fibers. The stress–
strain behaviors of both fibers are non-linear. On the 
weight-based comparison, PET is more economical than 
PEN.

Anggawidjaja et al. (2006) used FRP such as PEN and 
PET with large fracture strain for seismic retrofit of RC 
columns. Through an experimental study of 15 shear-
deficient square RC piers, they concluded that RC piers 
wrapped by multiple PET or PEN layers with large frac-
ture strain could efficiently enhance the ductility of RC 
piers, and PET and PEN could be used for shear strength-
ening of RC piers lacking transverse reinforcement if an 
adequate amount of fiber is provided, regardless of their 
low stiffness. They also proposed an analytical model 
to predict the pier’s deformation capacity based on the 
experimental results. Liu and Sheikh (2013) conducted 
tests on nine reinforced concrete circular columns sub-
jected to simulated seismic loads. The specimens were 
designed with a wide-space steel spiral, and eight speci-
mens were retrofitted with FRP. The test results showed 
that FRP confinement effectively improved the seismic 
resistance of columns but displayed different character-
istics from steel-confined columns. Curvature ductility 
and the energy dissipation capacity of a section increased 
with an increase in FRP confinement. Youssf et al. (2015) 
conducted a parameter study using LS-DYNA to inves-
tigate the plastic hinge length for FRP wrapped RC col-
umns. Parghi and Alam (2017) performed nonlinear 
static pushover analysis to study influencing parameters 
including concrete strength, yielding strength of rebar, 
amount of longitudinal steel rebar, level of axial load, 
shear span–depth ratio, and carbon FRP confinement 
layer for RC bridge piers retrofitted with FRP. Zhang et al. 
(2017) performed experiments to examine the influence 
of stirrup corrosion on the shear contribution of a PET–
FRP sheet and substrate columns wrapped by PET. The 
shear resistance of the PET-wrapped RC square columns 
was enhanced by the volume ratio of the PET sheet at 
the peak load and decreased as the corrosion level of the 
stirrups increased. Based on the test results, a prediction 
model was proposed to capture the shear capacity of cor-
roded RC columns strengthened by PET–FRP sheet. In 
2018, Liu and Li (2018) investigated the seismic behav-
ior of corroded RC square and circular columns wrapped 
with carbon FRP sheets and PET-600 composites. To cor-
rode the steel bar, the electrochemical corrosion method 
was used with 15% of corrosion rate. It was concluded 

that PET-600 and CFRP had anti-seismic capacity in 
terms of hysteretic hoops, failure modes, residual dis-
placement, stiffness degradation, damping ratio, and 
energy dissipation. Saleem et  al. (2018) studied the lat-
eral response of PET-confined concrete with circular, 
square, or rectangular cross sections using small-scale 
specimens. A total of 54 specimens were tested under 
monotonic axial compression, while test variables were 
cross-sectional shape, corner radius (in the case of square 
or rectangular sections), and number of PET layers. In 
circular specimens, the PET’s large strain capacity was 
utilized to enhance the strength and lateral ductility of 
confined concrete. In square and rectangular specimens 
with low effective confinement, PET mainly contributed 
to recovering strength loss, while in sufficiently confined 
specimens, it also resulted in significant strength gain, 
with a significant increase in lateral ductility. In 2019, Cao 
and Pham provided the guideline for determining CFRP/
GFRP for confinement retrofitting of RC structures 
poorly confined based on experimental study. Naser et al. 
(2019) reviewed the FRP composites and summarized the 
state-of-the-art experimental, analytical, and numerical 
works involving FRPs applied to infrastructures including 
building. Mhanna et al. (2020) investigated the mechani-
cal properties of PET FRP in terms of thermal effect and 
developed temperature-dependent models. To investigate 
the effectiveness of CFRP, seismic-retrofit tests of circular 
RC bridge piers were carried out by Zhou et  al. (2021). 
The authors clearly showed that CFRP can reduce vulner-
ability under lateral loading, and a semi-empirical model 
for maximum displacement was successfully proposed 
based on the test data. Although there are many studies 
for FRP to strengthen RC columns, at present there is no 
strong consensus in the literature on seismic retrofitting 
of existing RC columns using various FRPs, such as CF, 
GF, and PET. Based on the authors’ knowledge, few large-
scale laboratory tests have been performed on tied RC 
circular columns wrapped with PET FRP.

The purpose of this study was to experimentally and 
analytically compare the structural performance of col-
umns retrofitted by different fibers or fiber combina-
tions in terms of strength and ductility improvement 
using three different types of fibers (CF, GF, and PET) 
and one fiber combination (AF/PET, called hybrid fiber 
reinforced polymer (HF)) for seismic retrofitting of RC 
columns by fiber wrapping. The study’s main emphasis 
was to identify the behavior of the PET-strengthened 
columns and draw comparisons on the behavior of the 
RC columns strengthened by relatively new ductile fib-
ers with the behaviors of the columns confined by more 
conventional CF- and AF- strengthened columns. A total 
of 11 columns were tested in 3 test groups (TGs): 3 con-
trol columns and 8 retrofitted columns. The test scheme 
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was pseudo-dynamic lateral reverse cyclic loading with 
constant axial force simulating seismic action. The main 
purpose of retrofitting was to improve flexural capacity 
and ductility in the plastic hinge region. The stress–strain 
behavior of concrete confined by different fibers was 
then analytically investigated using an existing model. 
Section analyses were performed to construct moment–
curvature diagrams, including the material properties of 
confined concrete, reinforcing steel, FRP, and adhesive 
used in the experiment. The analytical investigation con-
centrated on the confinement effect of different fibers or 
fiber combinations, which should be directly related to 
strength and ductility improvement.

