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Abstract: An experimental study was performed on fiber wrapping to strengthen RC columns with insuffi-

cient moment capacity and ductility. In pseudo-seismic test of four columns with a circular cross section, the 

test variable was fiber type: none, carbon fiber (CF), polyethylene terephthalate (PET), and combined use of 

CF+PET. PET has high tensile strength and ductility, but very low elastic modulus. While a large area of 

PET typically needs to be used, the amount of PET actually utilized was about 50% of CF in terms of fiber 

axial stiffness (EfAf). All columns wrapped by CF and/or PET showed significantly improved strengths over 

the control column (121~143% of control column) while ductility also significantly improved (2.3~3.1 times 

the control column). Performance of PET was comparable to that of CF in terms of strength and ductility 

improvement while no sign of fiber rupture was observed at ultimate stage due to excellent ductility intrinsic 

with PET. 
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1.  Introduction 

 
Carbon fiber has been often used for seismic 

retrofit of RC columns in Korea since 1990s. Seis-

mic design was first introduced to Korean Building 

Code in 1980s and many RC columns constructed 

before the introduction of the seismic design provi-

sions lack flexural strength and ductility. Carbon 

fiber has excellent mechanical properties including 

strength and stiffness while durability characteris-

tics are also excellent.
 
[1] The fracture strain of CF 

in tension, however, is typically on the order of 1% 

which can be a severe drawback for CF to be used 

for fiber wrapping for the purpose of seismic retro-

fit of RC columns which typically experience large 

deformation under strong seismic activities. Ductile 

polyethylene terephthalate (PET) wrapping for 

seismic retrofit of RC columns was explored in this 

study. PET is typically used in construction as geo-

textile fabric in Korea in the form of thin bi-axially 

woven sheet. 
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PET has tensile strength over 600 MPa, high 

fracture strain on the order of 15%, but very low 

elastic modulus smaller than 1/20
th
 of steel. It is 

noted that the PET was first applied for seismic ret-

rofit of RC columns in Japan. Aggawidjaja et al. 

tested 14 shear deficient RC columns with rectan-

gular cross-sections wrapped using carbon fiber 

(CF), aramid fiber (AF), polyethylene naphthalate 

(PEN), and PET. Both shear capacity and ductility 

increased compared to the control specimen. Ag-

gawidjaja et al. proposed a mathematical model to 

predict the pier deformation capacity based on the 

experimental results.
 
[2] Chun et al. performed an 

experimental study on seismic retrofit of rectangu-

lar columns using two to three layers of CF. Chun 

et al. reported that the strength of CF wrapped col-

umns increased by 46 ~ 59% while ductility also 

increased significantly over the control column.
 
[3] 

 

2.  Preparation for pseudo-dynamic test of 

RC columns 

 
2.1  Mechanical properties of fibers 

The mechanical properties of CF and PET in 

tension were first determined using 500-N capacity 

LR5K UTM by Lloyd Instrument. Results of tensile 

test performed following ISO 10406-2 are 

summarized in Table 1 and Fig. 1.
 
[4] As shown in 

Table 1 and Fig. 1, CF has much higher strength 
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and elastic modulus than PET, but PET can develop 

much larger strain than CF. It is also shown in Fig.  

1 that the stress-strain relationship of CF is linear 

while it is non-linear for PET. A two-part epoxy 

was used to provide bond between fibers and con-

crete in this study while the mechanical properties 

of the adhesive (called K2 hereinafter) is also in-

cluded in Table 1. 

 

2.2  Fabrication of column test specimens 

The column cross sections were designed using 

low strength concrete and reinforcement in this 

study to reflect the common practice in Korea in the 

1980s. Table 2 summarizes test variables. Table 3 

summarizes the mechanical properties of column 

reinforcement. The stress-strain relationship was 

measured in the laboratory and recorded both for 

concrete and reinforcement, and later used for mo-

ment-curvature analyses of the column cross sec-

tions. 

All RC columns had a circular cross section 

with a diameter of 400 mm. The column test speci-

mens were cast in two parts: column stub and col-

umn. Column main bars (SD300 Grade 12 D16) 

were extended from the column stub into the col-

umns without any splices. D10 column ties were 

used at 250 mm o.c. All column sections were de-

signed to have sufficient shear resistance so that the 

columns would fail in flexure. All columns were 

cast in paper mold. The paper mold was removed 

after one day and the columns were wet cured for 

seven days using plastic sheet. 

