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/] ABSTRACT /

Many school buildings are vulnerable to earthquakes because they were built before mandatory seismic design was applied. This study
uses machine learning to develop an algorithm that rapidly constructs an optimal reinforcement scheme with simple information for
non-ductile reinforced concrete school buildings built according to standard design drawings in the 1980s. We utilize a decision tree (DT)
model that can conservatively predict the failure type of reinforced concrete columns through machine learning that rapidly determines the
failure type of reinforced concrete columns with simple information, and through this, a methodology is developed to construct an optimal
reinforcement scheme for the confinement ratio (CR) for ductility enhancement and the stiffness ratio (SR) for stiffness enhancement. By
examining the failure types of columns according to changes in confinement ratio and stiffness ratio, we propose a retrofit scheme for school
buildings with masonry walls and present the maximum applicable stiffness ratio and the allowable range of stiffness ratio increase for the
minimum and maximum values of confinement ratio. This retrofit scheme construction methodology allows for faster construction than

existing analysis methods.
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Fig. 1. Reinforced concrete column database for failure mode
classification

Table 1. The considered failure mode

Failure Description

Mode P

Degradation occurred due to flexural deformation after
Flexure - - .
yielding of the longitudinal reinforcement
Degradation (diagonal cracks) occurred due to
Shear shear distress before yielding
of the longitudinal reinforcement

Flexure- Degradation occurred after yielding of the longitudinal

shear reinforcement but results from shear distress
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Q Flexure-shear failure

Flexure failure

Deformation or drift

Fig. 2. Determination of failure mode of RC column

SHich Tk TARo] S0 4k o) o] whsh
7181 -l BRI, £ el et
A1) TARES 79k0 2 k) 43 S Aetab g el Eitsiol 3
202 5 71 w02 o S5te Bl A

Qe 37 Q78 7o B EAtR)E QEAE(,), SN P/ A, 1),
BAWI(L/ D), 7800 2|3 HEPEN ()2 A Thoke 7
= 2 ISR 5] $18) Eaele dEAwE deuse A

Ak e ko) Q] it el w2, AoEasE 75 7
A Zefulr S71E4E Qo] 7w 20R Uehirll4-16].

o[ TALS MoJFT Y 0 2 S o] L 90 Felo] S ufurt ol
47150] GBS Bolzrk Bazant and Kwon[ 1812 75:9] 47}
SRl we} 27| fwsize effect)2} AR S71he Hojzh, B4t
7} 5715} Qo] oja) Ho] Wil 41, ol SIS Al
ok 457150) 49 @17 217] whge] 2] ZotiA| L, ok 715
AR QS AT A 715:0) Z40] dolA ka7
87] 418 72 2L W57 uho] k)7t 0 k) mER Ay
4 ek wheby Al 7)50) whlg el QRS nlAl e o]t
[19]. Shi et al. [20]-& A7} 27 glo] w27} 271skar o)

Priestley and Park[17]4= bhe- & 2l} 5 5218 WH= 7)5:0] 515-119]

o

2
olr
)
©
ol
&3
i

N N P
J
o
N
P
(1o
9
P
[
ox
ofr

o

P 2oEErk Mo and Wang([21]9] T2 A9
2 o] S7fstal fuf7 s, ko) 7k
o] 2 739 7|52 Hekafa|o] FeFskch22]. Shi et al [20].2 1]}

shof| e} 7 27 AT HISol= 7o) Ao} gl & Bojerk
Grgi¢ etal.[23]9] ¢Itof| mh= W =8 th A o] F7ekps 715-0] Z{df
#I9]7} 2413, 2 Tho] W 7 S 2 o] £ 7]
0| ¢ & AAS 7HAItka B a1E|Qic) Karaton and Awla[24]-2 ¢ 7]
wle] fiber 84 WS AMgslo] ApEals Bxol w4
pushover 418 4=35}0] 24147} 271808 71 1 Jo) 7ert &
b mofc