The importance of this research is as follows:

–	 This study compares the behavior of RC columns 
externally wrapped by various FRP systems, such as 
Carbon FRP, Aramid FRP, and PET FRP, and sub-
jected to reverse cyclic loading.

–	 This study provides rare information on the confine-
ment effect of tied RC circular columns using PET 
FRP.

–	 The hybrid strand constructed in this study using 
AF and PET is the first attempt at hybridization of 
ductile PET and conventional fiber (such as AF) to 
increase stiffness and constructability.

2 � Experimental program
2.1 � Fibers
The mechanical properties of the various fibers used in 
this study were determined following ISO 10406-2 (ISO, 
2015), with the results shown in Table 1 and Fig. 1. Ten-
sile strength, ultimate strain in tension, and elastic modu-
lus of CF, GF, AF, and PET measured in this study agree 
well with those available in the literature (ACI, 2003). It 
was observed that the ultimate strain of PET was about 

15%, whereas its strength was almost comparable to that 
of GF. While the stress–strain relationship of CF, GF, 
and AF was linear, PET exhibited a highly non-linear 
stress–strain relationship. Due to the non-linearity of 
PET, a reference value of 1% strain was selected as the 
secant modulus of elasticity of PET. In Fig. 1, HF denotes 
a special hybridized fiber that consists of AF and PET 
(the design of the HF strand is explained in detail in 
Sect. 3.1.2). The mechanical properties in tension of the 
two-part epoxy used in this study, determined by ASTM 
D 638 (ASTM, 2008), are also provided in Table 1.

2.2 � Test Variables
Eleven RC circular columns were tested in three differ-
ent test groups (TG). TG-1 consisted of a control col-
umn, a CF wrapped column (1 layer of CF sheet), and a 
PET wrapped column (20 layers of PET sheet). TG-2 was 

Table 1  Material properties of fibers and adhesive

CF is carbon fiber; GF is glass fiber; AF is aramid fiber; PET is polyethylene terephthalate
1 Cross-sectional area for bi-axially-woven PET sheet is given for axial direction only per 100 mm width; 2AF/PET hybrid strand consists of 120.8 mm2 PET and 10.9 mm2 
AF per 100 mm width

Fiber type Density g/mm3 Thickness mm Cross-sectional 
area mm2

Tensile 
strength MPa

Max. strain in 
tension

Elastic 
modulus MPa

Stress–
strain 
behavior

CF roving 0.00180 – 0.446 1,970 0.0116 169,000 Linear

GF roving 0.00254 – 0.970 788 0.0176 44,800 Linear

AF roving 0.00144 – 0.109 2126 0.0243 87,400 Linear

PET sheet1 0.00140 0.106 5.250 613 0.1495 7100 Non-linear

AF/PET (HF) strand2 – 1.317 132.000 630 0.1540 – Non-linear

Epoxy – – – 40.9 0.0258 1586 Linear

Fig. 1  Stress–strain relationship of fibers used in experiments.
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composed of a control column, a GF wrapped column (1 
layer of GF sheet), and a PET wrapped column (10 lay-
ers of PET sheet). TG-3 consisted of a control column, a 
PET wrapped column (25 layers of PET sheet), and three 
HF wrapped columns (1 layer of HF strand wrapped in 
the form of a hoop or spiral, respectively, in addition to a 
column with lap-spliced main bars and a spiral strength-
ening scheme using HF). Uniaxial CF and GF sheets were 
made of CF or GF rovings with material properties simi-
lar to those summarized in Table 1. The PET sheet used 
in this study was bi-axially woven and is often used as 
geotextile fabric. TG-1 and TG-2 tests were prepared to 
compare the effectiveness of the column retrofitting by 
fiber wrapping between fibers with small ultimate strain 
versus fibers with large strain capacity, that is, CF versus 
ductile PET in TG-1 and GF versus ductile PET in TG-2. 
TG-3 tests compared the effectiveness of HF versus 
multiple layers of PET wrapping. Fig.  2 and 3 show the 
wrapping methods of the specimens and their pictures, 
respectively.

Table 2 summarizes the test variables, including con-
crete strength, steel reinforcement ratio, fiber rein-
forcement ratio, fiber type, number of fiber wrappings, 
and method of application. As the main purpose of the 
fiber wrapping was to improve flexural capacity and 
ductility in the plastic hinge region in this study, the 
fibers were applied only in the lower part of the col-
umns, where the moment was at the maximum. We 
observed that the control columns were not designed 
as shear critical and were, therefore, expected to fail in 
flexure or flexure–shear. In all TGs, the axial stiffness 

of the FRPs was similar between FRP strengthened col-
umns in each TG; that is, the axial stiffness of CF one 
layer and PET 20 layers, GF one layer and PET 10 lay-
ers, and HF one layer and PET 25 layers were approxi-
mately the same in each TG (see Table 2).

