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CYCLIC LOADING TESTS OF BUCKLING-RESTRAINED BRACES WITH POST-TENSIONED CABLES
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(i

Shogo INANAGA, Kurtulus ATASEVER, Yuki TERAZAWA,
Oguz C. CELIK and Toru TAKEUCHI

Although buckling-restrained braces (BRBs) have an excellent energy dissipation capacity, damage concentration and large

residual deformation occur due to their low post-yield stiffness when BRBs are used in steel frames with pinned connections. To

avoid these risks, PT'-BRB (BRB with Post-Tensioned cables) has been proposed that provides/enhances self-centering force by

externally attached post-tensioned cables. The hysteresis is mainly dependent on post-yield stiffness (o) and energy dissipation

(B) ratios. In this paper, after studying parameters (a and B) minimizing residual deformation, cyclic loading tests of PT-BRBs

are carried out, and obtained results are compared with numerical model.

Keywords : Self-Centering, Buckling Restrained Brace, Carbon Fiber Composite Cable, Residual Deformation, Cyclic Loading Test
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JERME T L—A(LLF, BRB)VIL, AV =TROZELHE
TESREE & VT L IR RE AR RIS 5 7 L — R TH D,
JEJE S HER T L — 2R ) R PICE R LT D,

HHLZRAE T — 2 V4 L U CORTHRPUCRIF T 2 HAR D& 3R
R, WA TCIIEREE AL LChEMEOAZ A SE S 2
NS, MHERGHEHIHIE % OB AR L O EE ~ 0B EE
R YL 72 B, ZhCxE LEESTIE, BRBICHIME I & N
T5HZETHEAEREL T2 ) U EREEEZEZE, B0k
BER ZMmET 58V 7% U 27 BRB(SC-BRB)DIEREMN{TH
NTE7, Lil, WHENMOBRENSE L R MEEes /45
SC-BRB AR 7Z5EM LT ey, Miller & 91%, NiTi-SMA v v K%
AW SC-BRB Z 2R L7223, 7 L — A KA O 00 FE & D5k
EIENEY, BRABLT & o Z3EETEI L TR,
Liu & 9%, A N7 R&HWiz SC-BRB Z#4£ZE L7, A K
7 ¥ ROMOPERRAME S, KHUERHC b H & 2 B IERRITFEDL
L TW22Wy, Zhou b 9%, BFRP Z I F > K% v 7= SC-BRB % ##
ZL7-A, BFRP HEHOMEIZ LV ABHERES/NES WV, Chung 5 7
1%, EWVEREE 22T D7 0 AT U —V AT AERE LN,
FERE ORI L 72 D,

%72, SC-BRB | BRB £V = /LF —WINMERED S 5 23 ik
L 7%, SC-BRB DJEREMERIT FIC ZRIIMEL o & = R F — IR

teplckvikEsh, %iko Fig 5 [OxT Lo, BEOREE
BRB AKD A4 Y =T HROEIEPB=2.00%7 7 v 7 HB=1.00F5
L THEBAEREELRAVEEE LT YA v TRERBEO KB A B
FELTWD2S, RERYWIESDLEL 220, x> THIHEIM
DOEFBHEREEZBIR L C& iz, F7o, BEMBIL AV =T AN 5
SREEE T T4 5720l BRB X0 EKISEIIEAT 5, 2
ATt LBEE OB R 9T, "V =TRE 75 v 7RO
TR OB IEIIFEE(1.0 < f <2.0) T HERATRITERM E+5c#uhe
ENDHMANFLNTNDA, W% e & pOFEMIIATATHY,
F7z, FAEROEITLIIFMEEZH T 5 SC-BRB O MRFHHIITFE &,

2 2 TR T, WIHIBE MmO OWERE 2 AT 9 B B SR A
BWEMr—7 VLT, CFCOZBMAL, "MV =THMLT7F5 v
BOR R OE T REE AT 5 SC-BRB ZH 72 ICRE L, MR
FEEREAT O, LML, ARBFSEO4EZE SC-BRB % PT-BRB & FE5, 14U
D 2 BTIE, PT-BRB OMEOHER, BEHH DR ORI %2
WL, &SI RET 21T VY o & g OREZ#HRT 5.
WD 3FTIE, BRA72 PT-BRB O 1/3#f/ Nl ik 2 EFRICRUEL,
YEFFAY 70 AR U 2B 2 0 L, JBIEMEIR & BRI 2 MR T 5,
whED 4 FTIE, HERFOILEET L~OEANIWIT T, PT-
BRB DEIMOAEE 2 HHT 2MET V&R L, EEFIRE
BRGET 5, 728, A sCid A LIERFZE O s 2 E IS TR
HETHHOTHY, MANFITKEHE - FREHIERL TV 5,
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2. PT-BRB M#&RL & Bz