o
Y
ot

22 ZZ3EE 7|g oRY os2y BY

& AollA= Kim et al.[25]0] /PR 7| AlSR: BEls ALEARE
7V skl B mRR AGSISich Fig. 38 7ot R4 g 7]k,
B A7 7| ASRs HEO] A5 LA E S Fol ksl ol | 7)et
o} 54 343 HOlET), Kim et al [25]1& HETIE 715 54353
2 mae sl 114714 71 AL Al B A
& olejo] Bleli W7} Ak wheo.z 7l etela A2l gl 2
0 AR At BRI SRS Bl
gl 4= glom, exteyd o] AvtE 7wk & AU, fE-E, Fl-Score,
231 AUC(Area Under the Curve) S AP4SE 4= Qltk AU % (precision)
= IR |S535 A AR B Q1 B0l AL, A& E(recall)S AA]
Hky] % Fokuleks ojE3t vlRolo] Fl-score® 4@ 83} ulme] &
slE4tolct. AUCE ROC(Receiver Operating Characteristic) Curve
o ofel WS welo 1] 717Mpes mele] Ao o $4feka wiekt
ok 71Asks o] s o] Fuk R3S e diSsshedl &
A9 moferk Tk 8 EREEA S Eo AU, A,
F1-Score, 718|311 AUCS] 441 118151992 uf, Sid 8|~ E(Random
Forest, RF)2} JAFAA U (Decision Tree, DT) 2 dlo| AHHA o & 94~
SR HE iRl Zd 16.5%)& HolF3let 531, QAR dUHE

W [ T T T T T T T T T T T s s s s s s s s S S SS eSS SsSS s s s s s s
Input Data s .
B0F 1

of | fe
il ﬁﬂﬁ» P/A
0 J gf c
10 20 30 40 50 60 70 80 90 100 110
Concrelecompressive stengh, ,(Ps)
L/D
80 1
£ EX
§ e ™ P
H 40 1 H
£ £
2 1 2z=» Pt
0

0
0 001 002 003 004 005 006 007 0 001 002 003 004 005 006 007
Longitudinal Reinforcement Ratio, p;

1
1
:
1
0 02 04 05‘ 08 1 1 2 3 4 5 ] 7 8 :
Aial Load Ratio, P‘Auic Slendemess ratio, LID 1 ﬁ 2 14 ﬁ
4 [ 8
f 120 L 2 : § 5
e £ [ :
i&ﬂ § ! 96.5% 77.8%
£ : ! i
5 Failure mode |
E 4 E 1
i m (Flexure,Shear) |
- i
1
1

Transverse Reinforcement Rato, ,

Output Data

TRUE Class
TRUE Class

Fig. 3. Input data distributions and comparative confusion matrix for machine learning model performance

277



rol
H
Ral
[al
Ok
o
ol
T
Ho
1R}
N
[o7)
i

5% (E3 HM16132) | September 2024

o] et} 3ol that A 2o] 71 0 A0 E ke, ujehi] Al
L 314 of o] Zeat T AP EH(AEAE, Zu], ), el
HLAPIYR B MO R T3P ol EsHe A9, BAHOR ol
4 9l DTwElo] 7b 32l Ai9) 210 2 Feigich. welA] 3 b of
A 704 758 DT 29 Bg30] 9l 33 ARS /N0 R S 1
A T,

2 AtollA] F58|(CR) 2 /HI(SR) & BH8-5t0] HAFHERE 153t
o Pl Q2 o] Zlojalul djEAe) ol FRPAZIO] Sick
FRPA7I0]| o5}o] A= Z7122] F14:9H(Confining pressure)o]| 2]
31} QAltelo] 27IKL ofiz 75l jAlE Ak Eae] ofaka} Fels)
o}, wlbA] gidu|of mhE HAPAERE 490(f,) 2 A5 o= FRPAY
2 7RI Bl ke Mol Tl 221 7 o] 7
49 HlE-E vEhd AolH, CRE APgsk= A2 4] (1)l AASHIT
CRE) Aol 9851 4218 A ()0l AAIBIATL, B = FRP A

& AT A foll= A () E BEato] TG0 AP A (3)ollMl=
58 TR 20l T3 ARPHTIIE APYERE AHS AN