RC columns were typically designed using materials 
often used in the 1970s and 1980s. Low-to-normal-
strength concretes were supplied from a ready-mixed 
concrete plant. Compression test cylinders with a 
diameter of 100 mm and a height of 200 mm were pre-
pared, and three cylinders were tested at the ages of 7, 
28, and 56 days. Strength changes after 56 days would 
be very small when the columns were tested, and com-
pressive strengths at 56  days, shown in Table  2, were 
used for the interpretation of the test results and analy-
ses. Table 3 displays the mechanical properties of steel 
reinforcement. TG-1 RC columns used low-strength 
concrete ( fcu = 21.0  MPa) and Grade SD300 deformed 
reinforcing bars ( fy = 347  MPa). Twelve D16 evenly 
positioned rebars along the perimeter were used as 
the main reinforcement in a circular section in TG-1. 
TG-2 and TG-3 RC columns used normal strength con-
crete ( fcu = 30.8  MPa and 41.4  MPa, respectively, for 
TG-2 and TG-3, and Grade SD400 rebars (12 D16 with 
fy = 403  MPa and 8 D19 with fy = 454  MPa, respec-
tively, for TG-2 and TG-3). Column ties were Grade 
SD400 D10 rebars with fy = 465 MPa. Same rebars were 
used as column ties, while the spacing was 250 mm and 
300 mm at the center for TG-1 and TG-2 and for TG-3, 
respectively. All material properties of reinforcing steel, 
summarized in Table 3, were measured by the authors 
in the laboratory using proper instruments, including 
1200-kN capacity Instron 4495 UTM and strain gauges.

Fig. 2  Wrapping methods for specimen (Note: unit is in mm).
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2.3 � Preparation for Test and Test Procedures
The RC columns were cast in two parts: a column stub 
and column. Column stub (1200 × 1000 × 600  mm) was 
first made using 40-MPa normal strength concrete and 
a large amount of reinforcement to make sure that fail-
ure occurred in the column during the test without any 
cracking or deformation of the stub. The hooked end of 
the column’s main reinforcing bars was set in the stub, 
while the straight bars extended into the column without 
any lap splicing, as shown in Fig.  4. About a week after 
casting the stub, the column was cast. With 400  mm 
of diameter and 1500  mm of height of the circular col-
umn representing half-length of a column with fixed 

conditions at both ends, the specimens can be considered 
as 2/3 scale of the real column. After the column stubs 
and columns were cast and cured, the surface of the lower 
part of the columns was lightly roughened using a hand 
grinder and then cleaned using a vacuum cleaner for a 
height of about two times the effective depth (2d) (see 
Figs. 2 and 3). Sufficient amount of two-part epoxy was 
used for fiber wrapping, while the adhesive amount was 
200% of fibers by volume. All fibers were wrapped manu-
ally around the column. The columns were tested at least 
56 days after the specimen fabrication was completed.

All specimens were fabricated and tested at the Struc-
tural Laboratory of Hankyong National University. A 

Fig. 3  Control specimen and fibers wrapped specimens.
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1000-kN capacity actuator with ± 120  mm stroke was 
used to apply reverse cyclic lateral force at 1200 mm and 
1250 mm of height above the stub top surface for TG-1 
and TG-2, and TG-3, respectively, whereas a 2,000-kN 
hydraulic cylinder was used on top of the column to 
apply axial compression force simulating dead load dur-
ing test (see Fig. 5). Using a set of hinges located on two 
sides of the column, it was possible to keep the axial force 
constant at about 10% of the column’s axial capacity for 
each column during the test.

Pseudo-dynamic tests were carried out generally fol-
lowing procedures suggested in ACI 374.2R-13. Dis-
placement control for the lateral force application was 
adopted and is shown in Fig. 6. As shown in Fig. 6, the 
same displacement cycle was repeated twice. At the 
initiation of each test, the axial load was first applied 
using a hydraulic cylinder on top of the column. Force 
was monitored using a pressure transducer equipped 
with a hand pump that operated the hydraulic cylinder. 
Lateral load was then applied using a 1000-kN actua-
tor for displacement control, following the guidelines of 

ACI 374.2R (ACI, 2013). Lateral load was applied and 
increased until tension reinforcement reached the yield 
strain, and then the lateral load was reversed, such that 
the tension reinforcement at the opposite side reached 
the yield strain, while subsequent unloading completed 
a cycle. The maximum displacements in both directions 
recorded by the linear variable displacement transduc-
ers (LVDT) at the top of the column were averaged 
and defined as Δy. One loading stage consisted of two 
cycles. In the subsequent stages, the test continued 
with increasing displacement, such that the maximum 
displacement of a specific stage was 2Δy, 3Δy, 4.5Δy, 
6Δy, 8Δy, and 10Δy. The test ended when the peak load 
in the current cycle dropped by more than 20% from 
the maximum load recorded during test. In one tests of 
TG-2, end of stroke of the actuator was reached dur-
ing test. The test specimen was completely unloaded 
and then was subjected to monotonic loading to failure. 
This also happened during TG-3 tests as the RC col-
umns were wrapped by ductile PET or HF. All test data 
were digitally retrieved and recorded. Test of a control 

Table 2  Column index, concrete strength, steel/fiber reinforcement ratios and fiber wrapping scheme.