ARFETIE, PRI R BEFHMEESH - —7 /1 (Carbon Fiber
Composite Cable, LAFE CFCC) % F\ 7= #IHI8E ) b4 A4 2 i #o o~
L — 2 (Buckling-Restrained Brace with Post-tensioned Cable, LA PT-
BRB) Ok OFH] &R OB 217 - 721k, HEMTIC L0 5k
BB EWIMET D37 A =2 Dat a7 9,
2.1 PT-BRB M##RL

29 % PT-BRB (T84, WRIOMTZHRE, SMUOAEHE, ~
v R7L—1, CFCC LY Mk S5, Fig. 11 PT-BRB Wi %,
Fig. 2 (CEZEARMSLFIEEZ R T, I OB 1L V-8,
L3 e il G I 11 o Pty i IR O [ | B 2
WERLLT, AR ATESE MR, EoHE &3 5 (Fig.2(a), RICH
A& H O FEIE AR 2 FBaE & L, A ZEq & P80 RN X

#I20, THAMZME#EELWmICEITIZAY v b &l hkiTE
L2V, SRR L HEEENMIIBERIC L2207 7 0%

ZRxlt, MEME LS oMIcE L X LRI L, BRB & {ES
% (Fig.2(b)). ZOMIEHEIC LD BRB & ABHIE CHEV, A
BITARICERIT T2 A U DAV & B AA A T2IRIE CIaEET 243,

T R7 L— MIEM O G ET 272005 n &
CFCC #ilid 4 2OMAAEAH L, &6, MEME, AFMEONT
NEBEBEET AV Z v TF LT, LTy R L— I
SR & ATEHNE (TR L COIIE I &2 52 5701, 4 RO
cmcmﬁ@ﬁf%:@%%ﬁ%%ATéngm

Fig. 312 PT-BRB @D A 1 = X A% 7RT, @KL CFCC ICHEA S
NEHEEICE Y, = R L — k& RS B L OATME 1
g AR LB LT 5 (Fig3(b)e BIRRFHILEHM MO Z & T, [
TR e M RS CIR B STV B b Al ~, TSR 5 i
IO AICEE S N TV D 7o A ~B &, = R7 L— MM
LI Hhd, ok, MBS & AIBHE 1322 bk T~
@< 7w, EJVPTV—h&ﬁ%%mﬁiwﬁinfv~b&
M8 O BN BRI 2345 U 5 (Fig.3(a)), SR EREIRE LS 1304 25 Hi
UH&?,Hﬁﬁéiﬁ%«%ﬁﬁéi&@«@%,:nyvg
MIFLIRT BShE, Z0OrE, A=y F7L— M EHEHMELIVY
Hry R7 L— b L AIEHE O MICBRM A E © 5 (Fig.3(c), b
DRMBINRKRE 72D & CFCC BT, BHMOERICK LTl %
HHT I ET, BRIMRICT L—ABRPHIRIBICR S D L+ 5L

AN Ao TREED & UARIEL A |G & 72 5 (Fig.2(c). Al T2 ) o THEREDMB<
D E
»C | < ’—‘ G <
AN
AN
y 4
y -l
(h) Cut Section Through PT-BRB [ \—L\
End Plate Inner Tube Outer Tube End Plate
Welding Core and Inner Tube CFCC [ Weldmg Core and Outer Tube
I NI N U Y NI
& & \/ U U \J . ® IJ @
(b) Section B (c) Section C (d) Section D (e) Section E f) Section F
a) Section A . . . Section G
@ Fig.1 PT-BRB configuration ®
w Original Position v v Original Position v
Core Stiffener (Left) 2 s (Core & Inner Tube) (Core & Outer Tube) 21 s
i 5
—1 ™ ( i
Core Stiffener (Right) §F -
(a) Stepl %
l >
Inner Tube -
Weldi (a) In Tension
elding
Core & Inner Tube CFf:C post-tensioned force P
(b) Step2 s
> InnerTube, /"~
End Plate
End Plate
Outer Tube T Core T :
Free End Core & Outer Tube _I Outer Tube — %~ l_
(b) Without External Force
(c) Step3
iy s e = l_
N 5 | —
End Plate CFCCs (d) Stepa N i
X L ] )
(c) In Compression 55

Fig.2 Assembly of PT-BRB
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Fig.3 Mechanism of PT-BRB