CR=f/7, (1
1

fi =0 (MPa) @)

A XL,
T 3

UC
L )
o714, £, EAEE| iRt AU, o= AHETAA, £, = A

Aol spEt e | A Ty FogES] thHE, s AukELo] 7k
A= AT T, 1= ko) 3 7o), v, & 2ae]E o] ol
u], REFRPAZI B, E = FRPAZ| e 74 r=FRPA|Z12] =

A, Ee23z|E A, dRlil e, o745 2B SYFHIBE

olck.
L7} £ 4 ol o 71?4 WA el EE sn)o]
Haghe A= 2l

5
o o]k o}l A1 A26-281014 FRP 715 A2l AI2TE AL
slo] 2] 74 SALIE ()2 e W) S Pz R
A AR, =007 R015)8 ARBISIE ol FRP A0l 71501
SR TERIAS Aol BP0 ISP Fol L, HYY

& Z7A)7)= o) Wast 2)4ske] 8ok o|23t HA :,Lx_u]g:g

w
o

w
)
(@]
Py
i
=}
o
S

Axial stress (MPa)
- N N
(&2} o (S

o
(=]
T

(8]

0 0.005 0.01 0.015 0.02 0.025
Axial strain

Fig. 4. Axial stress-strain relationships for confining pressure
provided from FRP jacket

o w7158 Aol th 54 1% 2olA T 2 5L A 4 9)

o) 44 9 ﬁxg% .4 RREENT R RSB
28 Hefsjo] ol2ojale), YibAo R P} £ es rge] YA

S AT, oz 27}1401 ulw A GRS Q77 et
HAVE A8 ze%o}o# 2o] 4] WIS AAHE Aol Fash
FRIZH00T o015 i) A8 ke
o) oo BRsl] nATIE 24
4 315 2T TEe] YR 2R Tt
FRP 7712 730218 2305|2303 B 18 & e v 2
v}ELo 2 CRoj| 5t 412-0.07740.15 2 B
3o} WA Izke A5k Fig. 4= CR gh9] sfo] nf2 222]E 52}
wIE50] TS Lheh Zlole. CR glo] 091 729 )74 Ajehe] 2]
E0] 758 BojFn, CR 7o) 5710l ket 7 £ (7, )9} A)
5209] Q5 elo] AR 21824 Ik CR glo] 021 7-90] ulS| CR 7
0]0.0491 3% HWH=711.4% %7151, CR 7101 0.0721 74$-=2.9%,
T128]31 CR o] 0.1521 H$-=53.2% Z7sic)

SEEEREE CRIEED 4741 IAGH29] SJ5te] Alokel 7
59 3710 o mAe|E0] F2 NG EO] TAS AN WAL BE

ol

H
Tk POPOVICS[30]7P7<11‘{}6} 'Diﬂ. ‘?i"é 2aE7REe 2 sjof 2o 39
HEES A757] 918l 2/ -6-2> Mander et al.[31]0] AA]2H 4] (5)
ARg3IaL, 2t WMFE-2 Richart et al.[32]0] A|2H3H 2] (6)& ARSI
3 Gardner[33]0] A%t 35 FA2|E AIAANE HIF02 4 (7)
LIS g i

| 7.94f; !
=7, 22541+ 7f i 72]{1 —1.254)(MPa) 3)

*

. S e

o £t oo =

=5 -0.8 6
ECL efa(ffCU ) ( )
H i €

707(1.914f60+0.719) €w+1 @



g ==== Shear capacity curve
"\; N Shear demand curve
S
&

Deformation or drift

Fig. 5. Shear capacity and demand curves influenced by stiffness
ratio increment

el aEe) NS ARSI ] Fad ot sholrt 7
gule A 5] HhaE A of Heks vehlin, 7152 o s A
R o e R R e AR D R N P ol A L LA
7888 7150 27178 iR © 2 & 1A 715 2P vies
ofulghc. Fig. 5t 74Ju] wislol] e HEH S AR ARk T4 1

oJzc}. 7HAdH| 2710 2J50] 13 0] ATkQ P IA L ARESF) 2x9) o 1 o]
of wfa} ARk 5 S 27484 9l ofol et afg 7|58 Al (a
Sk = B etala) 7 A s o] itk sk 74| $718 9]