LS is lap-splice (equal to 1.3 times development length); fcu is compressive strength of concrete at 56 days; ρst is steel reinforcement ratio (Ast/Ag); Ast is area of steel; 
Ag is gross area of specimen; ρtie; = tie reinforcement ratio (Vtie/Vcore_con); Vtie is volume of column tie; Vcore_con is volume of core concrete; ρf = fiber reinforcement ratio 
(Vf/Vcore_con); Vf is volume of fiber (= area of fiber (mm2/pitch) × perimeter × pitch (1 pitch is 250 mm and 300 mm for TG-1 & TG-2 and TG-3, respectively; shear span(a) 
is 1,200 mm and 1250 mm for TG-1&TG-2 and TG-3, respectively; effective depth (d) is 352 mm for all columns; a/d = 3.4 and 3.5 for TG-1&TG-2 and TG-3, respectively; 
column diameter = 400 mm and column height = 1500 mm for all columns.

TG Specimen index fcu MPa ρst % ρtie % ρf % Fiber type # of layers Method of application [Area of fiber (mm2/pitch)]

1 C-1-Control 21.0 1.93 0.37 – – – –

C-1-CF 0.108 CF 1 CF sheet (27.23)

C-1-PET 1.05 PET 20 PET sheet (262.5)

2 C-2-Control 30.8 1.93 0.37 – – – –

C-2-GF 0.108 GF 1 GF sheet (106)

C-2-PET 1.05 PET 10 PET sheet (132)

3 C-3-Control 41.1 1.83 0.29 – – – –

C-3-PET 1.31 PET 25 PET sheet (393.8)

C-3-HF-hoop 1.32 HF 1 HF strand, hoop (PET = 362.4&AF = 32.7)

C-3-HF-spiral 1.32 HF 1 HF strand, spiral (PET = 362.4&AF = 32.7)

C-3-HF-spiral-LS 1.32 HF 1 HF strand, spiral-LS (PET = 362.4&AF = 32.7)

Table 3  Mechanical properties of deformed steel reinforcement

fy is specified yield strength of reinforcement; fu is tensile strength of reinforcement; Es is young’s modulus of reinforcement

Use Series Reinforcement fy MPa fu MPa Es MPa

Column Main bar 1 12 D16 347 522 178,000

2 12 D16 403 480 175,000

3 8 D19 454 573 189,000

Column tie 1, 2 D10 @ 250 mm o.c 465 718 181,000

3 D10 @ 300 mm o.c

Column stub Main bar 1, 2, 3 D25 548 – –

Ties D10 465 – –
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Fig. 4  Details of test specimens (Note: unit is in mm).
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Fig. 5  Locations of vertical and horizontal loads, strain gauge, and LVDTs and a picture of setup (Note: unit is in mm).
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column typically lasted for about 3 h, whereas testing a 
strengthened column lasted for about 5 h.

The column test specimens were heavily instrumented 
using strain gauges and LVDT, as shown in Fig.  5. An 
LVDT installed at 300 mm and 250 mm from the top of 
columns for TG-1 and TG-2, and TG-3, respectively, as 
the actuator was used to record column lateral displace-
ment, two LVDTs set on the top surface of the stub were 
used to measure possible rigid body rotation of the stub, 
and two LVDTs at mid-height of the stub were used to 
measure horizontal rigid body translation of the stub, if 
any. Six sets of strain gauges were used on the column’s 
main reinforcement located at the north end and south 
end, respectively, at half the distance between lower col-
umn ties. Four additional sets of strain gauges were used 
on column ties (first hoop and second hoop above top 
surface of stub) at the west and east ends to measure tie 
elongation in hoop direction. For retrofitted columns, 
four more strain gauges were used on the outer surface 
of fibers at the north and south ends at the same height 
as the strain gauges installed on the main reinforcement. 
Four additional strain gauges were installed on the east 
and west surfaces of the fibers at the first and second 
hoop levels, as shown in Fig. 5. It is noted that the north 
was the push direction, while the south was the pull 
direction during reverse cyclic loading.

3 � Test results
3.1 � Hysteretic Behavior
3.1.1 � TG‑1 and TG‑2 Columns
Fig. 7a–c shows hysteretic behaviors of all TG-1 columns. 
Table 4 summarizes the test results for all columns. For 

the C-1-Control, the yield load was 116 kN at 11.5 mm 
displacement. Load increased with increasing displace-
ment, while the maximum load observed was 147 kN at 
50.4  mm displacement, which corresponded to a 4.2% 
drift ratio, defined as the maximum displacement divided 
by the span length. Large concrete chunks spalled off at 
the same time as the buckling of the main bars at fail-
ure. The test terminated as the peak load dropped below 
80% of the maximum load. For C-1-CF, which was ret-
rofitted using a single layer of uniaxial CF sheet, the 
yield load was 126 kN with a displacement of 7.9  mm 
(drift ratio of 0.65%). The maximum load was 178 kN 
at 78.4  mm displacement (drift ratio of 6.5%). The final 
failure occurred in the next stage by sudden CF rupture, 
as shown in Fig. 8a, followed by main bar buckling. For 
C-1-PET, which was retrofitted using 20 layers of bi-axial 
PET sheet, the yield load was 130 kN at a displacement 
of 7.2 mm (drift ratio of 0.6%). The maximum load of 188 
kN was reached at 96.1  mm displacement. Significant 
bulging of the PET was observed at the maximum load, 
as demonstrated in Fig.  8b. No rupture of ductile PET, 
however, was observed at the maximum load, and the 
final failure occurred at 96.1 mm displacement (drift ratio 
of 8.0%). As PET remained unruptured even after the 
final failure, part of the PET in the plastic hinge region 
was cut out after the end of the test, and the failure mode 
was investigated. It was found that the main bars buck-
led probably during the previous stage (or cycle), but 
the final failure was delayed until the next stage, when 
the buckled bars failed in tension during the subsequent 
loading cycle, as presented in Fig. 8c. Similar to the find-
ings of a previous study by Liu and Li (2018), both the 
strength and ductility of the CF- and PET-retrofitted 
columns significantly increased compared to the control 
column. The maximum load of C-1-CF (1 layer of CF) 
increased by 21% compared to the control, and that of 
C-1-PET (20 layers of PET) increased by 28% compared 
to the control. C-1-PET also showed more ductile behav-
ior in terms of the maximum displacement and drift ratio 
than C-1-CF. The final failure mode of the three TG-1 
columns was concrete crushing and main bar buckling 
for C-1-Control, CF rupture at the maximum displace-
ment for C-1-CF, and the main bar rupture in tension for 
C-1-PET.