Before fiber wrapping, the concrete surface 

was lightly ground using a hand grinder to improve 

bond. Except for the control column (C-Control), 

fibers were wrapped around the column for the 

height of 2d (d = 352 mm, effective depth) above 

the column stub completely surrounding the plastic 

hinge zone. For C-PET, multiple layers of bi-

axially-woven PET sheet were used. 

 

 

Fig. 1 – Stress- strain relationship of CF vs. PET 

Table 1 – Mechanical properties of fibers and adhesive 

Fiber type Tensile 

strength 

 

(MPa) 

Maximum 

strain in 

tension 

Elastic 

modulus 

 

(GPa) 

Cross-

sectional 

area 

(mm
2
) 

Thickness 

 

 

(mm) 

Density 

 

 

(g/mm
3
) 

CF roving 1,970 0.0116 169.00 0.446 1) 0.109 0.00180 

PET sheet 613 0.1495 7.10 3) 5.250 2) 0.106 0.00140 

K2 (adhesive) 40.9 0.0258 1.59 4) -- -- 

Notes: 1) Cross-sectional area of a CF roving; 2) cross-sectional area of bi-axial PET sheet per 100-mm width (area of fibers in the 

axial direction only is given); 3) secant modulus corresponding to 1% strain; 4) volume of adhesive used is 200% of fiber by vol., typ. 

 

Table 2 – Summary of concrete strengths and test variables 

Column index 
fck 

(MPa) 

ρst 

(%) 

ρtie 

(%) 

ρf 

(%) 
Fiber wrapping scheme 

C-Control  

21.0 

 

1.93 

 

0.37 

--  

C-CF 0.108 CF 1 layer, ACF = 21.2 mm
2
/pitch 1) 

C-PET 1.050 PET 20 layers, APET = 263 mm
2
/pitch 

C-HF 1.080 PET 20 layers + CF strips 2) 

Notes: 1) 1 pitch = 250 mm, typ. (tie spacing); 2) CF strip cross-sectional area is 7.96 mm2/pitch for C-HF. 

 

Table 3 – Mechanical properties of column reinforcement 

Reinforcement 
fy 

(MPa) 

fult 

(MPa) 

Es 

(GPa) 

Main bar, 12 D16 347 522 178 

Tie, D10 @ 250 o.c. 465 718 181 

Column stub, D25 548 -- -- 
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For C-CF, uniaxial CF sheet with mechanical 

properties similar to fiber rovings as shown in Ta-

ble 1 were used. The amount of fiber wrapping was 

one layer of CF sheet for C-CF and 20 layers of 

PET sheet for C-PET, respectively. Many layers of 

PET sheet were needed due to low elastic modulus 

of PET. It is noted that, after fiber wrapping, EP-

ETAPET was 52% of ECFACF in terms of axial stiff-

ness. For the C-HF, in addition to 20 layers of PET 

sheet, CF strips were wrapped at 150 mm o.c. Fig. 2 

shows three columns after fiber wrapping. 

 

2.3 Instrumentation, test method, and 

measurementation 
Columns were heavily instrumented as shown 

in Fig. 3. Three sets of strain gauges were installed 

on two main reinforcing bars located at North/South 

(N/S) and subjected to maximum +/- moment, re-

spectively, to measure flexural strains. Two sets of 

strain gauges were installed on ties at East/West 

(E/W), respectively, to measure hoop strains. In 

addition, two sets of strain gauges were installed on 

fibers to measure fiber strains at E/W, respectively. 

The locations of strain gauges installed on fibers 

were at half point vertically between the strain 

gauge locations installed on column ties. A total of 

seven linear variable displacement transducers 

(LVDTs) were used to measure displacement of the 

column and the column stub. 

Lateral force H was applied at 1.2 m (half a 

story height in about 2/3
rd

 of full scale) above the 

top surface of column stub using a 1,200-kN ca-

pacity Instron PL 1.0N actuator while the concen-

tric axial force P was applied on top of the column 

using a 2,000-kN hydraulic cylinder operated by a 

hand pump. Force applied by the hydraulic cylinder 

was carefully monitored using pressure transducer 

during test to constantly maintain a vertical force of 

350 kN (about 10% of column axial capacity) 

which simulated dead load. All data were electroni-

cally monitored and stored using a TDS 530 data 

logger. 