IAEETIS 71 TR $REWS B8 SUNSBY UYNEZHY 75

Aol ’7FHERS JL=5lojof i) Shin et al.[34]-& NSM(Near-surface
mounted)-FRP A7 H7kA|2glof thgt 27 THAlo]] ofgh A i 2
= AItSHITE NSM 32 71559 8 s(27 1778 o)At A=) &
P = QAL 71 ALEAHE 7159 A s 25| 71
o127 175 1, o1 2o lfol FRP A7 S
750) HEMISS TAIAIA Q75 SEslairk ol Belol 152

A HA () A, e 121 QAP S Fefssto v
7 B AFAN B AFRYS BB 4 Gl A0 et

3.2 71 7Idt 2N HZHEF WHE

oz o2k 2319
S A9, WA A S-S AHstL 24@ Szt ulastel 9174

L, 1 o)

3715 FAY] TH SR R E A1 4= Gl &, 1458197 1 e AAs da
= A3) ol AAlE At o] MR AgdAlel Qlen =, o] F areisle] it E AR 24528 S AATE S, ThA %7%—4 T3 71A
RC Moment Frame
With Patial Infill Walls
(Typical School Building)
1%t Story
Ext&Int.Columns
Determination Shear Infilled Walls
of ML-based Failure Removal R RC Moment Frame
Column Failure R without Infill Walls
Mode
15t Story
Flexure Ext&Int.Columns
Failure
Determination
Determination of P of ML-based ~ “S_ .. .
Seismic Performance Level(PL) Column Failure :
Mode 4 ;
Flexure Shear i CR { SR
Failure Failure Increment i Increment
c . 3 CR-based Retrofit
omparison o CR.. to CR
Code-defined PL> DL (CRyin max)
Damage Level
(DL) SR-based Retrofit
D Retrofit Scheme
one CR&SR for CR-Levels

Fig. 6. Algorithmic flowchart for retrofit scheme development

279



rob

I x|zIZ

ol

t5] =27 | 287 55 (5# HM161=) | September 2024

S B2 o S3ict. of /)4 Bkl G Y0 2 oS ErkA 4N S B3t
o] Arkuta}7 ¥ | 71K o] AR Bl ofiz 7)) E4)
—3].&1 zxﬁ‘;]a] xﬂﬂﬂoﬂ m}a]- A= _,] 71-/&-10] 71—/\5]9‘§ 7]—/&']_1;_171-0]
D37 ujolck. Hstshalb kAl | H7b) A EZRE Haeo 2
2o} 51§ 7dulE Aokt Hckulzl g0 2 o2 erky 7o 22
AR, 10 CR, 1S BE3I0] B3 7 7pAulE Bg3)o] Zickl)
P} aERS17) R0 R 7K B Aekuais Pago] 2 4
5SS} Hol| BalEe A0 o] S YRI5 SI5) 75012 Z7A)
L QYRS Sastolof Gk W] A7 7RO T4u]e] Fdglit
ke Agstol 242 Hagh 2R 45818 S7HIRL % 2
H|E 2830 A7 iAs7 | 7] Z-3ulE S7 A 412t
7Y duiE B8et Hato] s Aderis Wstol 1A vlalst
of Attt o|=H A eI A AR st B

22 s
s LN B ol /1) AbEhg AldsabA 44 ek A
W SIS TNk g vle) ke ol via) 1 AsH S

=
8ot BAPRkS TSt B AR oY darelEe Bl A4S

-

1 QI S0l Fbtol A Wt B WA} 3 A 2 ATt
3% 747H U Ao e s A% RS g AR A4, o
o e x4sjz)on Qe araTle] Qg Akiio] Aol
o, 34 e m e el & 285)o] sl o] u B
ke AN} 1 7)50) Bae)e Q2 Zen), A, d ),
Te)m ko] 3 Qe Aol 340A A 71 Asks
P AeEae)E 715 Tule dErae 88 A, At} e
AEle Ao dEgi, 7 s 1S5S Bapde)s A2 o)
N EREE I R BEECOICEL PR REER RS,
o] 72:29] 4%50] MR o] diet T2} S HEIEH3S],
J5i ol Wiz )l Q1% A AU So] WAlslaL
o] AEIoA] WA S Bo] ol 7S HA] 57} dinkel 30 2 AHgslo]