Hysteretic behavior of all TG-2 columns is shown in 
Fig.  7d–f. The maximum load and the maximum dis-
placement of C-2-GF and C-2-PET again increased 
significantly compared to the control column. For the 
C-2-Control, the maximum load was 157 kN at a dis-
placement of 58.5 mm (drift ratio of 4.9%). For C-2-GF, 
the maximum load was 174 kN with a displacement 
of 98.0 mm (drift ratio of 8.2%). During the test, due to 
the limited stroke of the actuator, C-2-GF was unloaded 

Fig. 6  Program for lateral force application.
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(a) C-1-Control (b) C-1-CF

(c) C-1-PET (d) C-2-Control

(e) C-2-GF (f) C-2-PET
Fig. 7  Lateral load–displacement hysteretic responses.
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(g) C-3-Control (h) C-3-PET

(i) C-3-HF-hoop (j) C-3-HF-spiral

(k) C-3-HF-spiral-LS
Fig. 7  continued
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Table 4  Summary of column test results

Py is yield load; Pmax is the maximum load; Δy is yield displacement; Δmax is displacement at the maximum load; 1Monotonic loading

Column index Load Displacement Displacement 
ductility (mm)

Drift ratio (%) Failure mode

Py (kNm) Pmax (kNm) Δy (mm) Δmax (mm)

C-1-Control 116 147 11.5 50.4 4.4 4.2 Main bar buckling

C-1-CF 126 178 7.9 78.4 9.9 6.5 CF rupture

C-1-PET 130 188 7.2 96.1 13.3 8.0 Main bar rupture

C-2-Control 134 157 11.3 58.5 5.2 4.9 Main bar buckling

C-2-GF 122 174 (222)1 13.7 98.0 (148)1 7.2 (10.8)1 8.2 (12.3)1 GF rupture

C-2-PET 134 180 10.6 96.0 9.1 8.0 Main bar rupture

C-3-Control 146 172 15.1 44.6 3.0 3.6 Shear failure

C-3-PET 133 214 9.6 83.3 8.7 6.7 Main bar rupture

C-3-HF-hoop 138 195 11.5 96.7 8.4 7.8 Main bar rupture

C-3-HF-spiral 133 211 10.9 88.4 8.1 7.1 Shear failure (upper part of column)

C-3-HF-spiral-LS 148 217 10.0 82.0 8.2 6.6 Shear failure (upper part of column)

Fig. 8  Failure mode of CF and PET-strengthened TG-1 columns.
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after the end of the reverse cyclic loading program and 
then monotonically loaded up to failure. The maximum 
load of 222 kN at 148 mm displacement was reached at 
failure, as shown in Table 4. Drift ratio was 12.3%. Final 
failure mode of C-2-GF was GF rupture followed by 
main bar buckling similar to C-1-CF. For the C-2-PET, 
the maximum load was 180 kN at a displacement of 
96.0 mm. Drift ratio was 8.0% at failure. The failure mode 
of C-2-PET was similar to that of C-1-PET: that is, PET 
remained unruptured at failure, but the main bar first 
buckled and then ruptured in tension in the subsequent 
loading stage or cycle. TG-2 column test results again 
revealed that both the strength and ductility of the GF- 
and PET-strengthened columns significantly increased 
compared to the control column. The maximum load of 
C-2-GF (1 layer of GF) increased by 11% compared to 
the control during the reverse cyclic loading program, 
and that of C-2-PET (10 layers of PET) increased by 15% 
compared to the control. Both C-2-GF and C-2-PET 
showed ductile behavior in terms of displacement and 
drift ratio, as summarized in Table  4. The final failure 
mode of TG-2 columns was concrete crushing and main 
bar buckling for C-2-Control, GF rupture and main bar 
buckling for C-2-GF, and main bar rupture in tension for 
C-2-PET.