2.2 PT-BRB #%mzAI

Fig.4 |Z PT-BRB Ol 54 & 2R DJENE %4 7~7°, PT-BRB /% BRB
LELTREZ ) TOMBEDETHDLIZD, 2 DDVAT LD
gl LabE s L 2ROBENMMF LIS, 22T, P I CFCC
DYET), ke (TEAT R Z Y TV RAT KON, n T
=T NVAEL, k% CFCC —ARD55EEAIE, 6,13t r7 2
VTV AT DOEBVENM TH D (N a, Figd), ko, k2 Xz
FURH O REPERE & BRI IE CR(DIZ X0 B, ko ~ks, K, 12T
AV AU O BV & BRI T & 5 (Table 1), F, & 6, 15%
NENEM OBIEMEAR ) L ZERE, Fo, & 0o 13T B REH O TERE
RITEEMTH D (Figd(b)),

k =
¢ -1 (1)
k47 = Lt (plastic)

002k, k, Kk kK
CFCC ([ZHINES P 2NN S =W, 56, FMEE, MAEME M

%Hé%ﬁﬂj&,&M%ﬂ%ﬂﬁ@wﬂ@;iwiéﬂ@

k

pP=——"<__p
‘ kL' +1Clt +k0t (2)

k, k

p=——"u p p=——tu _p
Tk vk +k, @ T Tk vk, @)

WS WETH D720, HIHES
LOSHICN A EUNIMNE e D, T L — A RO R
%Iﬂﬁﬁ% THM & CFCC DA TR END A, JEMELEH, HEE,
ABIEE, CFCC AT ThRINDTZD, EArT7BVZ UV T VR
T L DMINE kT 8RR & JERERECR 2 D, 2RV kA4ZXG)IC L

D, 7 L— AEROEIEIE Ot 6) D X D IcRE B,

T ke 1 ki R0 ko & BRI LTI

-1
[nlk,] (In tension)
ko= . 5)

1
1 1 1 .
s e In compression
{k,-t X nkj (In comp )

-1
ke, = % +l -{-i (elastic)
e kcbq + ksc kl k(’

T 1Y ©
el (R lastic
? [kceq_z + k"f kl kﬁ] (p )

PT-BRB 2/ 544 )18 P LLFOBEE, = K7 L— MMEIMTEH
BRI OAEE A LN B RICER T 528, A PLLE
LExy R L— b L MBI 36 K OV TEAE oo I B 234
CTenrT7eo2 ) o THRENEBI L, Z OREOIEEIZEN 6, (R a,
FigIR(NTEED, 72720, k= ko lE kAZHEARTIEFITRKE W
BETHHID, FEOMN T ITERTE SN SREE 25,
P
6“:kc+k[,+ko,+n~k, ™
BRI L—AEE N T ETHRTESNDL &, = K7L —F
XM 5 L OABHIE IS AT 5, 2 ORESHMIZERRR L
TWNDH7720, BRWHICEREER 6. (% f, Figdn4EL D, £-
CFCC OIS P 23 EM OIEMERIRT F, UL ETHIUE, BN

SO -0 F s
Yield strength of BRB F, |5 — e
n : cable number a k! k!
c
b : -
a %
P15 5 9, 7 9
j 1 23,
| CFCC
k., Initial Pretension ie F,
! s
L 5 (b) BRB
% (a) CFCC F IR J -
m Force & Displacement Fla b

: initial pretension on CFCC

Akw,

P
F,: tensile yielding force

F,,: compressive yielding force
2

.- tensile yielding disp.
3,

, - compressive yielding disp. 2P :' A ke e nek,

&, : activation displacement

&, : residual disp. after unloading

-’ E
4 5
m Parameter 4 ¢ ¥ o, S,
, ¢ i _
a=ti S A ek 23,
kT al
2F : m Axial stifness
/3=# k"' elastic stifness of the Core plates
| k7 postyield stifness of the Core plates

k,: axial stifness of the Inner Tube
k,,: axial stifness of the Outer Tube
k, : axial stifness of the CFCC
k

... initial stifness of the Self-centering
(Inner Tube, Outer Tube, CFCC)

" () PT-BRB
Fig.4 Hysteresis curve for PT-BRB
Energy Dissipation Ratio 8

Fully Self-centering Partially Self-centering Bilir:ear
1.0 2.0
"7 BRB
o Lf f ﬂ .
.
2
& 4:7/2374:7%:7l2:;i:7
”
&£
= Increasing Cable Section
172]
=
o
i
é Increasing Post-tensioned Force
054;7/:§74:741774:71:7 i;7

