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Seismic Performance of Circular RC Columns Retrofitted Using Ductile
PET Fibers
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ABSTRACT An experimental research was performed using fibers for the purpose of retrofitting existing reinforced concrete
circular columns. Glass fiber (GF) and polyethylene terephthalate (PET) were used as well as combined GF+PET (HF). PET has high
tensile strength (over 600 MPa) and high ductility (about 15%), but has very low elastic modulus (about 1/6 of GF). A total of four
columns was tested against laterally applied reverse cyclic load: control column, GF-, PET-, and HF-strengthened columns. All
columns retrofitted using fibers demonstrated improved moment capacity and ductility. Moment capacity of GF-, PET-, and
HF-strengthened columns was 120%, 107%, and 120% of the control column, respectively. Drift ratio of all retrofitted columns also
increased by 63 ~ 83% over the control column. The final failure mode of the control column was main bar buckling. The final failure
mode of the GF- and HF-strengthened columns was GF rupture while that of the PET-strengthened column was main bar rupture in

tension. No damage was observed for PET at the ultimate stage due to excellent strain capacity intrinsic to PET. Current test results
indicate that PET can be effectively used for seismic retrofit of RC columns. It is noted that the durability characteristics of PET

needs to be investigated in the future.
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Table 1 Mechanical properties of fibers

Fiber Specific S & Es
type gravity (MPa) (%) (GPa)
Ave. 2.54 557 1.28 44.8
GF | STD - 21.84 0.0017 6.33
cov - 0.039 0.18 0.14
Ave. 1.40 613 14.95 7.1
PET | STD - 37.87 0.004 -
CoVv - 0.062 0.029 -

Note: 1. Cross-sectional area of a GF roving = 0.97 mm?; 2.
Cross-sectional area of PET sheet = 5.25 mm? (area of fibers
in the axial direction only is considered); 3. Secant modulus
corresponding to 1% strain is given for PET; 4. No. of test
specimens: 5 ea. per fiber type.

Table 2 Tensile properties of adhesive

After 3 days After 7 days

Type . .
Stress | Strain | E gnesive | Stress | Strain | E anesive

(MPa) | (%) | (GPa) | (MPa) | (%) | (GPa)

K2 43.7 2.01 2.17 409, 2.58] 1.59
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(a) Fiber tensile test specimen
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Fig. 1 Fiber tensile test
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Fig. 2 Fiber tensile test results
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Table 3 Summary of column concrete strengths

Compressive strength at day, MPa
Member
7 28 56
Column 18.1 26.6 30.8
Column stub -- 44.0 48.0

Table 4 Material properties of column rebars

Use Size 5 Ju E

(MPa) | (MPa) (GPa)

Main bars D16 403 480 175

Ties D10 465 670 181
—am VDT P
: Strain gauges 1

300
H  t— —— —

—— -
§ @ N - 1.200
E I—-— ad
a

L 600
= - —

Column stub reinforcement is_not shewn for clarity

(a) Column test specimen
Hydraulic cylinder, 200 tonf

1,200

Column stub 600

Reaction floor

(b) Test setup

Fig. 3 Column test specimen and test setup
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Fig. 4 Control and fiber wrapped columns

Table 5 Fibers used for column strengthening

ad' | pt | ope’ | ot 5
Index ©) | (%) %) Remarks
C-CF 0.108 | GF 1 layer
PET 10
CPET | 34 | 193 | 037 | 105 | jpvers
PET 10
C-HF 1.08 layers
+ GF strips

Note: 1. a= 1,200 mm, d =352 mm; 2. py = Ay /Ag; 3. Prie =
Vol.iie /VOl.core conc; 4. pr=Vol.;/Vol.conc; 5. GF 1 layer = 106
mm?*/pitch, 6. PET 10 layers = 132 mm?pitch, 7. HF =
PET+GF, i.e. PET 132 mm?/pitch + GF 26.1 mm*/pitch (1
pitch = 250 mm), 8. Thickness of GF sheet = 0.424 mm/
layer, thickness of PET sheet = 0.106 mm/layer.
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Fig. 5 Program for lateral force application
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Fig. 6 Load vs. Displacement: Hysteretic behavior
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35

30

25

20

15

10

Energy dissipation (kN-m)

—&— C-Control
——CPET
—¥—C-GF
—3--

C-HF

20 40 60 80 100 120

Displacement (mm)

Fig. 8 Energy absorption capacities

1Y PET gR2 HUE HIE32IE &Y 7|89 Uizds 1293



& 7 (14 E)olAE B9 370 7159 71%0] A
st S WEF 7134 W) AE GF 9 HF 27 7%
o] PET B7 7|5 HU ¢ =& 2452 wolw )