3.1.2 � TG‑3 Columns
TG-3 tests consisted of five test specimens, as described 
previously: a control column, a PET wrapped column, 
two specially fabricated HF strand wrapped columns, 
and an HF strand wrapped column with lap-spliced main 

bars. In TG-1 and TG-2 tests, multiple layers (10 or 20 
layers) of thin PET sheets had to be used, primarily due 
to the low elastic modulus of PET. As multiple layers of 
PET wrapping are labor-intensive (and thus not cost-
effective), it was necessary to design and fabricate a fiber 
strand such that only one or two layers of strand wrap-
ping would be necessary. In addition, mixing PET with 
low elastic modulus and other fibers with higher elastic 
modulus would confer a higher stiffness than a strand 
made of PET only (Choi et al., 2011). Aramid fiber (AF) 
was considered a proper fiber for this purpose because 
of its mechanical properties, such as high strength and 
elastic modulus and relatively large ultimate strain (see 
Table 1 and Fig. 1). HF strand was designed using prin-
ciples of fiber mixing suggested by Manders and Bader 
(1981), and a strand with about 8% AF and 92% PET (by 
volume fraction) was fabricated. As the HF strand was 
put into tension, while AF ruptured first at about 3% 
strain, the strand tensile resistance was not decreased, 
but PET effectively continued to resist the tensile force. A 
typical load-versus-strain plot of the HF strand designed, 
fabricated, and used in this study is provided in Fig. 9. It 
was observed that an HF strand and 25 layers of PET had 
similar axial stiffness, that is, EfAf.

Fig.  7g–k presents the hysteretic behavior of five 
TG-3 columns: C-3-Control, C-3-PET, C-3-HF-hoop, 
C-3-HF-spiral, and C-3-HF-spiral-LS. C-3-PET was 
retrofitted by 25-layer PET wrapping, and C-3-HF-
hoop and C-3-HF-spiral were wrapped with one layer 
of HF strand in a hoop direction and in spiral fashion, 
respectively, as schematically exhibited in Fig. 2d, e. For 

Fig. 9  Load–strain behavior of HF strand in tension.
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C-3-HF-hoop, each strand overlapped at the end for 
100 mm length. For the C-3-HF-spiral, in which the HF 
strap was wrapped around continuously, it was neces-
sary to wrap an extra hoop using the same strand at the 
top and bottom due to a detailing problem, as provided 
in Fig. 2e.

The test results described in Fig.  7g–k and Table  4 
again revealed that all fiber wrapping schemes 
adopted in the TG-3 tests were effective, given that 
the maximum load, maximum displacement, and drift 
ratio improved significantly compared to the con-
trol. C-3-Control failed in shear at a 3.6% drift ratio, 
although the shear capacity was estimated to be higher 
than the flexural capacity before test. The maximum 
load of the C-3-Control was 172 kN. Higher maxi-
mum load of 214 kN was observed for C-3-PET. The 
maximum loads of C-3-HF-hoop, C-3-HF-spiral, and 
C-3-HF-spiral-LS were 195 kN, 211 kN, and 217 kN, 
respectively. Final failure mode of C-3-PET and C-3-
HF-hoop was main bar rupture followed by main bar 
buckling (similar to C-1-PET), but C-3-HF-spiral and 
C-3-HF-spiral-LS failed by shear in the unstrengthen 
top part of column during reverse cyclic loading (see 
Fig.  7). Overall the performance of columns wrapped 
by one HF strand (C-3-HF-hoop, C-3-HF-spiral, and 
C-3-HF-spiral-LS) was similar to that of C-3-PET. We 
observed that there was no difference between the 
behaviors of C3-HF-Spiral (with straight main bars) 
and C3-HF-Spiral-LS (with lap-spliced main bars). 
Thus, it can be concluded that the HF strand served the 
intended purpose of improving the strength and drift 
ratio, as well as providing efficient retrofitting work.

3.2 � Envelope, Stiffness, and Energy Dissipation
Fig. 10 shows envelopes of hysteretic curves, stiffnesses, 
and energy dissipation plots for all TG-1 and TG-2 col-
umns. The stiffness was determined as the slope of a 
straight-line connecting origin and the peak of each cycle 
of the hysteretic curve, whereas the energy dissipation 
was defined as the area under one complete cycle (loop) 
of the hysteretic curve. For the TG-1 columns, the initial 
stiffness of the C-1-CF or C-1-PET was clearly higher 
than that of the control. For the TG-2 columns, the ini-
tial stiffness of the C-2-GF or C-2-PET column was also 
higher than that of the control column. The stiffness 
decreased with an increasing number of cycles (and 
hence with increasing displacements) for all columns. 
The energy dissipation plots of TG-1 show that more 
energy was dissipated by C-1-PET (20 layers of PET) than 
by C-1-CF (1 layer of CF). For TG-2, there were few dif-
ferences in energy dissipation between C-1-GF (a layer of 
GF) and C-1-PET (10 layers of PET).

3.3 � Hoop Strain
Fig.  11 shows the maximum hoop strains developed 
during the reverse cyclic loading in the column ties and 
on different fibers measured on the east and/or west 
side of the column section (see Fig. 5). In the TG-1 and 
TG-2 control columns, which are not designed as shear 
critical, the column ties did not develop a yield strain 
εyt = 0.0025 (see Table 3). For some retrofitted columns, 
the column ties yielded, for example, C-1-CF. Although 
C-3-Control was not designed as shear critical, it actu-
ally failed in shear, as described previously, with a 
maximum tie strain of 0.0054, significantly larger than 
the tie yield strain. In C-3-PET and C-3-HF-hoop, the 
maximum tie strains registered were smaller than the 
yield strain at the measured locations (i.e., strain gauge 
locations), but it can be assumed that the maximum 
tie strains were larger elsewhere and the ties actually 
yielded. After the ties were yielded, the fibers imme-
diately kicked in to help resist shear, and so the fibers 
developed larger strain values. For C-3-PET and C-3-
HF-hoop, the maximum fiber strains measured were 
0.012 and 0.019, respectively, as shown in Fig. 11c.