Fig.5 PT-BRB parameters
WIx7 7 v 7L 720 PT-BRB 13522/t 7 & U > 7 &R
THN, F,ATOHREILT L —AREEER AL 5,

Fig.5 (2787 * — & L BEEVEROBR %~ 3, PT-BRB O J@ MR
TR o & = RV — RN B D 2 D/8T A —HNHIRE S
, M OBEREITT L— A 2RO YRR A F — O b O & Hiv T
Wb, 47 ERFERDOBRBORBEIETH Y, o DHIINT 72> H CFCC D
HHRIMEIERIZ K0 Fll~, g O TR bR OBKRIZE Y
EMUA~BHL, XL F—RIEORHD L5 M7 F
U THERENRM ET D, 72720 ORI LY MR o (XEINT S
720 MARE TN L EBICIIFE LRV, o, B IXTRZNRRE), K
DIZEVHEBI, 2T =20 131U =7, 1.0<p<2.0 I FHntE
N7 T, BS1.0 zi%/\t/vwz‘/& VT EERT D,

kBequ

o= ®) ﬁ—

eq-1
ky

max BRB

+P

- ©)

max_BRB
B B OBEMIZHND Fp pre 1, K LIZHE D EELE L OBER
M bEH AR L7 BRB SRR DK L35,
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2.3 EEMRITICK HRE

a & B PERENSEOINECGZ 08By, | ERRETIVES
BHERETVEAOTEEMEMED BRB & LA LR 5,
Fig.6 \ZMTET WS & 7 L— 2B 2R3, I 1 Bk
T NMZEBWT, Newmark B 5% AW TR RIS BN 21T 5. 7
L—ADERT) F X VFEIMEESE AT PV Stae, BHE m,
ASCE-7-16 |Z31J 5 ¥IVEFEHE R E(=8)”, F,=Sowem/R £V, —IRIEH
HEE T,0% 003H LY R UL, @YWERGREAE 1000m?
(2 4kN/m? O HUERTE 238 L 72 & 0E LT S - T 1000kN/m
L, TE05s, 1.0s, 1.5sD33@0 &F5, KIC6MEETOEE
HRETNVEERL, EALEYESIZ IEARET VERL L
T 5, FERITHVERLPE, AR EARRE ALY LA L L, T L—
AVIKHINE ASCE-7-16 O CHER & 41T 5 AR - 7715 (ELFP) % H
WCET 2, BRRBIREMATIZRB N T, b—U =R 2% % &Y
—WEFEMD 0.2 5, 2.0 fFI2HI0 4T, FLPARROEELSE
9 5, Fig7 DISEAX7 MVITRT L o110, AJTHIETIX
Mk 10) kv 22 FFEHO R 2 HIET 28 L, 0.27~2.07 OFiPATH
FEAAY WL & 2%IHEIEE ALY BV OB O TR EE ol
T2 £ GBS 5, MBI AT %I 20s O H RSN %58
mu, ZoMoOVHEEREER LT 5,

Fig.8 (T 1 BEARET NV OEMEM R EZRT, BARIGELEMFT D
PR BTN U /Uy 5 &, o OEEINE 10% % TUE U, /Uy DK
PRI 72— T, 10%&BZ 5 EZORPENMETT 5, £z
U 1Upax DI b REZRPAIL B OWDICE > THTzb &R, p=1.5F
TR L, ZNLUTD B TIE U, /Upe IZERTE RN EL
7% % (Fig.8(a), £k Fig.Al), KIZ BRB (ZxI3 2 I KInEZENL O b
Unax Unas_prs 1, B OB TR RIRIITHINT 2 1 27797
B=2.0 UL 5> 0<0.05 DIFE O Ir 3 5 (Fig.8(b)). %12 BRBIC
%92 e K NMHLE D EE Ay /A srp 1, a OHPIN & I BB N
T HN, pOEAITIE EIREITEEE 5 2 72\ (Fig.8(c)).

