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ABSTRACT

Instead of applying the post-installed anchors to transfer the seismic loads,
the proposed retrofitting brace system consists of high-strength mortar bearing
blocks constructed at the four corners of the existing reinforced concrete (RC)
frame to transfer the earthquake forces. In comparison with the traditional
retrofitting methods, it avoids the complex on-site anchor installation process.
Thus, the brace force capacity is not directly limited by the anchor resisting
strength. Buckling-restrained braces (BRBs) are adopted in the proposed
retrofitting system to improve the structural strength, stiffness and energy
dissipation efficiency. In this study, cyclically increasing lateral displacements
were imposed on two RC frames retrofitted with the same WT steel frames for
different BRB strength capacities. Cyclic loading test on the third RC frame
infilled with the same WT frame only was also conducted to evaluate the
strength and stiffness enhancements. Test results indicate that the proposed
retrofitting method is efficient in increasing the lateral strength up to the 3%
drift ratio while achieving rather good ductility and energy-dissipating capacity.
The increased lateral strength and stiffness were more than 2.2 and 3.5 times
those of RC frame infilled with WT frame only, respectively. A simplified
structural calculation and a detailed PISA3D analysis are proposed to show the
effectiveness in predicting member demands to within 13.8% of the test
measured test results. Under cyclic lateral loads, the steel braced frame imposes
additional shear forces through the bearing blocks to both ends of the RC beam
and column member discontinuity regions. In this research, the softened
strut-and-tie model was satisfactorily applied in estimating the shear capacities
for the discontinuity regions.
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(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
468 671 25 35 397 530 394 483 398 521 90

Note: f, and F, are steel yield strengths; f, and F, are
strengths.

steel tensile strengths; f. is concrete or mortar compressive
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Tensile rupture Breakout in tension Bond failure
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Shear rupture Breakout in shear Pryout in shear
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Limit state DCR
WT-BS WT-BD
BRB global flexural buckling 0.35 0.40
BRB joint region tension yielding 0.48 0.45
BRB joint region compression buckling 0.55 0.52
Gusset plate block shear failure 0.39 0.36
Gusset plate tension yielding 0.44 0.35
Gusset plate compression buckling 0.53 0.42
Gusset interface von Mises yield criteria 0.27 0.21
Gusset interface tensile rupture failure 0.12 0.10
Gusset interface shear rupture failure 0.23 0.18
WT member compression buckling 0.71 0.53
24 GREFRAERD
WT-BS WT-BD
Failure mode Demand  Capacity Demand Capacity
DCR DCR
(kN) (kN) (kN) (kN)
Single inner anchor group
Anchor tensile rupture 404 0.01 404 0.01
Concrete breakout in tension 6 41 0.15 5 41 0.12
Bond failure 31 0.19 31 0.16
Anchor shear rupture 210 0.03 210 0.02
Concrete breakout in shear 6 18 0.34 5 18 0.28
Concrete pryout in shear 66 0.09 66 0.08
Interaction 0.23 0.17
One corner anchor group
Anchor shear rupture 135 0.05 135 0.04
Concrete breakout in shear 7 22 0.31 6 22 0.27
Concrete pryout in shear 50 0.14 50 0.12
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WP TR NAE I E G A E S EE AL
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7 EE A & RTS8 E R R
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K=K,+K,-1=1.10 » fLAZL (11) "]3KHEL
B8 WT-BS £ TEbG £ AR )18 KT Ry C~980kN
AP KB S8 Ry Cacosy=661kN » /INA
BRB $fEFTi 2 KSR f1=T756kN (£ 5)
AR RS WT-BS FEMIA AR KRS 3T RC 1%
T #5489 J 7% (DCR=1.14)
FIFARRE 7 G WT-BD nf DI
BIBEES: RC A:iA 7K BE B i 7K JRR B B 7 e
ay=124mm > 3 #% RC FEJEIHH BT 7R U LUK
BRB $ERTS [ Z0 KT f1=602kN (£ 5)
TR HARA RS WT-BD 11 BRB R H i AR 158 4
ZHGPRARRE T - RC AR THEG AN & 32 58S J i
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25 FHEEERA RS AR RRE

Specimen F P Vv fH fV C? Vc,t Vc,c Cc Tc

(kN)  (kN) (kN kN) (kN)  (kN)  (kN)  (kN)  (kN)  (kN)

444 - 15 31 31 15 196 217 220 251

WT 383* 5* 22% 7* 8* 186* 187* 204*  211%*
“13) - - : - - - - : :

WT-BS 1043 892 15 661 661 646 165 217 223 884
(BRB)  (1175) - - - - (865) - - - -

WT-BS 1132 1026 15 756 756 0 159 217 222 978
(BRB)  (1289) - - - - (384) - - - -

WT-BD 915 702 15 527 527 512 171 217 222 749

(BRB") 826%* 679% -13* 498* 451%* 459* 172% 199* 214*%  640*
(891) - : : (496) : - : :

WT-BD 986 807 15 602 602 0 167 217 222 824

(BRB) 878* 796* -10* 707* 692%* 36%* 121%* 213* 163*  815%
(1018) (-355) : ;

Note: BRB' and BRB™ denote when the BRB is subject to tension and compression, respectively; values

marked with star and in parentheses are obtained from PISA3D analyses and tests, respectively.

