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Seismic Strengthening and Performance Evaluation of Damaged
R/C Buildings Strengthened with Glass Fiber Sheet
and Carbon Fiber X-Brace System

Kang-Seok Lee”
YSchool of Architecture, Chonnam National University, Gwangju 500-757, Korea

ABSTRACT Improving the earthquake resistance of buildings through seismic retrofitting using steel braces can result in brittle
failure at the connection between the brace and the building, as well as buckling failure of the braces. This paper proposes a new
seismic retrofit methodology combined with glass fiber sheet (GFS) and non-compression X-brace system using carbon fiber
(CFXB) for reinforced concrete buildings damaged in earthquakes. The GFS is used to improve the ductility of columns damaged in
earthquake. The CFXB consists of carbon fiber bracing and anchors, to replace the conventional steel bracing and bolt connection.
This paper reports the seismic resistance of a reinforced concrete frame strengthened using the GFS-CFXB system. Cyclic loading
tests were carried out, and the hysteresis of the lateral load-drift relations as well as ductility capacities were investigated. Carbon

fiber is less rigid than the conventional materials used for seismic retrofitting, resulting in some significant advantages: the strength
of the structure increased markedly with the use of CF X-bracing, and no buckling failure of the bracing was observed.

Keywords : earthquake damage, reinforced concrete, seismic strengthenning, glass fiber sheet, carbon fiber

1.M B

19959 A& mH AR, 1999 E]7] F:Flelle] A A,
2011 d FAAE FElo]AEXZ, 2008d 2 2013\ 2
A ST Eed vf A9 E e AFHE)
- Z(main shock) ©]F o Zl(after shock)el tiu]st Lzt

Wz s (el sl A=izlAd

Gl

LIS
W FRE ARt
=
[€)

S|

=
=z

*Corresponding author E-mail : kslnist@jnu.ac.kr
Received August 5, 2013, Revised October 7, 2013,
Accepted October 7, 2013

(©2013 by Korea Concrete Institute

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/

2 7)E A=l digk WA B7PH 2 HeEAd
W] B9t A7 FRE olFaL o, A X1v s
Z ke AR B3 AT Fage] Exeith) =9
A79] A%, Acheim 2 Black?& #7113l ¢fxle] A&
Rapzol 93t w2 EAo] v G A s v Gl
halx HESA O™, Lee9t Foutch’ = XX I& = e
AFEol sk A7 dsoASHnE Albskglth

Li¢} Ellingwood”i= oizlell o& A== 57129

E~UNT

o &t S,
deformation) ¥} 3]st o] Qlrh=
Maeda, Nakano % Lee’= A 238
ERC) A=) g AL st S55T
T4JA HE 9 d=UAd s HPHE A
45 (damage class)oll <A WA A TA TS vte
2 Hrtsk= 7S Aljtelgl o, o] vy
Yol 7R, 2012 s A EA R FollA &-E-E ik
WA SATATE FA9 BAAd 9 v a5 484
O RFE EAEREH) S} AU A STy A
ABAE vigo 7 A3

EAAEE 2o

=
o =

r

P

667

by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



i

)Jlr

o2
of

o
o ™Y o% g

-

il
v oofr 2 rlr 1

(o Mo rlo

g

ol

=
)

oX

p

e

it
9
o

-

olr
rol
dz

-

i
ikl

T

J FAAE
F 81639 A xo] BAFHoH, 1 Fol
o] A Kol 1de] 5~153], FE 50]4ke] X
e Ao AAA DAk
2t A7 Ao 98

Frl
)

L
)

2
=
w =
oz

[3ul

N
Fri

=

¢

pasd
|o

AAFA A @ A7) A A 9

s
=

N
d

2 o
rlr

1 O o
0

4 A e

i

oo 2

n:ll%HUrilS,XL o o
rlo

f

e WO

o ox 2

=2

[

e

4 e o
-
BN
it

s
N

oo
(% e 4 oox 1
4
O

ok
9

| ¥k A7 v A

o

1
z
o
o

v:] tlo i T rl

an
g
ol\
i)

o 1o
T
i

fz 3l

;9‘!“
o

i)
o
rSL'HI_t

oY -
=2

)
ox R

o

z —

N

Pl &2 O Loy} (o ofd N X0
o) oo

52

flo

o

N
o,

=

v}

rs)
o

0X,
>
(z
o

td
1

oot

o

-

)
oX H oo
ox off oy ol
o

Tk Byo]d AlA

3 5] 9 ne

ot HER B

257 Xl6= (2013)

A

?
oL

Az g 71E 7150 WE gelA FUAMRAE

(glass fiber sheet)® #8-& 33} sAlol 7] X-Heo]X
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Fig. 1 Schematic diagram of the GFS-CFXB system



Table 1 Properties of the carbon fibers used in this study

. Mass per unit . Filament Sectional Brace .