Fig9 IZZBEARETNVORBMERAZRT, A U =7 (a=0.013,
B=2.0)% FEHEIZ o ZHIIN B D WD &, a=0.056, p=1.8 £ TiL
TRV F—RIEDHD T DI b B0 b TRKEMER BIRT T2
N, TR ETIHMKICEL FEOEERRE L 25, HEEMNE
FEALBD O—& %30, 0=0.056, p=1.8 TIFI AV =7 LRBED
WRENCTH D 22N DI AT EMETE 21T L/ &L 2D,
Fig.10 |2 1 7 L — 2 BREMIR E AL E 2R d, SA ) =7
IR 2R EBMARIX-087%E 72508, 0.056=a, f=1.8 T
MTEDBREOERRBER D, LML oMLY et
VU H )T ORI ALY =T ORI 2B E R, EYotho
oy O BRI 71 % B K SRR ek FHI N D,

PEXY, se2brrer & U 7Tl T, #MER IREME
LHUIHEN AT DAL T 2 Y o I RV RRE R AN E
TREICHIBE T E D Z &Ny odc, £ ZCHEEIZ PT-BRB # #4E L,
MR Ui KB IC & 0 it & LT o BN A B L BRI O
FHMEA R D,

L <>
TN [am
L — - - - - - -
(a) SDOF (b) MDOF om
Fig.6 Analysis model
5,
. / 22 Different Ground Motions =——Target Spectrum
%D Average Spectrum Sau . — Average Spectrum
g3 / .
K] Target Spectrum
L2
B
51
<1
0 0.5 1 L5 2.5 3 35 4

Pcrigd (s)
Fig.7 Response spectrum

T,=0.5s

7,=1.0s

T,=1.5s

0.5
(a) Ur/Umax (b) Umax/Unmax_BRB

Fig.8 SDOF Results

() Amax/ Amax_BRB

Parameter

2=5.6% a=1.3%

——p=18, a=5.6%

a
—0— 1.0 [39.6%
1.1 [32.7%
12 ]268%| S

[*)

* [Bilinear

£=2.0,a=13%

Parialy] [ |[Ray [ ]

p=1.5,a=14.1% | p=1.0,@=39.6%

Partially|

=18,a=5.6%

yi

1.3 (21.9% Fully

14 [17.7% {1k f=1.0, @=39.6%
15| 14.1%)| 2
1.6 [109%| S
17]81% | 3
—o= 18| 5.6%
— 1933%
—192| 29% | 2

Increasing

Force / Fy-prp
. =

Bilinear

'
]

>
A W

/) %

— 1.94| 2.5% Bilinear
— 196 2.1% | £=2.0, a=1.3%

O Residual

O Residual O Residual O Residual

— 198 1.7% s 3 00.1 05 0o 2
—0— 20| 1.3% Max Drifts (%) Residual Drifts (%)

Fig.9 Story drifts (JMA Kobe-NS)
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(a) BRB (left side)

(b) BRB (right side)

(c) Outer Tube (right side)