3.3 OflHX] &4 55

S-S 34 7 o] F o] WAL YA 2AF Y
< YERATE Fig. 8ol & 47 7159 ovA] 2A4F 58&
etk 7R 7153 B 7)EelA 7 Aol
NAA 2AF 58 fFAHAE, ARE BAE 7159
AN U ARE Ao Qste] 37 AGEY 7159
oflUYA|] At 58 FRA 7159 ¢F200% TEOE A
A s7tEE & F AUth

34 ME20 2let F+& &4

Fig. 90l ¥127}e] A] =49 wd2e] QAgwE S 1}
ERUIQlth 71E AEHZHE A WA tﬂé%ﬂ 7

frAFekaL, wE e FEHFE =

wde] MEES
o o
=

") XA %Ee o 7 QITtK(Table 4 3Fan).

3.5 HZ HRol 2fst 7% 54t

Fig. 10°] 27 A2 <l )
Aol AN wEIe B2 YR el F

—ea—C-Control
——C-PET
—k—C-GF
Zz C-HF
=
o
[v]
S 50 @ 500 1,000 1,500 2,000 2,500
-100
-150
200
=
250
Micro strain
(a) column ties - level 1
—a—C-Control
——C-PET
——C-GF
= C-HF
=
=
3
3 2,000 2,500

Micro strain

(b) column ties - level 2

Fig. 9 Load vs. column tie strains (Average value of E/W
strains)

294 | $t=2=32|ESH

==3 X283 3= (2016)

EfRIACIAZRE FH3 . 3 | mHT 94
52 HF > PET > GF <=0]1, T+ A

w AL YA oA = HF WP Eo] 7H4 =3 PET, GF W
FEo] FARHH, Hd WP ES HR(EEJMAOIA=
PET] 2Xa93)2 AF 0.0045 Z3}slal Qo) A&
st A7) o] B froll AX|3 AER 1 AA0] A &) 9] A]
v wAT A9} FAEeitt. 2ev AP A9} GFe| ¥

o RHE A3, PETY &9 42 7]

steka A wHd* } JollA] T2 BAsgon =
£ Fig. 100 YeRd Q1%
ARkl E E914 C-GF
GF 7}t A tﬂﬁé%_ 1.3% o]7dolal Ag Al <1
QOJ 014_ [q;g_:L _?4 ] FRPOH/H 5xﬁﬂ -GJ. u]—zﬂ:
5L Fig. 10014 0.25~0.4% $5%). 3HH PET AE
2o 7 A %2E QO MR C-HF A8 F PETY &=
F HPEYL Hiol, 715 F U AP EE A5
, Fig. 159 1 A3} b}E‘rLHO*DP Fig. 15614 3t52 &
Ztoll whebA S ek PET W Eo] T/ & & itk

}1] oL rf (E o 10 oft fT
HooN
L Ho

3.6 IR E

F17 715 (C-Control, Fig. 11 1) 2=+ A
HA el 7= AR mAS 7F 2 FH=o)|l, PET B4
|-5(C-PET, Fig. 12 %z)oﬂﬁ&— 71% M9 3 WA
AT F FAHTY FH=e o] I ol FellA Tl

N

250

200 +— C-PET
150 | At S
4+ —— C-GF
100 P
= -=-- C-HF
i 50
E 0
S 50 1,000 2,000 3,000 4,000 5,000
-100
-150 + +
’
-200 Amm oy e mmmma o P
-250
Micro strain
(@) FRP - level 1
250
200
—Afpopogemmmmmmnmmmn s r=m=mhe o
150 ‘03} 2
100 ,"S +— C-PET
|
= ' —#— C-GF
E 0 --A=-C-HF
- 0
§ 2,000 3,000 4,000 5,000
----------- ﬁ“-“'“---&nﬁg
Micro strain
(b) FRP - level 2

Fig. 10 Load vs. FRP strains (Average value of N/S/E/W
strains)



(a) (b)
Fig. 11 C-Control: (a) concrete spalling, 4.54, (b) column Fig. 13 C-GF: (a) Concrete crack visible through GF sheet,
main bar buckling 64, (b) GF rupture, monotonic loading
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Fig. 14 C-HF: (a) concrete bulging, 6 4, (b) GF rupture,
monotonic loading
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Fig. 12 C-PET: (a) concrete bulging, 84, (b) column main
bar tensile fracture
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Table 6 Summary of test results: strength, displacement, displacement ductility, and drift ratio