N

Bearing block 4.
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cross-section
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DR A By 8 MR (3t 16 #) sz
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10(b) AT 7x - 5 B8 It e o2 (2 B8 R Ip 4k #8 AC
374.1-05 KL EHK31] > HAEE I H
0.125%5 S S B 22 5.0%50E » 25 et g
RIS FE e T 3 RAEERZ K -
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Upper
segment
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segment

I~ Lower

West —| segment

segment

" Fensioned
anchory
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Frame drift (% rad.)
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Hh o 12-2. 7% EERIRRS Falks - BRI RC A THR 28
AT B IRE (8 14(a)) - SUBEHERET
RC AEHI_E AR RS W iy AT BB T T >R T
i - BRB S (I 2 S GE w8 i A Rt ] < R R
BREEREI(EI RC AL THNR - HhEE 3.3 FirhflERE



54 FEMITRE B N
PRI L BB DUERT - BABRINEE = ek
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SRR P A B AR 2 O S 2K R S IS DU RE - AE
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P — NGRS - 73751 Fs 891kN(BRB 32417 )
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7/
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4f /
'6-6 4 2 0 2 4 6
RC frame drift (% rad.)

(a) RC 178 % 4w 1= 1] 45 v i

7

Steel frame drift (% rad.)

17 Ry AHE B2 VB U FIARHR -
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fELL L TiiddE WT-BD HIIZ Al Zepa i
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I EREEERE - Al 18 Fx > ARSIy
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AR Az 0.375%1E LART > FHAAEARE RC 42
il BRB ifE I #IARBRAITELE - SR EEE R
I FERRSE N B Rl S FE - G HE TS 2 s
AEH - BN S 0 W8 WT-BS Kid#g WT-BD
FRT i BRI SR S R Ry WT 2 4.5 R
3.5 f% - BIBEREZRI B a2 3. 0% A4 s
A > R AR S R IR AR TP AT R BUR R
[EILLBI - 405% 5 Fivr - BERERE A2 I IRIEZ 73 i
ERERES (72 BUE A 2.7%% 12.2% 2[5 » BETF]
H 2.2 fii et /=X R R A e
EE R

400 = i 413kN
@ —— WT g !
< 200F --- PISA3D /
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E =
5-200 1
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-400r—366kN T K-=14kNtmm

-6 -4 -2 0 2 4 6
Frame drift (% rad.)
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RC frame drift (% rad.) Frame drift (% rad.)
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1

() RC 78 =5 T 4 ph ok
Bl 14 2248 WT-BS &L 5 12

g 6 7 3t A=A !
g 4 // 2 1200 K, =3 Mwmfn /,' 8O1LN
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£ g omy )
S 0 S 0 7 s
; = T
E P
52 3 [ | _L —— WT-BD
E s -800F |~ ; ---PISA3D |
37|,/ -1200( 1018kN ¢ K=42kNI
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(a) %% 3.0%5% B fl A5 & 4o o

Bl 16 #48 WT-BD sk 7

1200
800 === WT

0

400 +~—=— WT-BD

xWE
\As o

[\S RS
i

2xXWT

all

/

S~

— %
-

-400

-800

Lateral force (kN)

-1200

k“u““j\-

-6

4 2 0

2

4 6

Frame drift (% rad.)
Bl 17 20X 4 8755 5o 2R

N W A W
)

[
=

Lateral stiffness (KN/mm)

0

=

(b) 5k &

i

% »x x PF

I
AN

WT —
e—o— WT-BS
«~—— WT-BD _]