Fig.  12 shows the maximum hoop strain values 
reached on extreme compression fibers for the ret-
rofitted columns. For C-1-CF, the CF ruptured at a 
maximum strain of 1.3%. Much higher maximum 
hoop strain of 3.5% was registered for C-1-PET, but 
the ductile PET did not fail. For C-2-GF, again it can 
be assumed that the maximum hoop strain larger than 
that shown in Fig. 12 must have developed at a location 
other than the measured location as the GF ruptured 
during test. C-3-HF-hoop yielded the largest hoop 
strain registered, with a hoop strain of 7.7%, which 
clearly demonstrated the advantage of using ductile fib-
ers, as PET did not rupture at the very large strains.

4 � Analyses
Following the experimental program, section analyses 
were conducted to construct moment–curvature dia-
grams of the RC column sections tested. The purpose 
was to determine the effectiveness of different FRPs in 
increasing the strength and drift ratio in the retrofit-
ted columns. The section analyses included the material 
properties of the confined concrete, reinforcing steel, 
FRP, and adhesives actually used in the experiment.

4.1 � Stress Versus Strain of Confined Concrete
There are many existing models with which the theoret-
ical stress–strain behavior of confined concrete can be 
determined. In this study, a well-known model by Man-
der et al. (1988) was adopted, as the model is excellent 
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(a) TG-1 (b) TG-2

(c) TG-1 (d) TG-2

(e) TG-1 (f) TG-2
Fig. 10  Envelop, stiffness, and energy dissipation of TG-1 and TG-2 columns.
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for simulating the strain-softening behavior. The simple 
relationship is as follows:

where f ′cc and εcc are the maximum concrete stress and 
the corresponding strain, respectively, under the lateral 
fluid pressure fl ; f ′co and εco are unconfined concrete 
strength and corresponding strain, respectively; and k1 k2 
are coefficients that are functions of the concrete mixture 
and the lateral pressure.

(1)f ′cc = f ′co + k1fl

(2)εcc = εco

(

1+ k2
fl

fco

)

In Eqs. (1) and (2), k1 and k2 are assumed to be 4.1 and 
5 k1 , respectively (Richart et  al., 1928). The hydrostatic 
pressure fl in concrete confined by FRP with linear elas-
tic stress–strain behavior, such as CF and GF, can be 
determined using the following equation:

where Ef  is the elastic modulus of FRP, n is the number of 
FRP layers, tf  is the thickness of one layer of FRP, εfe is the 
effective strain of FRP at failure, and D is the diameter of 
the circular concrete section.

In the case of PET with non-linear stress–strain behav-
ior, Eq. (4) can be used:

(3)fl =
2Ef ntf εfe

D

(a) TG-1 (b) TG-2

(c) TG-3
Fig. 11  Hoop strain: ties and fiber (East, West).
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where ff  is stress of the FRP at the effective strain ( εfe).
The stress–strain relationship of PET is non-linear, as 

depicted in Fig. 1. A numerical expression (a polynomial 
equation) was developed using the least square method 
to determine the best fit curve up to 4% PET strain, as 
presented in Fig. 13. A bi-linear relationship of reinforce-
ment (including strain hardening) was used based on the 
actual test results of the reinforcing bars used for the col-
umn test. Fig. 14 shows the stress–strain relationship of 
various concretes confined by different FRPs for all col-
umns determined using the theoretical model by Mander 
et  al. (1988). Fig.  14a shows the stress–strain behavior 

(4)fl =
2ff ntf

D

of TG-1 concretes C-1-Control, and C-1-CF and C-1-
PET confined by CF and PET, respectively. The concrete 
confined by 20 layers of PET (C-1-PET) had the highest 
strength and ultimate strain. Both strength and ultimate 
strain also increased for concrete confined by one layer 
of CF (C-1-CF), but the strength was lower, and the ulti-
mate strain was significantly smaller than C-1-PET. By 
contrast, in Fig. 14b, the concrete confined by 1 layer of 
GF (C-2-GF) had the highest strength, whereas the con-
crete confined by 10 layers of PET (C-2-PET) exhibited 
the highest ultimate strain. Fig. 14c shows that the con-
finement effect of 1 layer of the HF strand (C-3-HF) was 
not as good as 25 layers of PET (C-3-PET). Overall, the 
strength and ultimate strain of the FRP-confined con-
cretes were significantly higher than those of the control.

4.2 � Section Analysis
The stress–strain behaviors shown in Fig.  14 should be 
directly related to the moment capacity of the section 
and the curvature ductility. Moment–curvature analyses 
were carefully performed using the behavior of confined 
concretes, as determined above. We also used actual 
material properties of the bi-axial PET sheet and HF 
strand in terms of numerical models for HF strand and 
PET demonstrated in Figs. 9 and 14, respectively, and bi-
linear stress–strain behavior of reinforcement, including 
strain hardening. Table 5 summarizes the results for the 
TG-3 columns.