Pseudo-dynamic tests were carried out general-

ly following procedures suggested in ref. [5]. Dis-

placement control for the lateral force application 

was adopted and is shown in Fig. 4. As shown in 

Fig. 4, the same displacement cycle was repeated 

for two times. The typical displacement cycle was 1, 

2, 3, 4.5, 6, and 8𝛥y while 𝛥y was taken as an aver-

age value of the displacements at the first yielding 

of the main reinforcing bar located at N/S. Test was 

terminated when the maximum lateral load of a 

specific cycle dropped below 80% of the maximum 

lateral load recorded for the specific column speci-

men. 

 

 

3.  Results of RC column test 

 
3.1  Hysteretic behavior 

The column tests consisted of four columns: a 

Control column (C-Control), a CF strengthened 

column (C-CF), a PET strengthened column (C-

PET), and a hybridized PET+CF strengthened col-

umn (C-HF). Table 4 summarizes the test results in 

terms of moment and displacement values at limit-

ing states, ductility, and failure modes while Fig. 5 

shows the hysteretic curves of all columns deter-

mined from tests. 

It is seen in Fig. 5 that C-CF, C-PET, and C-

HF reached significantly higher peak loads with 

increasingly larger displacements than C-Control. 

At yield stage, My of C-CF, C-PET, and C-HF are 

109%, 112%, and 118% of My-Control, respectively. 

At peak, Mmax of C-CF, C-PET, and C-HF are 

121%, 128%, and 143% of Mmax-Control, respectively, 

in Table 4. 

Displacement ductility can be defined as a dis-

placement at failure (at a specific cycle where the 

peak load of the cycle dropped below the max. load 

recorded for the specimen) over a displacement at 

yield. Displacement ductility of C-CF, C-PET, and 

C-HF over C-Control is 2.26, 3.06, and 3.06, re-

spectively, in Table 4. Drift ratios, Δmax/1,200 

(shear span = 1,200 mm in Fig. 3), are 4.2, 6.5, 8.0, 

and 8.9 for C-Control, C-CF, C-PET, and C-HF, 

respectively. 

Fig. 6 shows envelops of the hysteretic curves 

of all four columns. Fig. 6 reveals that the highest 

moment and displacement were achieved by C-HF. 

Behaviors of C-CF and C-PET are similar and are 

significantly superior to that of C-Control both in 

terms of moment and displacement. The test results 

clearly show the effectiveness of both CF and PET 

wrapping in increasing the moment capacity and the 

ductility over the Control column. It is noted that 

test data are shown only for the first quadrant for C-

CF in Fig. 6. This is due to a mistake in manipula-

tion of the actuator during testing C-CF. In a specif-

ic cycle, the actuator went to into much larger dis-

placement than a planned value by a handling mis-

take and partial fracture of CF occurred in one face 

(S) of the column at the maximum moment region. 

This partial failure of CF did not seem to have af-

fected the behavior in the opposite loading direction 

(N), fortunately, and test of C-CF continued with 

results shown in Figs. 5 through 7. 

 

3.2  Energy dissipation 

The area under respective loop of the hysteret-

ic curve represents the energy dissipation of the 

specific cycle and is shown in Fig. 7 for all columns. 

Fig. 7 indicates that the areas under each loop are 
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(a) C-CF   (b) C-PET  (c) C-HF (PET+CF) 

Fig. 2 – Fiber wrapped RC columns 

 
Fig. 3 – Column test setup 

 

Fig. 4 – Program for lateral force application 

 

similar among C-Control and C-CF, C-PET or C-

HF in the beginning, but the energy dissipation sig-

nificantly increases in C-CF, C-PET, and C-HF and 

reaches over 200% of C-Control at the end. Fig. 7 

also reveals that energy dissipations by C-PET and 

C-HF are larger than C-CF. It needs to be noted that 

the energy dissipation capacity of C-HF of the last 

loop is smaller than that of a loop just before the 

last cycle. This is because of the CF fracture that 

occurs in the cycle just before the last cycle as 
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shown in Fig. 5 (d). After loss of extra confinement 

by CF, the confinement is provided only by PET 

which results in decreased energy dissipation for 

the last loop in Fig. 7. 