\§

e

l\‘_

T
\lﬁu

——% —

0 1

2 3

4 5 6

Frame drift (% rad.)
B 18 M R» B A % RE b

# 6 #% WT-BS & F;}ﬁiﬁf;’ﬁéﬁ &% CPD &

RC f?ame Steel frarne Total frame . . CPD per CPD
drift drift lateral force O/p) %) drift level lated
0 (% rad.) 0. (% rad.) (kN) (% (% iftlevel  cumulate
+0.125 +0.11 +196 +0.05 +0.08 0 0
-0.125 -0.10 -61 -0.05 -0.08
+0.25 +0.22 +377 +0.11 +0.17 0 0
-0.25 -0.22 -270 -0.11 -0.17
+0.375 +0.34 +553 +0.17 +0.25 12 12
-0.375 -0.35 -556 -0.18 -0.27 ’ ’
+0.5 +0.45 +688 +0.22 +0.34 57 70
-0.5 -0.48 =757 -0.24 -0.36 ’ ’
+0.75 +0.67 +927 +0.34 +0.51
-0.75 -0.72 -1007 -0.36 -0.55 14.6 215
+1.0 +0.87 +1049 +0.43 +0.66
-1.0 -0.97 -1100 -0.49 -0.74 233 44.9
+1.5 +1.31 +1160 +0.66 +1.00
-1.5 -1.42 -1200 -0.71 -1.08 38.3 83.2
+2.0 +1.51 +1176 +0.75 +1.14
2.0 179 -1280 -0.90 “1.36 48.0 1312
+3.0 +1.99 +1175 +0.99 +1.51
43.5 174.7
-3.0 -2.36 -1289 -1.18 -1.79
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% 7 #48 WT-BD & FgE4e ?J&é F &% CPD &

RC frame Steel frame Total frame
. . Enp & CPD per CPD
drift drift lateral force .
(%) (%) drift level cumulated
6 (% rad.) 6, (% rad.) (kN)
+0.125 +0.11 +141 +0.05 +0.08 0 0
-0.125 -0.11 -191 -0.06 -0.09
+0.25 +0.22 +260 +0.11 +0.17 0 0
-0.25 -0.22 -330 -0.11 -0.17
+0.375 +0.33 +363 +0.17 +0.25 0.9 0.9
-0.375 -0.34 -463 -0.17 -0.26 ' '
+0.5 +0.43 +453 +0.21 +0.33 51 6.0
-0.5 -0.45 -546 -0.23 -0.34 ' '
+0.75 +0.66 +578 +0.33 +0.50
16.5 22.5
-0.75 -0.71 -610 -0.35 -0.54
+1.0 +0.98 +655 +0.49 +0.75
27.5 50.0
-1.0 -1.03 -693 -0.52 -0.79
+1.5 +1.51 +764 +0.75 +1.15
48.1 98.0
-1.5 -1.56 -838 -0.78 -1.18
+2.0 +2.02 +847 +1.01 +1.54
68.4 166.4
-2.0 -2.08 -918 -1.04 -1.58
+3.0 +3.07 +891 +1.54 +2.33
109.0 2754
-3.0 -3.10 -1018 -1.55 -2.36
+4.0 +4.16 +740 +2.08 +3.16
153.1 428.5
-4.0 -4.21 -952 -2.10 -3.20
+5.0 +5.30 +606 +2.65 +4.03
65.5 494.0
-5.0 -5.32 -1060 -2.66 -4.04
fF - BRB ] JER#EZ2 R 2% - 3SR e BHEE

4.2 BRB R ##1E 4 ae R E

19(a) kel 19(b)sr BB REARE WT-BS J
WT-BD 2 BRB fifi[ea#2fi B 5 RERA £ - 5B
wfEfEAEE WT-BS 2 BRB 7P I RIFER
E - AR EH BRB #iAs# i L REEHES -
IR S BRI 52 T TP IE > BAERZ Ll
PRI > FH BRB il eSS il )
HisE AR (8) kel (9) ZTHEMNE (£ 5) W
BEAGH - e WT-BD 2 BRB 32 /P I R
IFRRSE - WAl AR T R T B TR A (A2 A
A ABAE 5.0%5INEE IR Fey skl 2 — 80 P 2 Rk

Tt KL SARERAS I 55 Al el sl sy S h g 5%
e - 2015 5 foR 0 ##E WT-BS jk WT-BD &
BRB il (9) MUk Rl IR - fr
2 Hk i f KM B 7 £ 4 e 0 1 0 R A
56% - & BRB il J @M R IR £ - JER IR
G OIERER » BOLERRTH]A BRB W
Ui TAFRSEIERE 6,,=0,sin20/2 Jef%LIHRER R
FELE a =L /L., K13 By e~e,p/a. [13, 14, 18] - # 6
Je 2 T 3 Ry e WT-BS J¢ WT-BD %[ B sk
25— EE 2 R S E > R EAEE WT-BS 1&
1.5% M B (IR RS Fa 1% - APl R R SRR 2L 4
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HiE > RC 2R Bl A i o P i 7 AR o R B
RS < STRERINIRS A (0,) BHEE/IMA RC f§2E
R85 F5(0)  BRB AL/ LESE o lAMEE 1.79%
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13(b) ) 3 H#E WT-BD 7R EASE FH A LURGSF sl
&y Kl isiE R BB ZLKIEE - RC HEZEELEH
HEZ RIS e % PR FFIF]2D - BRB B AL
e e 3 4.04% - BLAb - BREIERERIEE
(cumulative plastic deformation, CPD ) WJii K
BRB M55 &5 ate[9, 14, 18] 5 A#{Es CPD {H
MR TREE -