According to Table  5, the analytically determined 
flexural strengths and the experimental results match 
well, especially at ultimate state. The predicted flexural 
strengths overestimated the actual strength by about 10% 
or less. For C-3-PET, the bi-axially woven PET sheet not 
only had fibers stretched in the hoop direction, but the 

Fig. 12  Fiber strain (hoop strain of extreme compression fiber).

Fig. 13  PET stress–strain relationship (up to 4% strain).
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Fig. 14  Confined behavior.

Table 5  Results of moment–curvature analyses versus test results: TG-3 columns.

My_test is measured moment at yield stage; Mu_test is measured moment at ultimate stage; My_calc is theoretical momenta at yield stage; Φy is theoretical curvature of 
column at yield stage; Mu_calc is theoretical momenta at ultimate stage; Φu is theoretical curvature of column at ultimate stage.

Column index Test results moment 
(kNm)

Analysis results moment (kNm), 
curvature (10–5 rad/mm)

My_calc/
My_test (%)

Mu_calc/
Mu_test (%)

Curvature 
ductility Φu/
Φy

Yield Ultimate

My_test Mu_test My_calc Φy Mu_calc Φu

C-3-control 183 199 150 1.12 192 3.38 82.0 96.3 3.0

C-3-PET (hoop fibers only) 166 238 152 1.14 213 7.87 91.4 89.4 6.9

C-3-PET (hoop + axial fibers) 153 1.14 223 7.68 92.0 93.5 6.7

C-3-HF-hoop 173 210 149 1.13 200 6.64 86.4 95.5 5.7

C-3-HF-spiral 166 233 89.7 86.1
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axial fibers were also tensed when the retrofitted column 
was subjected to flexure. Therefore, the contribution of 
the axial fibers to the flexural strength was determined 
for C-3-PET with the results included in Table 5, which 
indicates that the role of axial fibers in increasing flex-
ural strength was not significant. The section curvature 
ductility increased from 3.0 for the control to over 5–6% 
for the retrofitted columns. The results shown in Table 5 
demonstrate that it is possible to theoretically and accu-
rately predict the strength and ductility of RC columns 
retrofitted by fibers with non-linear material properties, 
such as PET.

5 � Conclusions
In this research, 11 RC circular columns were built and 
reinforced by CF, GF, AF, PET, and HF, and a pseudo-seis-
mic test was performed to investigate the effectiveness 
of structural seismic retrofitting. The following conclu-
sions were reached based on the experimental results and 
extensive analyses:

1.	 In TG-1, compared with the control specimen, the 
ultimate moment of columns confined by CF and 
PET was improved by 21% and 28%, respectively, 
and the displacement ductility of specimens wrapped 
by CF and PET was increased by 130% and 211%, 
respectively. Due to the improvement in the ultimate 
moments and ductility of PET, there was no fiber 
rupture at the ultimate step, whereas CF rupture was 
clearly observed at the final stage. Even though the 
PET amount used was approximately 50% of CF in 
terms of fiber axial stiffness, the ultimate moment of 
the column reinforced by PET was higher than that 
of the CF confined specimen because of the higher 
ultimate strength and strain of the concrete column 
wrapped by PET.

2.	 In TG-2, although 1 layer of GF sheet and 10 layers of 
PET sheet were used for reinforcement of columns, 
signifying that fiber axial stiffness of PET was about 
50% of GF, ductility of PET wrapped column was 
higher than that of column confined by GF due to the 
high tensile ductility of PET. However, the flexural 
strength of the PET wrapped column was slightly 
lower than that of the GF reinforced column. When 
compared with the control column, the ultimate 
moment of specimens reinforced by GF and PET 
increased by 11% and 15%, respectively, and the dis-
placement ductility of columns confined by GF and 
PET increased by 38% and 75%, respectively.

3.	 In TG-3, based on the control specimen, the ultimate 
moment of PET, HF hoop, and HF-spiral wrapped 
columns was increased by 24%, 13%, and 23%, 
respectively, and the displacement ductility of speci-

mens confined by PET, HF hoop, and HF-spiral was 
improved by 194%, 185%, and 175%, respectively. A 
comparison of the columns reinforced by PET, HF-
hoop, and HF-spiral revealed that their ultimate 
moment and strain were close to each other. Thus, 
regardless of the different wrapping methods, such 
as hoop and spiral, there was no difference between 
the specimens in terms of seismic performance; one 
layer of HF sheet with hoop or spiral wrapping had 
almost the same lateral confinement effect as 25 lay-
ers of PET sheet. Despite the low elastic modulus of 
PET, the RC column with lap-spliced main bars dem-
onstrated a similar level of strength and ductility as 
the RC column with straight bars, while both col-
umns were strengthened by HF wrapping in a spiral 
fashion.

4.	 All three different fibers, that is, GF, CF, and PET, and 
the AF and PET hybrid FRP, were effective in terms 
of strength and ductility. We observed that the final 
failure mode of the CF- or GF-wrapped column was 
rupture, followed by main bar buckling. Although the 
PET retrofitted column demonstrated ductile behav-
ior in terms of displacement and drift ratio, the dis-
advantage was that a large amount of PET had to be 
used because of its low elastic modulus (about 1/20th 
of CF elastic modulus). Based on the test results of 
TG-3, HF was presented as an alternative fiber that 
can overcome the shortcoming of PET. The durability 
of PET is currently being investigated to evaluate its 
field applicability.
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