Photo 1 PT-BRB Components
Table 1 PT-BRB specification

Right side fg &

(d) PT-

BRB

Region End Plate(L) Inner Tube El E2 E3 Core E4 E5 E6 Outer Tube CFCC End Plate(R)
Shape O o + + + o + + + u] & O
Size (mm) 350x350x60 190.7x8.2 | 171x171x12 | 171x171x12 | 113x112x12 | 12x25 | 113x112x12 | 270x270x12 | 270x270x12 | _250x250x9.0 | 1x7(7.5¢) | 350x350x60
Material SM490A STK490 SN400B__| SN400B_| SN400B SN400B SN400B__| SN400B_| SN400B BCR295 CFCC SM490A
o, (N/mm?) 325 325 284.9 284.9 284.9 284.9 284.9 284.9 284.9 295 2444 325
E (N/mm?) 205000 205000 205000 205000 205000 205000 205000 205000 205000 205000 155000 205000
n - - - - - - - - - - 4 -
A (mm?) - 4701 3960 3960 2556 300 2556 6336 6336 8467 301 -
L (mm) - 2380 310 200 530 1000 530 120 380 2380 2350 -
k (KN/mm) B k=4049 | k=2168.7 | k=4059.0 | k=988.6 | k=615 | k=886 |k=10824.0| k=34181 | k~=7293 nk=82 -
g Plastic )
RS Sl e R I D
21,0, o/ RN ol o
: 310 200 530 1000mm 530 120 380
82mm Inner Tube, Outer Tube, CFCC Table 2 Specimen factors
= 5 e iy Core plate stiffness k "Uq:] elastfc 5370
3. PT-BRB a)ﬁvgﬁ [’) 3 Lﬁﬁ%gﬁ Table 3 kt,"”z plastic 1.23
o L o Material property (Core o i .21
AFECIE, CFCC MEMIM@IL L3I B T 7=, PT-BRB property (C0re) | sascenrme smes [ 1, [Emtn LS}
Yield strain &, (%) 0.131 - -
FBRIK 3 A EBRICHIE L, PR 22 & L7z MERRAOME 0 R L vewswenst o v 2509 || ey [ oo 5519
N Tensile strength o, (N/mm’)| 4395 PT-BRB stiffness o tension 9.37
ﬁ ;é%ﬁ % ;éjjﬁ L/ % 2 kﬁ’— I‘EE'U( 7& *ﬁj— 5 Fracture elongation  Ejome (%) 32.0 (plastic) kp ! ipression | 9.12
3.1 HRADEE I 840 I
B L 230 380 230
Photo 1 |Z PT-BRB k232 L fHN R, Table 1 (23 BRIAGE T, [ Fixer I Measuring length=50d Fixer [
Table 2 (ZFRBRIK/NT A —Z Zord, REBRAKIZI AN 9.6m, @& S RS L i *
X 4.5m OZRE UEASEMO 1/3 A7 — )V EE L/ aliRik 1x7 7.5¢(Carbon Fiber Composite Cable)—T
- . Fig.11 Dimension of CFCC for tensile test
Th b, KRR TR IKENSE O & 8 A2 L =3540mm 9 |
LB, MM E T I 12x25mm(SN400B), ML R & 2‘416 Loh S S e S ﬁ"T
%[ ADesign breaking load=76.0kN
1,=1000mm &3 %, FERHMHEEHE L 9190758 2mm(STK490), g|
(=}
B R S122380mm & L, ASCEMAAT A KT 272002 > P
I 16x220mm Z 90 EERIFRT 4 @At 5, 7 bM&mR L0 & ‘ /VNNAAAfV\
S o " Alnitial PT=0, 11.4, 19.0 (kN 3.75 mm/mi
H;ﬁlﬂﬁ’ﬂ*ﬂﬁl”:li%ﬁl’aﬂﬁ K0 Imm 02 U7 T AERT, HHM = PO e
LM ORICEL S L (P2 INmmd) 5 HEd B, —0s )7 Fig.12 Testing protocol for CFCC
g i} o Z 100 04.9KN— 95.4kN-
7oA, R IDICBOTRGLE L EBEEE R LRt [sembekieiod /1| [Dostenbraking load g.7i | |Desien reking load
= : ! i
B LT, AT 13 0-250x250%x9.0mm(BCR295), #B#f & & %m / | ‘
. _ 3 E E E
1% 2380mm & L, ACAY v b 13<120mm % 90 KM 4 e £ | V)] e iz Vs,
I %, Tv F7 L— FE PL-60x350x350mm (SM490A) & L, Akt Em / | Stip p \
N Y | -
L CFCC AET B0 2%, +FHOMO L EHoMos V7 . S wer i1 R i
_ % 2 3 4 5 ) 3 4. 5 2 13 4 5
Z A 2mm oA 4mm &5, CFCC 1 7 KL v#HD : ! Strain (%) { Strain (%) Strain (%)
& & € & & &
. 4 , 32| s 2 , ﬁ: ﬁ M2 B :J: initial elastic initial elastic ‘initial elastic
975 & 4 A, FAE ST 2350mm & U, SRR S L od L (&) PT=0KN ) P11 4k e

T235fFEDORITH D20, LEMEFILOHMMED 4BRETH
Do M OFIREBRITEHM D80 H L7 JIS-1A 5B 12 T T
VY, Table 3 (23RBS R 2R,
3.2 CFCC M EXFERIMER L 515k BR
PT-BRB &NV T7EH# I v 7 HFETHLH CFCC I
b bEITCE BT T oDl

[

, B DB

EWEMEf O ER &N D, £z,
WIE T B AR OET LA a, M0 IR LEmHIC e
BANBOT 2NN B Y, ZOMEEZE BRI L5 HERERIC X
DR T 5, Fig 1l ICBERBASIEEZRT L OIC, 7¥—T ik
SiE ﬁ@SWP&W@3%mn&T5 Fig. 12 2 Hifif B 1 2 9,

ST (T I, R Y 3.75mm/min & U, S WIS ORGER T T

Fig.13 Tensile test result for CFCC
Table 4 Tensile test result for CFCC

Total Elastic |Ultimate | Ultimate | Elastic Elastic

PT  |elongation |elongation | force | strength | modulus | modulus
&N) | o €e Py oy Ey En

(%) (%) (N) | (N/mm’®) | (N/mmD) | (N/mm®)

0 4.74 232 95.1 3058 | 82142 | 131961

11.4 4.20 1.98 82.7 2659 | 78325 | 134271

19 5.54 227 95.4 3082 | 74052 | 135013

Average | 4.83 2.19 2933 | 78173 | 133748

91.1

(a Ovall
Photo 2 CFCC after fracture (PT=11.4kN)