I ele] S5l SRRl ol els) | ol /15l
0] Qe 571 ek Tk, 7150) 47to] 1
slo} hruha] WARS ik wreh 71@@ 0 o Qe
#fso] i@aﬂ‘ﬂ% AAs }L

o)

r
o
{1

o=

N
2
)
ach
1B
mlo
i
;
-%
_&,:
L
oBL E

1

Z

o1 31513 ke, b} ATl 254 o
ks YEY | A7) ke 27 b1 w&% A =
2] A2 <18 Ak 7} @ A5 ot 74
Dashuz 24512 AAT A MH]E&M (SR
W B 0 2 AASic Table 2-& 734H] 76 B7)alAS HojEoh
0.049] CR 7}& 2531 7159 tigle] SRS 3.28H7HA] SV A1 %2 w) A
Sk} byl ufebd Hekata)zh el o) d7h4 SRS Hef 3.09
7] 2744172 42 9lek

AR P AN RS TR TS 755 S18) ekt
7HEPAIEE Aol 2121 0.07340.159) sl 2 A 7S Salict. o

o S

[E OIN‘
N
ol

)

F

ARS 405 5 Th) Ak st A7) AR Syt
O, IARS 0] i S 1] XL A A] S0 T B

7} ko] 024 ka1 o UAIE F4= B A7 | Hl EvpEo|a 74
e TEE 27 e S7A A AR old Aol digt A ee
Z7MAIRIEE OfefRHE 1A RS AERio 2M, PR T 2 oy
I} 2 A5 3AS T A0 2EA) o], AR WY Eot L2 A QrRA 1) 7]
2 823 4= 9t} Table 3-2 <5119} 739w 7|6F AA H 7)) 7 A B 72
L ISt RIS Hojg) R, (=0.07)1 R, (=0.15)0 2 B
715l tiste] SRE& 242} 55682} 10,248l 704 F7 kA e wf ek
447} WYShe 2l & < Sltk webd 7150 (e = R
4= Q1= SR FHTZk2 5.29(CR,,,,, 7158) T8I 9.84(CR,,. 7|HE
LR
37ollM AR BAPdEf darelge Bl B At W 5= B
ke Ssich Table 41 7159 T2l 3 27 71k w2S B8
3 Al&3) H7bdeR L HPHR.8 vk o 2 CRY} SRo| tigh H7bAERS
Hojze} 1|mE 9J5to] |7} Alefe] CR} SR 2k 3] AXIBHic:
As-built e 22)5]2]Ho] gl X FE a2 E s 715E0| 1,
RW 5512 As-built 5ol A] 22j512] S A3 e ek Ao =,

m

i

O

Table 2. Verification of stiffness ratio-based retrofitting process in RC structures using machine learning

CR SR P/AS - (Mflga) L/D Yo Pt Failure mode
1.00 0.125 5.37 0.0032 Flexure
1.18 0.118 5.00 0.0033 Flexure
1.38 0.112 4.68 0.0034 Flexure
1.61 0.107 4.39 0.0035 Flexure

004 1.85 0.102 o1 414 0016 0.0036 Flexure
213 0.097 3.92 0.0036 Flexure
242 0.093 3.72 0.0037 Flexure
2.74 0.089 3.54 0.0038 Flexure
3.09 0.086 3.37 0.0039 Flexure
3.28 0.084 3.30 0.0040 Shear
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Table 3. Verification of stiffness ratio & confinement ratio-based retrofitting process in RC structures using machine learning