 

3.3  Failure mode 
As shown in Table 4 and Fig. 8 (a), C-Control 

failed as the main reinforcing bars buckled follow-

ing the loss of concrete cover in the plastic hinge 

zone. C-CF failed by rupture of CF at measured 

maximum fiber strains of about 1.1% followed by 

buckling of the column main bars as shown in Fig. 

8 (b). On the other hand, the failure mode of C-PET 

was the tensile failure of the main reinforcing bars 

following the loss of concrete cover and the main 

bar buckling as shown in Fig. 8 (c). The main bars 

first buckled then the buckled bars ruptured in ten-

sion during subsequent reloading in the opposite 

direction. It is also important to note that in all 

PET-strengthened columns (C-PET and C-HF), 

PET remained undamaged which again demonstrat-

ed the excellent ductile characteristics. In C-HF, 

wrapped by CF strips in addition to PET sheet, the 

CF strip at the maximum moment region ruptured 

first at the maximum load, but the load resisting 

capacity of C-HF was not suddenly lost as PET 

helped keep providing column with resistance. 

 

3.4  Load vs. strains: column ties and fiber strain 

 

3.4.1 Strains in column ties 
Fig. 9 shows load vs. strain values developed 

in column ties during test where tie level 1 repre-

sents the tie closest to column stub and so on. Fig. 9 

shows that the tie strains developed in the fiber 

wrapped columns are larger than those of the con-

trol column and the maximum tie strain (average 

value of E/W) is on the order of 0.15% and there-

fore the ties do not reach the yield point in all col-

umns. 

 

3.4.2 Fiber strains 
Fig. 10 (a) shows that the maximum fiber 

strain in the hoop direction is close to 0.6% for C-

CF and it is about 1% for C-PET, respectively. It 

needs to be noted that, unlike strains measured on 

the column ties, the strain values developed in con-

tinuously applied fibers can be much larger than 

that shown in Fig. 10 (a). For example, for C-CF, 

CF must have ruptured at about 1.16% strain during 

test (the rupture strain of CF is 1.16% as shown in 

Table 1), but Fig. 10 (a) only shows the maximum 

strain value of about 0.6%. This argument should 

also be valid for the hoop strains shown for C-PET. 

Fig. 10 (b) shows that the maximum PET strain 

measured in the column axial direction is about 0.5% 

while it is expected that the actual PET strain in 

hoop direction has been much larger than 0.5%. 

 

4.  Theoretical interpretation of test results 

 
4.1  Stress-strain relationship of confined 

concrete 

It was desired to perform moment-curvature 

analyses of the column cross-sections to futher ana-

lyze the effectiveness of the different types of fiber 

wrapping. Complete stress-strain curves of the con-

fined concrete are needed for this purpose and, in 

this study, the well known theoretical stress-strain 

model of confined concrete by Mander et al. was 

used.
 
[6] As shown in Fig. 1, the stress-strain rela-

tionship of PET is non-linear. A numerical expres-

sion in the form of a polynomial equation was de-

veloped using the Method of Least Square to de-

termine the best fit curve up to 4% strain of PET as 

shown in Fig. 11. 

 

Table 4 – Summary of test results of RC columns 

Column 

index 

Moment Displacement Ductility and failure modes 

My 

 

(kNm) 

Mmax 

 

(kNm) 

Δy 

 

(mm) 

Δmax 

 

(mm) 

Displ. 

ductility 

Drift 

ratio 

(%) 

Failure mode 

C-Control 116 147 11.5 50.4 4.38 4.20 Column main bar buckling 

C-CF 126 178 7.92 78.4 9.90 6.53 CF rupture 

C-PET 130 188 7.18 96.1 13.4 8.01 Column main bar rupture 

C-HF 1) 137 210 8.01 107 13.4 8.92 ditto 

Notes: 1) End of actuator stroke was reached for C-HF during reverse cyclic loading. Test was stopped temporarily while the actuator 

stroke was readjusted. C-HF ultimately failed in shear under monotonic loading. Data given in Table 4 are for reverse cyclic loading 

only
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(a) C-Control (b) C-CF 

(c) C-PET 
(d) C-HF (PET+CF) 