(b) Fixer
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Table 5 Properties of specimens

PT-BRB CFCC BRB
. Max force Activation disp. X PT (kN) Max force (kN) Initial yield disp. Initial yield force Max force
Specimens N Pre-stretching N
a B F yax_pr-BRB O KN) 1 cable | Total |1 cable | Total dy Fy F ax 2.040m
(kN) (mm) il I Rl M (mm) (kN) (KN)

PT-BRB-80 1.34 468.4 0.067 20.0 80.0 76.1 304.3

PT-BRB-56 | 0.158 | 1.49 444.5 0.047 70.0 14.0 56.0 70.1 280.4 1.59 85.5 164.1

PT-BRB-16 1.82 404.8 0.013 4.0 16.0 60.2 240.7
#H 76kN @ 0, 15, 25%CdH 5 0, 11.4, 19.0kN D5I5ES % Nz 7-1%,
S8R F1+f=2.0kN % 2 A 7 VINZ D, ZD%IT fi=14 ;2L LT
EBIENE 291 7 AT OMA, B M £ TRIT2 T 2. T T

Fig.13, Table 4 ZBIIEAMBRAE R A T, 2 TOERBR KR Raeon

Testing Frame
T B A AR A, DI/ MRS & R 2 & 7 < BME O E E R IC , S
Eofz, heb BHNTAEMNITZE 572 PT=11.4kN @ CFCCIZHB W\ T, #) {§135q010,b Specimen
. gl Pin %0, PT-BRB

e OV TR T F D E AT 4.20%, BEETATE X 82.68kN Th %, 72 & 2
B, CFCC DHMEARILIEATE 40kN~60kN DFEBH D AEL L v i L, “ P s Support g
BEPECR B & BRI I R AL & 0 B L72, 2~3kN BL F OfRA pessesy] P shskiog Table
fr GR35 1 2 B e WM O\ R AR (Fig.13(a)), EETNDH O El s
br— A OPF LIS X DRSS T SRR S N7 (Fig 13(b)). £ 72, : RS
MR LIZEEW 2 27w 7B LIRS RO A D B F 0 WIS BE N4 ‘H H‘ ’ ‘ FT FT e ‘ ‘H H‘
L7120, | AT v 7 HEORIMEDEICL VEREANEL D, 2 A Fig.14 Test setup of PT-BRB
7 v 7 H LG OBVERR S E, 23 AFME 155000N/mm? L 0 /NS Voo, 2| 4, 054, 4, 15424, 154, After AISC i‘z‘)‘(;’j)l
BIIRFREBRIL D r — T VR SR +4 Tl Z & X2, Photo 2(b) DA KT § /\ /\ /\ /\ A /\ /\ A PT-BRE-80 (untiiﬁac::rc)

R = _ = T R . 2 1.5 4 pm
RHRRICRT 5512, FBCHERBAOy—T AL IMOTORTE V«&ﬁ PEBRBSG|
HeEZHNS, LLELY CFCCIE PT-BRB DA Ty &Y v 3 v \/ \/vv w2

g PT-BRB-16 (>4t 2

o N . N $ oy B - g 2544
ERE L THR MM OEH LT 525, MO O&ERIC X <[ 1791 {17200 | 17100 | 1767 | 1/50 1/67 (;[ﬂfm:m)
D 1%L EDOKABEONRAEL D Z ERNyhoTz, LT -T, BF SfTEP
. Fig.15 Testi tocol for PT-BRB

U 7o BB 22 45 2 728012 CFCCZRF L T LA R Ly I o0 7 fiiar 1915 Testing profocotior Upper Side
ATV, AR ORI T 2 M ER B 72, STk 1)ITBW T, U Reaction Beam CFCC-1 CECC-4
A ¥ —B—TIBNTT LA Ny Fr 7 RERKICT S &Rk 2 3
BRI RN & o THOMEREDME F I 2 723, REIFH 8 0 40~50% E £
Y E INDHA, CFCC I EICEDL LT E, NEEECTHD Z CFCC-2  CFCC-3

EMNMERTE 2, VANV YT 2 E IR FERE W a7 B
D 92%Td % T0kN, PREFEEINIZ 300 & L7z,

Table 5 (ZA 5| iEakBriE B4 B % 2 72 PT-BRB s§ 7t 2/, Hlanfl
OFEMNTE RO TZDAFMEL A L, ZiUX PT-BRB (CHBW T
WP 0=0.158 [ZHY T %, F7= CFCC4 KD D45
I3 80kN, 56kN, 16kN D3 ffi¥il 45, Z Z TENENOREEZE
PT-BRB-80, PT-BRB-56, PT-BRB-16 L IEFRL, ZiubH D= x)L
X —RULLE f 1% 1.34, 1.49, 1.82 ICHIMT 5,