CR SR P/Aof (MfI;a) L/D 0o 01 Failure mode
(R, (0.07)
3.28 0.084 3.30 0.0075 Flexure
3.88 0.080 3.09 0.0078 Flexure
0.07 455 0.076 21 2.90 0.016 0.0081 Flexure
5.29 0.072 2.74 0.0083 Flexure
5.56 0.071 2.69 0.0084 Shear
(R, .« (0.15)
3.28 0.084 3.30 0.0163 Flexure
3.67 0.081 3.15 0.0165 Flexure
4.32 0.077 2.96 0.0171 Flexure
5.04 0.073 279 0.0176 Flexure
015 5.83 0.070 o1 2.64 0.016 0.0182 Flexure
6.71 0.066 2.50 0.0188 Flexure
7.66 0.063 2.38 0.0193 Flexure
8.71 0.061 2.27 0.0199 Flexure
9.84 0.058 2.16 0.0204 Flexure
10.24 0.058 2.13 0.0206 Shear

Table 4. Summary of parametric frame models using combination of retrofit parameters

Group Model CR SR

As-built As-built 0.04 1.00

RwW 0.04 1.00

Retrofitted RWSR 0.04 3.09

RWCR0.07 0.07 5.29

RWCRO0.15 0.15 9.84
o o] 752 okl 43 0 2 LeIth RWSR R RW 2] A AT S Folo] ME S e sl g S R34 9= 71 Asks
7V Aol tfatol 718k el ofsiol Mtk 430 By WS Bhgslo] Alsal) 2 BPRERS 15T e P ES )
O 7| SRE-S7IAIZ A0 &, v87} ml dju] oF 3u] o o] 74438 ATt g RS 7150 SRS B |
W4 9l A 08 UERITE RWCR0.07 292 FRP A51& 2-8310] A5 e dAnl (@A L Ak S7hel that 2] 17
CR,y;, (= 0.07)& B v 7)50]| Aotz WA3sl7)4 7] SRS 2R AR e A gl whE A glo] AlsalA] w34 S,
529842 271417 4 9lck nhAEko 2, RWCRO.15 REle w715 2) 9hiRd R 714k A 212 mapnel £ Wi Ee 2
O] (R, (=0.15)S HAE vl 7] 50] Hkutr) WYs}7] o 2714 SR FloRet sk Bl H8=|9ie o) sk 1B o) 715 T
9.844l Z71A)2 = Q= 7l 0 & HrlE|9ir). o8 Ealo] 7)%0] uly] g3 o] &Jsto] Hctuta| 7} HAYE o m, o] 5 ThA ol A] AATE F1H]
& HH S Qs 71 e B51o] A4S Thaft Hgrieke O] HA(CR,yy) R HTH(CR,,,,0) WS ol Arksfa] w2 o]747]
FET 4 Q= 2SBS0k H7H53 o) 015 ARIEIATE T4019]) M WI(CR,,, =
0.07)014] Zdul= H]7 71 o] 5.29u717] et 4= = AL
5. 2 &8 2 vpehton], J5019] Ht H9I(CR, . = 015014 3dule 2/
9,841 7] 718 4 Q= AL 4 QL. ol B 2452
B ol S0 71eksh AR A HEto 2 HamSu)E S)Ee| o B8 A 713k 715l Tifalol 750 2) 24 9 Z|iiglol gt 73gu] 571
TNBE 5T 4 G 71k B Bgsio] )l 7hgulo of 518 IS AARE Aol 37 11%5-2] 5 SBWC(Strong-Beam
ek TESH W2 AT o) Axle] Fert 8t & Weak Column) A250 2 50} 910 5%, B Aol w7t
T AZES gIAro 2 2519l on, o] giet ARL. ofujel it} AR <= ek wEba] 35 Aol A g Aol et HAdAIERS oA

e dgolrk.