. Yarn Tensile Density . . Tensile

Classification number |strength (MPa) length tex ( g/cm3) diameter area diameter force (KN)
2
(g/1km) (mm) (cm’) (mm)

] o 712.9
Type-1 100 3790 3,273 1.55 1.881 15.5 (310.1)°

g (1) 958.8
Type-2 200 4900 1,761 1.12 1.957 15.8 (454.4)®

" Yarn number for Type-1 and -2 are based on Fyfe in USA and Toray in Japan, respectively. The CF X-bracing was

fabricated in-house.

@ parentheses indicate the material test results from the institute in Korea.
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Table 2 Epoxy resin used in this study

Compressive| Flexural Elastic Densit
Classification| strength | strength | modulus for ( g/cmS})/
(MPa) (MPa) |tensile (MPa)
Epoxy resin 89.8 81.6 2857.1 1.16

Fig. 2 Detail of the control specimen (unit: mm)

Fig. 3 Relationships between damage degree and load-
displacement of shear member'®
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-V 7HA] F48kE Table 59 3h57he a2 ol 2] 8
A ZE Al e FA 1 H, E4E AgA
GFS-CFXB ¥4l Type-12 WX B 78 FZ(CR-1) 1
7 9 GFS-CFXB &A1 Type2Z Wizl R 7}st

5
=2

(CR-2) 170, &A 2712 7t7 A=ttt & AAAHS
= 3700]u, Table 39 370 A@ AL g et

TR A= ded vl daata g AFAEA V)
T gl Jl2 el A& 250x250 mmel AHEQ J]Eo

2 AFE sgler 7Fe 32 10-D22, w2 D10
@200°]™, 7152 s=4o]= 1500 mm, At F7H8)=

o]},

4 AchygS AAFsAth Table 40 23k o] Ao
A AT FRAF AEAE FH193.2kN) = Ad
W& (110.8 kN)o] 22 dekats]d 7]5o]t)

7% Aells AEBE ARt 715 4 gt
1= F JEE Gtk AE B e =2 Aol
g8 71 Aol 9FS TA d= FHEE A9Eslo
w AlE Al FJFEEol gt 9 =5 wgo] A7|A
AT ARSI

3.3 AHYd

Table 4°3= 7] RC AFE] YRAAE7E o)A A Fig. 4oli= A3Al 284 a7t Wis Hehd
A& AFRALS o] gale] Ay R Az e I t}. Fig. 48} 2o] F8 9 79, 0.1fcAQ! 187.5 kNS 4
Table 3 Summary of the specimens

Strengthening types
Speci-mens | H (mm) Ci=C; S/D ps (%) pw (%) . Anchorage
Fibers .
strengthening
CS-0 1500 250 6 1.27 0.82 - -
Glass fiber (CAF-GL1000
CR-1 1500 250 6 1.27 0.82 ( ) Carbon fiber
Carbon fiber (Type-1) (1 layer, Imm)
Glass fiber (CAF-GL1000
CR-2 1500 250 6 127 0.82 ( ) Carbon fiber
Carbon fiber (Type-2) (1 layer, 1mm)
S 0 (D Test method (C: Cycling)
C R 1 @ S: Shear Failure, R: Rehabilitation
Notation 2 (3 0: Control specimen without X-bracing
1: GFS and CFX-bracing (Type-1)
@ @ ® 2: GFS and CFX-bracing (Type-2)

H : column height, C;=C, : column dimentions, S/D :
pw : shear reinforcement ratio

span-to-depth ratio, ps :

flextural reinforcement ratio,

Table 4 Load-carrying capacity of the columns calculated according to JBDPAZ

Axial Ultimate flexural

Specimens

Shear force at the point of
forceN (kN)|strength Mu (kN - m)|ultimate flexural failure Vi, (kN)

Ultimate shear
strength Vg, (kN)

Ultimate lateral load-carrying
capacity V, (kN)

CS-0 187.5 144.9

193.2

110.8

110.8 (221.6)"

" The ultimate lateral load-carrying capacities of the two columns are shown in parentheses

Table 5 Loading cycles for specimens

Load cycles 1~3 4~6 7~9 10~12 13~15 16~18 19~21
R 1/1000 1/500 1/333 1/250 1/200 1/150 1/120

A (mm) 1.5 3.0 4.5 6.0 7.5 10 12.5
Load cycles 22~24 25~27 28~30 31~33 34~36 37~39 40~42
R 1/100 1/86 1/75 1/60 1/50 1/43 1/38

A (mm) 15 17.5 20 25 30 35 40
Load cycles 43~45 46~48 49~51 52~54 55~57 58~60 61~63
R 1/30 1/25 1/21 1/18 1/14 1/13 1/12

A (mm) 50 60 70 85 110 120 130

R shows the drift angle. A shows the lateral drift (mm)

670 | =238 ESe| ==& M257 Xl6= (2013)