Fig. 5 – Hysteretic behavior 

 

 
Fig. 6 – Envelop of hysteretic curves  Fig. 7 – Energy dissipation 

 

 

 

 

 

 

CF rupture 
conc. cover 

spalls 

col. main bar 

buckles 

col. main bar 

ruptures in 

tension 

CF rupture 

CF rupture 

42

ACF Journal, Vol. 1, No. 1, Sep. 2015



 

 

 

  
(a) C-Control (b) C-CF (c) C-PET 

 

  

(d) C-PET (e) C-PET (f) C-HF (PET+CF) 

 

Fig. 8 – Failure modes 

(a) Col. ties – level 1 (b) Col. ties – level 2 

 

Fig. 9 – Load vs. column tie strains (E/W average value) 

 

(a) FRP strain in hoop dir. (E/W avg. value) 

 

(b) PET strain in axial direction 

 

Fig. 10 – Load vs. fiber strains 
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Fig. 11 – Curve fitting: PET stress-strain 

relationship up to 4% 

 
Fig. 12 – Stress-strain relationship of confined 

concretes [6]
 

 
The strength and the corresponding longitudi-

nal strain at the strength of concrete confined by an 

active hydrostatic pressure can be represented by 

the following relationships: 

 𝑓𝑐𝑐′ = 𝑓𝑐𝑜′ + 𝑘1𝑓𝐿          (1)

      𝜀𝑐𝑐 = 𝜀𝑐𝑜 (1 + 𝑘2 𝑓𝐿𝑓𝑐𝑜′ )   (2)

      

where fcc’ and 𝜀𝑐𝑐 are the maximum concrete 

stress and the corresponding strain, respectively, 

under the lateral pressure fL; fco’ and 𝜀𝑐𝑜 are un-

confined concrete strength and corresponding strain, 

respectively; and k1 and k2 are coefficients that are 

functions of the concrete mix and the lateral pres-

sure where, in this study, k1 and k2 are taken as 4.1 

and 5 k1, respectively. [6] 

 

The lateral pressure can be determined using 

Eq. (3). 

 𝑓𝐿 = 2𝐸𝑓𝑛𝑡𝑓𝜀𝑓𝑒𝐷    (3) 

 

where Ef is elastic modulus of FRP, n = num-

ber of FRP layers, tf is nominal thickness of one 

layer of FRP, 𝜀𝑓𝑒 is effective strain of FRP at fail-

ure, and D is diameter of the circular column. [1] 

 

In Eq. (3), the effective strain of CF is 1.16% 

as shown in Table 1 while it is rather arbitrarily set 

to be 3% for PET based on observations during 

tests. Complete stress-strain curves of the confined 

concrete can be now determined using stress-strain 

relationships of various confined concretes for the 

four different columns determined using Eqs. (1) ~ 

(3) and the procedure suggested in reference [6]. 

Fig. 12 shows the stress-strain relationships of vari-

ous confined concretes for the four different col-

umns determined using the above procedure. 

 

4.2 Moment-curvature analyses of column cross 

sections 
The moment–curvature analyses were per-

formed on the column circular cross sections using 

the stress-strain curve of fibers shown in Fig. 1, the 

concrete stress-strain relationships shown in Fig. 12, 

and bi-linear model of stress-strain relationship of 

column main reinforcement (to reflect strain hard-

ening effect). Analyses were performed either with 

or without considering the effect of axial fibers in 

case of bi-axially woven PET. Table 5 summarizes 

the results of the moment-curvature analyses. Table 

5 also compares the theoretical values with the ex-

perimental results. In Table 5, the experimentally 

determined moments of C-Control both at yield and 

ultimate stages match very well with the theoretical 

moments. For C-CF, C-PET, and C-HF, the ratio of 

the theoretical moment over the experimentally de-

termined moment is 0.931, 0.907, and 0.862 at yield 

stage while it is 0.88, 0.857, and 0.773 at ultimate 

stage. It is noted that the PET sheet used in this 

study is bi-axially woven while the amount of fibers 

running in the hoop direction and the axial direc-

tions are the same. Improved moment-curvature 

analyses also considering the fibers in the axial di-

rection resulted in the ratio of theoretical over ex-

perimental moments at yield stage as 0.922 and 

0.876, respectively, for C-PET and C-HF. The ratio 

is 0.904 and 0.813 at ultimate stage for C-PET and 

C-HF, respectively. The theoretical calculations 

considering non-linearity of PET, stress-strain be-

havior of confined concrete, and strain hardening of 

reinforcing steel in general can predict the test val-

ues well. 