1) ZheHet 715 FRA) ARG ), AEsks, B4, AT s 3) B AT A Al Rabder 7 RO U5 Slslo] 74|

281



rol
H
Ral
[al
Ok
o
ol
T
Ho
]
N
[o7)
i
[6;]
fol
om
i
Pl
)
fon
w
D

=3
@

3

o
@

N
o
n
N

of wh 7P H S B a4 Qi A A% e ek AR Tl
o] At s o] ek v ARlo s akS aslol ) A7
2 Y HYEUES 2L o oIk

o2

B Re AREsISERELR o] Ao FEATAGe A4
(RS-2024-00348713) Y 2023WE w-820] Ajglog sl pactol
X918 vio} 53yl Z|2A-ojeh el ]uk 2|efEAl ARI2021RIS-003)
o] 9.

/ REFERENCES /

1. Choi I, Kim D, Kim J. Optimal retrofit quantity of exterior steel
brace methods on minimizing seismic loss for non—ductile reinforced
concrete school buildings in Korea, Bull Earthquake Eng, 2023
Nov:22:1055-1079.

2. OReilly GJ, Perrone D, Fox M, Monteiro R, Filiatrault A, Seismic
assessment and loss estimation of existing school buildings in Italy.
Engineering Structures, 2018 Aug;168:142—-162,

3. Al-Bukhaiti K, Yanhui L, Shichun 7, Abas H, Daguang H, Nan X,
Lang Y, Xing Yu 'Y, Effect of the axial load on the dynamic response
of the wrapped CFRP reinforced concrete column under the asym—
metrical lateral impact load, PLoS One, 2023 Jun;18(6).

4. Shin J, Jeon JS, Kim J, Numerical column model for damaged
non—ductile reinforced concrete frame repaired using FRP jacketing
system, J Earthq Eng Soc Korea, 2018 Jul;22(5):291—298.

5. Kim KM, Lee SH, Oh SH, Seismic Performance Evaluation of Existing
Low-rise RC Frames with Non—seismic Detail, J Earthq Eng Soc
Korea. 2013 May;17(3):97—105.

6. Shin J. Forced vibration testing of full—scale non—seismic reinforced
concrete frame structure retrofitted using FRP jacketing system,
J Earthq Eng Soc Korea, 2018 Jul;22(5):281-289,

7. Shin KJ, Lee SH, Lee HD, Kwon HS, Seismic—strengthening effect
of steel shear wall with circular opening through shaking table test
on reinforced concrete frame, The Regional Association of Archi—
tectural Institute of Korea, 2016 Jan;18(2):107—114.

8. Wang Y, Chen W, Li D, Xu H, Zhang F, Guo X, Experimental and
numerical investigations of the seismic performance of reinforced
concrete frames strengthened with CFRP sheets, Buildings, 2023
Aug:13(9):2195,

9. Shin J, Scott DW, Stewart LK, Yang CS, Wright TR, DesRoches R,
Dynamic response of a full—scale reinforced concrete building frame
retrofitted with FRP column jackets, Engineering Structures, 2016
Oct:125:244-253.

10, Song MA, Lee S, Lee K, Seismic Performance Evaluation of the
Low—Rise Buildings with Different Seismic Retrofit Procedures, J
Earthq Eng Soc Korea, 2016 Dec:20(7 spc):553—560.

11, Ozkul TA, Kurtbeyoglu A, Borekci M, Zengin B, Kocak A, Effect of
shear wall on seismic performance of RC frame buildings, Eng Fail

282

12.

13,

14,

15.

16.

17.

18.

19,

20,

21.

22.

23,

24,

25,

26,

21,

28,

Anal, 2019 Jun:100:60—75.

Berry M, Parrish M, Eberhard M, PEER structural performance database
user's manual (version 1.0), Berkeley: University of California;
c2004.

Yoshikawa H, Miyagi T. Ductility and Failure Modes of Singly
Reinforced Concrete Columns, Modeling of Inelastic Behavior of RC
Structures Under Seismic Loads: American Society of Civil Engineers;
c2001. p. 35-368.

Sezen H, Moehle JP, Shear strength model for lightly reinforced
concrete columns, J Struct Eng, 2004 Oct;130(11):1692—1703,
Sheikh SA, Yeh CC, Flexural behavior of confined concrete columns,
In Journal Proceedings, 1986 May;83(3):389—404.