Loading to N direction S direction

. Drift . Drift
Column | Prrosr | Puavtest | Dytest | Dmavsess | Displ. ratio Pyiest | Pravrest | Dytest | Dmavress | Displ. ratio

index (kN'm) | (kN'm) | (mm) | (mm) |ductility (%) (kN'm) | (kN'm) | (mm) | (mm) |ductility (%)

C-Control 134 1571 113] 585 5.2 49 127 152] 140 585 42 4.9
C-PET 134 180  10.6]  96.0 9.1 8.0 124 172 103 96.0 9.3 8.0
C-GF" 122|174(222)]  13.7/98.0(148)7.4(10.8)[8.2(12.3) 131 219) 131 98.0 7.5 8.2
C-HF? 128]182(177)]  12.7/98.0(161)|7.7(12.7)8.2(13.4) 135 207  13.0] 980 7.5 8.2

Note: 1) C-GF: End of actuator stroke was reached during reverse cyclic loading and test continued in monotonic loading after
adjustment of actuator stroke. Numbers given in parenthesis represents load or displacement values recorded during monotonic
loading phase; 2) C-HF: Same as 1)
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Fig. 16 Stress-strain relationship of confined concrete

140

120 Mumerical model

80

60

Stress (IMPa)

Strain (mm/mm)

Fig. 17 Curve fitting: PET stress-strain relationship
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Table 7 Comparison between experimentally and analytically determined values

Test values, Analytically determined values, moment in Mot Moowe | Curvature
kKNm kNm, curvature in 107 radian/'mm y/ / ductilit
Column index - - Y
(N/S average) Yield stage Ultimate stage M, tost My o5t
M/-fest Mu-tesr M}-calc ¢y-calc Mu-calc ¢u-calc (%) (%) ¢u /¢y
C-Control 142 166 137 1.13 174 3.34 96.6 105 3.0
C-GF 152 199 137 1.14 182 5.44 89.7 91.5 4.8
- D)
C-PET 137 1.13 181 6.01 86.0 102 53
(Hoop fiber only)
CPET? 160 177
(Hoop + vertical fibers) 138 1.13 185 5.89 86.7 104 52
-HFY
C-HF 137 1.14 182 6.23 86.4 91.5 5.5
(Hoop fiber only)
5 158 199
C-HF 138 1.14 185 6.15 87.1 93.4 5.4
(Hoop + vertical fibers) ’ ’ ’ ' '

Note: 1) Only hoop fibers of bi-axial PET sheet are considered, 2) Both hoop fibers and axial fibers were included in the analyses.

]
[=]
[=]

)
2
[=]

Il

-

¥

[=]
|

—— C-PET (analysis)

Moment (kN-m

0 C-PET [test)

o 2 s+ & s
Curvature (107 rad/mm)

Fig. 18 Test vs. analysis: Moment-curvature relationship for

C-PET
W PAEE 181 kNm, 2 U3y F W AHE 54
o] &3k 185 kNmo| 1, 1 xfo]i= ok 29 F-Fo] 7
21}3F PET A|E S A}E-3F K7} of| A &3 u}sF A5

&

T IR 4, 5)0ll A A
9} x|t} Fig. 189 Table 79 C-PET®]l uHo}oq A3
gl S| Aol ogt RRE-SE IAE Hlwste] YERAS
o} o Fig. 18914 A& A] SF3tctA &2 AEH QA
getow el A4 4 glorn= ko] WMot

= 1= =~ v o - —7;;'
Ao st & AdAve] g 75 i) Bl
E-4 s e a8t & 4719 71se] iR A
A B s A s e 2

1) GF 4 PETE AH§-3ste] ®HAbsh
AFES FHaNE
17} 71%, HF(PET+GF) ®.7 71529 4%,
= FEA 715l vls] 2} 19.9%, 6.6%, 19.9% &
7Vetlth 3] PETE RBASH 7] 5o = ZsidA)

NME AN Ao dhto] WASA] oFgkal,
A AFS HSlTh

2) A4NH]= GF B 715, PET X7 7|%, HF B7%
7)%50] 242} 4.8, 5.3, 5.524 FR7F 7% 9 Al
3.0¢] Bl 1.63~1.838] o2 SIS

3) 28 FOZ AxE PET AEE AHEE 7]l
3Ok Al aelsh Ao e}

3% g RS Bl aeE A
_]

3N 71 ollA B
At GF 27 75, PET
VA=

R

1o

2

)

rlr

N

X

L

_O‘h

2

(o

il

i

[H

o

oft

u>"