cPp=3 5"
&
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Hrfr» BRB il LRI IR ERE Fy 6,~F,/QF -
6 ek 7 KD e WT-BS 78 RC F155 Ji#
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WA RS ) » iifE WT-BD 7E BRB 08
MRS B 4R 2 CPD {H Fy 494
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Core strain (%)
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Axial displacement (mm)
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TRRIHL ST - WARE 128 53 B P15 2 B KR 1) Ry
384kN - FFETHIHZ S mELRERH] - A
WT-BS SHHEEE RC 2R o i B 7 A o ]
B WIREAEES AR RAEERIAHEIN RS - RIS SR e
SHAE A BEARBI AR FLARIT AR RS2 BT - A RS
TR ENREE T2 RC HE2E - S EiAERS
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i 53 Bl 7 (8] 9(a)z Upper segment & West
segment )= Z[1[&] 21(a) k[ 21(b)Ffr7R - #lHE WT-BD
SR SR 32 S JECAH S HE 7K SR IR T B2 2]
FHIFIRG SR » Wk 73 B S L i AR ) KAz
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Axial displacement (mm)
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900 T i i
—— West segment
= 600 - East segment
=
§ 300 .
g 0 WA
=-300 WS
< ool Fe@ |\ %_"_-_
-900

6 -4 -2 0 2 4 6
Frame drift (% rad.)

(b) A ipldht= kT 42

B 20 #48 WT-BS 4124 2 04 F fi

900 T T T
—— Upper segment
= 600r - Lower segment
=
< 300
5 0
g L\
@300 %Y
Y SR SR \\ Y| S
_900-6 4 -2 0 2 4 6
Frame drift (% rad.)
ORISR
600 T T T
Upper segment
2 400+ - Middle segment
= - - - Lower segment
o 200 ‘ ‘
o SR RREREY B L
£-200 R AN \
<-400 Eq. (4) ==
-600

6 4 -2 0 2 4 6
Frame drift (% rad.)

(@) ARtz 2 i

600
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2 400+ - Middle segment -
= - - - East segment
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> N .
SR S T S SR
S Y )
b N\ \
=-200 NN \ A
> N A5\
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-600_

6 -4 -2 0 2 4
Frame drift (% rad.)

(b) A ipldht= kT 42

B 21 3% WT-BD & =1 2 #0 4 < i

4.3 i = 1Ere TG

ACI 374.1-05 Hl5E 18 RC JUEREZEAHS
R B SATYE - SRIETHAS IS BB M RE < FR AT
[31] WAERE(D) Rk el aTIa R
BRAiF% A 0, (limiting initial drift) DIFT] » ZEHEH]
[FIFRIE Fo FEA/ NREERBHIF RIS F,5 (2) {EAKRT
ORI RS A 0, IHRREEE (0,=3.5%50E) »
il B 7 2 =l 5 B i A S P o 2 R s T i
() BRI Fa AN A/INR 0.75 52
R AMIESREE (0.75F e ) » (i) AHERERINHELL
E/E; (relative energy dissipation ratio) “RNH]/]NFA
0.125 - (iii) ##Er52 J )8 Sl S REER < EIRD
& K, RA/INR 0.05 fEH99IEHIGAS A (initial
drift) fl#RS e BRI K, - AR REEA T
MR8 (allowable story drift) Jy 3.5%5/

& AR IR SIRGIE A 0, % 1.5%3
JE > FPAGEBER 0,74.0%5 S = fEhnaksEpE <
TERESE » FRAYEAEE WT-BS 7E 3.0%5E A {1l
LIRS PR B A i - R AC1374.1-05 2
Kz 35%HE - TAFIAAG R G -

A AR I 5B F, R R (A A
W IR R IR Rt iU 2.2 B s3AT
JiAGHRENRLG - 40k 8 For - e WT sE/aast
FREIEE A 0=1.5%5EE Y - BEFIFIREE Fo IR
EF, o BURHEARERIR VA U VTG TR B
JEE o AR HYEAEE WT > 3i#g WT-BD £ 0,=4.0%3]l
JEEBE = (8 sk R o TSR Fow B EIRRSNIE K,
LEBIEERET/ )N - BURKE BRB stk A0 dE
AR - SR BRI - 3488 WT-BD ZAH
HRERINELL EJ/EJSEA RS WT > SR BRB
iRk AR RE R - TRtEE THERUE (&
22) - #A#E WT-BD f#Y 6,~4.0%5LE =& =7
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TR ST R A ] SREERE/NGY 0.75 F e > HBRTERE
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