Fig. 4 Experimental configuration for the cyclic loading tests
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om R o]ojX| = HH o Tk} A T EHo]
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O F Y o) s SR WEEA] gokon, 36 Mol F
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Table 6 Results of the mechanical characterization

g

Aol gt F7be 9 Frheel gk Hojsks W W

vl wate] YeERith A1 13 9l %o

A CS-0(FR) A3AE A7l HAdss 227kN

19 147 mm)o] =g on, FriEel - 278kN
? < eI

1o 4o

b

412 AAE TDXZE GFS-CFXBE HIZOH AISIY|(CR-1)

Fig. 3o UeEhd AXEAE v7bA] S48 913 A9
A= GFS-CFXB ®A4Al{+ Type IOE BIEARERAR A
Al CR-12 7150l BAE F2dfA1Ee s +4
4L ElE & gl 42 MPOl%(RZIBS) F-7FE of| A

rt

Fig. 5 Cracks that appeared following different loading
steps for the CS-0 specimen

Fig. 6 Lateral load-drift curve for CF-0 specimens

Positive load

Specimen Negative load Failure
Vy (KN) | Viax (KN)|Ay (mm)|Apax (mm)| A, (mm)| Vy (KN) | Vinae (KN)| Ay (mm) [Apay (mm)[A, (mm)| modes

CS-0 200 227 12 14.7 30 240 278 14 17.5 30 shear
CR-1 410 453 35.2 44.8 114 413 464 32 44 120 flexure
CR-2 459 514 40.9 56.4 112 515 555 46.7 56.3 118 flexure

*Vy shows the yield shear strength. Vima shows the maximum shear strength. Ay is the displacement at the yield point. Amax
shows the displacement at the maximum point. A, shows the displacement at the ultimate point

GFSCFXB UXZZHS 0|8



Fig. 7 Test result for the CR-1 specimen

Fig. 8 Lateral load-drift curve for CR-1 specimens

464 kKNO.Z T o4 st F7he #AEA dgkon,
43 cycledllAl AH7F st Agl7F #FASE oM, 58
cycle(R=1/13)°A] S stdeeol =2aklth(Fig. 7).
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Fig. 9 Test result for the CR-2 specimen

Fig. 10 Lateral load-drift curve for CR-2 specimens

koM, 57 cycle(R=1/14)°14 =35t E]o] sttt
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514 kKN 56.4mm)ol =E3sion, Hrigel ¢
555 kN(H 2] 56.3 mm)ellA Hof sts-& LERHSIT Fig.
goll YERA CR-17 FU3HA oly=] 2AbdA o] & #5
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HE 5ol ok 1282 At} o2& Table 19 Ve &
22459 AT} Type-19] BI8iA Type-27F 2F 1.54)
7] wiEelekal FEsth

42 48 Ao ¥&Hlw R ALY 51t

Fig. 11915 41804 Mgt F17F A3 A(CS-0),



Fig. 11 Load displacement for the envelope curves

Table 7 Strengthening effect and ductility ratio

SE
Specimen Vy Vinas Yield |Maximum Hs or Hr
CS-0 240 278 1 1 1.25 (Us)
CR-1 413 464 1.72 1.67  |3.75 (W)
CR-2 515 555 2.15 2.0 |2.53 (W)

W SE: strengthening effect in terms of shear strength
compared to the control specimens. Us: ductility ratio for
shear failure specimen (CS-0), defined as the maximum
displacement divided by yield displacement, Smax/Sy. W
Ductility ratio for flexural failure specimens (CR-1, CR-2),
defined as the ultimate displacement divided by yield
displacement, 6,/6.

GFS-CFXB Type-1 A& A(CR-1) & GFS-CFXB Type-2
AEFA(CR-2)2] dta-HY T4 dist s YeR
], B35k Table 701+ HolWES Yebd Fokge dist
CS-0, CR-1, CR-2¢] ot W] W A4sHn|E 4%
vl wako] Z-zF YeR Stk Fig. 6, 8, 10 2 119 LreRd
Holeof st 3EA L park-Method®ell a4 A3t
2%213%, Table 70 YEbd A= A3 A7 ddaty)
g2l €S-09 A= HulstgolA e M (Aol it
JE Ale] WAy S vl=, f3t#El CR-1 9 CR-2 A
A= =EFE e HAel i - A1e] "4y
o] vz Z}7} A oste] 4Hg skt

Table 7 ¥ Fig. 11 o3t 127} A A €S-0, 27
A CR-1 9 CR2% E5 770 uf oo =
R o, €S-0 278 KN(V,=240 kN), CR-12 464 kN
(Vy=413 kN), CR-2%& 555 kN(V,=515kN)S 217z} LpERY
Atk FRFAEA €S-0 thH] GFS-CFXB W K71
Houg 2 FEYHS oF 1.5~28 = S

S, €S-0 AL M AAH(u)E 1.255 YERY
RA9E, GFS-CFXB WX H A A3 A CR-1 ¥ CR-2+ 2.5
~3.55 Yk €S-0 thy] oF 2~3u) AFEakaivh ¥4
AXdulo] thgt A7) A¥= Fig. 8, 10 2 1194 %= ek
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