Mo YL, Wang SJ. Seismic behavior of RC columns with various tie
configurations, J Struct Eng, 2000 Oct;126(10):1122—1130.
Priestley MJ, Park R, Strength and ductility of concrete bridge
columns under seismic loading. Structural Journal, 1987 Jan;84(1):
6176,

BaZant 7P, Kwon Y, Failure of slender and stocky reinforced concrete
columns: Tests of size effect. Materials and Structures. 1994 Mar;
27: 79-90.

Korea Road Research Institute. Behavior of RC Columns and Com—
posite Columns using High Strength Concrete, Korea Expressway
Corporation; ¢1999, Korean,

Shi Q, Ma L, Wang Q, Wang B, Yang K, Seismic performance of
square concrete columns reinforced with grade 600 MPa longitudinal
and transverse reinforcement steel under high axial load, In Structures,
2021 Aug:32:1955—-1970,

Mo YL, Wang SJ. Seismic behavior of RC columns with various tie
configurations, J Struct Eng, 2000 Oct;126(10):1122—1130.

Wang X, Zhang Y, SuY, Feng Y. Experimental investigation on the
effect of reinforcement ratio to capacity of RC column to resist
lateral impact loading, Systems Engineering Procedia, 2011;1:35—41,
Grgi¢ N, Radni¢ J, Smilovi¢ M,, Baloevi¢ G, The shaketable study
of the effect of longitudinal reinforcement ratio on the behavior of
concrete cantilever columns: Riitteltischuntersuchung {iber den
Einfluss des Lingsbewehrungsverhéltnisses auf das Verhalten von
Betonkragarmen, Materialwissenschaft und Werkstofftechnik, 2018
May;49(5):606—618,

Karaton M., Awla HA, Numerical investigation of the effect on
ultimate loading capacity of different longitudinal reinforcement
ratios of a RC portal frame, J Struct Eng, 2018 Oct;1(3):147—154,
Kim S, Oh K, Shin J, Machine Learning—Based Rapid Prediction
Method of Failure Mode for Reinforced Concrete Column, J Earthq
Eng Soc Korea, 2024 Mar;28(2):113—119,

Mirmiran A, Shahawy M, Samaan M, Echary HE, Mastrapa JC,
Pico O, Effect of column parameters on FRP—confined concrete,
Journal of Composites for construction, 1998 Nov;2(4):175—185.
Spoelstra MR, Monti G, FRP—confined concrete model, Journal of
composites for construction, 1999 Aug;3(3):143—150.

Shin J, Jeon JS, Seismic damage mitigation strategy using an FRP

column jacketing system in gravity—designed reinforced concrete



29,

30.

3L

32.

building frames, Composite Structures, 2022 Jan;279:114700,

Fam AZ, Rizkalla SH, Confinement model for axially loaded
concrete confined by circular fiber—reinforced polymer tubes,
Structural Journal, 2001 Jul;98(4):451-461.

Popovics S, A numerical approach to the complete stress—strain
curve of concrete, Cement and concrete research, 1973 Sep:3(5):
583—599.

Mander JB, Priestley MJ, Park R, Theoretical stress—strain model
for confined concrete, J Struct Eng, 1988 Sep;114(8):1804—1826.
Richart FE, Brandtzaeg A, Brown RL, A study of the failure of

33.

34,

3.

IAEETIS 71 TR $REWS B8 SUNSBY UYNEZHY 75

concrete under combined compressive stresses, In: Bulletin no, 185,
Univ, of lllinois, Eng. Experimental Station: Champaign, I11; ¢1928,
Gardner NJ, Triaxial behavior of concrete, ACI L, 1969 Feb;66(2):
136-146.

Shin J, Jeon JS, Wright TR, Seismic mobile shaker testing of
full=scale RC building frames with high—strength NSM—FRP
hybrid retrofit system, Composite Structures, 2019 Oct;226:111207,
Fiorato AE, An investigation of the interaction of reinforced
concrete frames with masonry filler walls, University of Illinois at
Urbana—Champaign; ¢1971,

283