Jo

o rf i

& o) o
% 1 o

30
32
°

oo = 2 HE -

il
rfot
i)
~
>
ofo
r
s
1
~
ofr
1o
oo A 9 9 rlo

4) PET+GF

onﬂ,ﬂJ

B P
N

R

o o

of r2
[0 oX,
o)
o
o =~
—O.E OE rr
& ; %
—|>:‘ ol E‘—“ rg—“

bl o
o
Ir
2

5) o] Aelxl= PETS %% A ﬁ]-’Fi 0;6‘}04, 1
H

7OL
& A A H1(EfAf) 7] fgf—a PETZ GF91 9% 20%
TEo R AMEEITh AR 07 PET B4 750l

GF X7} 7155t 4% S35y E tgi 2o,
AL 2319 9 3 Ad9E YERLh ol
Fig. 16°] Yebd 713} o] PETE 37&¥ 24

2B W 543} PET AA7} 2 53 A4
of 7]lgk Ao F Atz Hch

A PET MRE BUE HIZ32|E &Y 7|82 Uizlds 1297



2. Anggawidjaja, D., Ueda, T., Dai, J.,, and Nakai, H.,
“Deformation capacity of RC piers wrapped by new
fiber-reinforced polymer with large fracture strain”, Cement
and Concrete Composites, Vol.28, 2006, pp.914-927.

3. Chun, S.C., Park, H.C., Ahn, J.H., and Park, C.L., “Behavior
of Concrete Columns Confined by Carbon Fiber Sheets
under a Constant Axial Force with Reversed Cyclic Lateral
Loading”, Journal of the Korea Concrete Institute, Vol.11,
No.2, 1999, pp.147-156.

4. Chung, Y.S., Lee, K.K., Han, G.H., and Lee, D.Hy.,
“Quasi-Staic Test for Seismic Performance of Circular R.C.
Bridge Piers Before and After Retrofitting”, Journal of the
Korea Concrete Institute, Vol.11, No.5, 1999, pp.107-118.

5. Lee, H.H., Kim, J.H., Rho, K.G., “Strengthening Effects of

2 oF AT 9 Mol = HdEa

DY FL W ol /)59 F BT FAEA A

o Aol A5 PETE 17 E(600 MPa o7k S5k a
T AY A, BE B 7SS AEE JE R 7-20% 7t
S F FE, GF 9 HF 2% 7159 HAF 9 r=E GF 3
th PETE 8745 2 A4 &3 SHelA RC #4119 BAHE2
ofof sh= o] glom® o] Ao

oAt AA A7 A3 Fell Ak

WAEO : RcdR, PET, UiXEY, T, oy

298 | =232 EStS

References

. ACI 440.1R-06, Guide for the Design and Construction of

Concrete Reinforced with FRP Bars, ACI Committee 440,
American Concrete Institute, Detroit, Michigan, 2006.

10.

RC Column using Fiber Reinforced Polymer”, Journal of
the Korea Concrete Institute, Vol.24, No.4, 2012, pp.473-480.
ISO 10406-2, Fibre-reinforced polymer (FRP) reinforcement
of concrete — Test methods — Part. 2: FRP sheets, Geneva,
Switzerland, 2015.

ACI 318-83, Building Code Requirements for Reinforced
Concrete, American Concrete Institute, Detroit, Michigan,
1986.

ACI 374.2R-13, Guide for Testing Reinforced Concrete
Structural Elements under Slowly Applied Simulated
Seismic Loads, ACI Committee 374, American Concrete
Institute, Detroit, Michigan, 2013.

Mander, J.B., Priestley, M.J., and Park. R., “Theoretical
Stress-Strain Model for Confined Concrete”, ASCE Journal
of Structural Engineering, American Society of Civil
Engineers, Vol.114, 1988, pp.1804-1826.

ACI 440.2R-08, Guide for the Design and Construction of
Externally Bonded FRP Systems for Strengthening Concrete
Structures, ACI Committee 440, American Concrete Institute,
Detroit, Michigan, 2008.

==& 282 M35 (2016)

3|
&

(e}

E 943 7159 ATE ARES xR diste] AFA AFE s
=7 A3 o)A M= GF, PET 2 PET+GF £3 E7ZHHF) 5 A2 EFolgith
(¢F 15%)°1}, &HAAAIF7F GF2 1/6 =522 wj$ dt} 7]
AEE B, A4 1.6~1.892 St A Ve
o]l o}, 1AA PETE T3t T vpcto] whayahx] oIk
g3l AlRE Y, BAAISYE Yom g me orS x183)
A PETE GFell wla] Q1 ZHAdn] 20% =22 AFE-&tith 3k PET 9 iAol tish