It should be noted that the amount of PET used 

is only 52% of CF in terms of fiber axial stiffness 
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(EfAf) as described previously. The ultimate mo-

ment capacity of C-PET, however, is higher than 

that for the C-CF as shown. This is due to the high 

strength and ultimate strain of concrete confined by 

PET as shown in Fig. 12. 

Curvatures of the column section can be de-

termined theoretically both at yield and ultimate 

stages. Table 5 shows that the curvature ductility 

(Фu/Фy) of C-Control, C-CF-, C-PET, and C-HF is 

2.88, 5.12, 8.92, and 9.53, respectively. Again, 

while the fiber wrapping is effective in increasing 

the ductility of all RC column sections tested, it is 

more effective with the PET wrapping than the CF 

wrapping

Table 5 – Results of moment-curvature analyses vs. experimental results 

Column index Experimental 

values 

(kNm) 

Theoretical values 

(M – kNm, Ф - 10
-5

 rad/mm) 

My-calc 

/ 

My-test 

 

(%) 

Mu-calc 

/ 

Mu-test 

 

(%) 

Фu 

/ 

Фy Yield stage Ultimate stage 

My-test Mu-test My-calc Фy Mu-calc Фu 

C-Control 116 147 117 1.06 149 3.05 100 101 2.88 

C-CF 126 178 117 1.05 156 5.39 93.1 88.0 5.12 

C-PET 1) 

- hoop only 

- hoop+axial 

 

 

130 

 

 

188 

 

 

118 

 

120 

 

 

1.05 

 

1.05 

 

 

161 

 

170 

 

 

9.59 

 

9.41 

 

 

90.7 

 

92.2 

 

 

85.7 

 

90.4 

 

 

9.14 

 

8.92 

C-HF 1) 

- hoop only 

- hoop+axial 

 

 

137 

 

 

211 

 

 

118 

 

120 

 

 

1.05 

 

1.05 

 

 

163 

 

172 

 

 

10.2 

 

10.0 

 

 

86.2 

 

87.6 

 

 

77.3 

 

81.3 

 

 

9.80 

 

9.53 

Notes: 1) C-PET and C-HF: analyses first excluded the effect of fibers in the axial direction (i.e. considered hoop direction fibers 

only) and then included the effect of axial fibers of bi-axial PET sheet (both hoop direction and axial direction fibers). 
 

5.  Conclusions 
 

While fiber wrapping has been done since 

1990s in Korea, PET is new for application in RC 

structure. PET has high strength, very large fracture 

strain, and very low elastic modulus. A total of four 

columns including CF- and/or PET- wrapped RC 

columns and a control column was tested in this 

study with results summarized below. 

 

(1) All columns wrapped by CF and/or PET 

showed significantly improved strengths over 

the control column: ultimate moments ranged 

between 121% and 143% of the control col-

umn. 

(2) Performance of PET was at least comparable 

to that of CF in terms of strength and ductility 

improvement while no sign of fiber rupture 

was observed at ultimate stage due to excellent 

ductility intrinsic with PET. 

(3) Although the amount of PET actually utilized 

was only 52% of CF in terms of fiber axial 

stiffness (EfAf), the ultimate moment of PET 

wrapped column was higher than that of CF 

wrapped column. This is due to the high 

strength and ultimate strain of concrete con-

fined by PET as evidenced by theoretical cal-

culation. 

(4) Both CF and PET wrapping were effective in 

increasing the ductility of all RC column sec-

tions. Ductility of columns wrapped by CF 

and/or PET improved 2.3~3.1 times the control 

column. PET wrapping was more effective 

than the CF wrapping. 

 

It must be noted that the durability characteris-

tics of PET are currently under investigation for 

actual application of PET in the field. Due to very 

low elastic modulus of PET, a large amount needs 

to be utilized which leads to increased thickness. In 

this study, the thickness of 20 layers of PET along 

with adhesive was on the order of 6 mm. The bond 

characteristics between PET and concrete substrate 

must also be studied in the future. 
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