3.3 EBROME

Fig. 14 (CFEBROE Y N7 v M ERT, RERRITmN A o Bs
L, BE 23 ER7 L—ADORICEE, MY s & G
B2 L TIREEICEE L, AKFEH ISR E S 7z &K J) 500kN,
IEA R KIRIE 300mm O 7 7 F 2 =— X (ZTHREIEM % 5 2 5,
Fig. 15, Table 6 [ZHfifrf /@I 2 79", ANSI/AISC 341-16 "IZ9EVy, H)
(0] e AR B D i 7 T ZEAE Ay, =1.73mm,  JERIZEFAE 1/100 B il 5 i)
BAL Ap,=13.7Tmm & LT, IEARHEMIR LIMATE 2+ 4, +0.54,,,
+1.0 Ay, £1.54,,, £2.04,, ZHFELLT2 A 7 0FD, £1.5
Ap e AV A 7 NAT S, £ D%IXPT-BRB-80 13+2.0 4,,, PT-BRB-56
13£1.5 4,, O —ERIEMK UEIE, PT-BRB-16 13+2.54,,, +3.04,,
EHELALT 2 YA I P OIT o 442,54y, O— EHIRAEIE L
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(® Load Cell (CFCC)

.

(® Strain Gauge

-Center of the Tube

Displacement Transducer

(D Axial Displacement

(2 Outer Tube & End Plate

(3 Connection Plate < End Plate
@ Pin Rotation

Fig.16 Measurement plan

J@IE L L, M b L< I CFCC DMEWNCE D & TR 42Kt 5.
Fig. 16 (CHIEFHAI 2 773, WIEH B E, £ L ORIk
DRFINREET L, T/ Faz—Ffa— FeLrBLO LVD &
PFHZ LD, KERES X OBEHEKFEMEZNET 5, 7L—2A
DI TR S DG 7 L— N RICES i > TR



DIV ENFHI TRIE L, Wil 2 SoFEIc L v Eild 5 (Fig.16
D). £/, =¥ N7 b — FO#hS G EEMITATIE S L O
B 7 L— b O SERMFHS THES % (Fig16@0), L FEr
B8R B L 7 L — A B 28 G AN R & L2 B £ 0 sk B
(Fig.16@), F7=, CFCC DENHERBZHTIRO v — FE /2 L0 JlE
7 2 (Fig.16®), & 512, MIBHE I K OB Ol )7 10 E % FF
W D720ls, EF—VEIMMHIEICZNEH 4 EFTICHN S L
S OB A VTl & R 5 (Fig. 16©),

3.4 PT-BRB M EEMIR

Fig. 17~Fig. 19 124532k PT-BRB &1k & 452235 D il /1 — il 5
A JERR  (AISC #ifmf /@), Fig.20 (Z PT-BRB-16 D i /7 — il J7 [
BERBIR (£2.5~3.044,) ZoRT, FFEIELI0EZ EM, JEHE a2 Al
L9 5, 728, Fig.17(b)~Fig.19(b)iZ-x 3 BRB OJEJFEIL PT-BRB O
JEIEE 7> B AR O 1E A % G L= CFCC DA Z LW b DT
B D7 wfif7e BRB OJBIETIT<, F2REICIIMIBHHE B &
CABME L R L — hOEMEBER RS EEL TV,
Fig.17(c)~Fig.19(c)IZ7 "3 CFCC DEMEIX 4 ROBFTH D, FBRIC
FBoNAE, B0, YA 7 A %E £ LT Table 7 IIR

L, o ZBIEM, g IXEMMOMN SR L TWD, LLFICARR
ROJBIEMER 2 FF T D,

1) PT-BRB-80 (Fig.17)

B b IR DK & WARRBRIRIT AISC WfTEEZ B, —EE
IRIEARIR UH22.0 4,,—12 A 7 )V H & TRIE L2 BIREVER % %
L%, S OESm AL T,

2) PT-BRB-56 (Fig.18)

AISC #ifflE@R A B A, £1.54,,—28 ¥4 7 VA ETLELLE
JEEMEIR 2 F648 L7 th, S O MW 34 Uz,

3) PT-BRB-16 (Fig.19, Fig. 20)

e b WIHIBR ) 03/ S WA BR KT AISC B2t 2, £3.04
o COMINTE 4.1%) £ TR LZE LI BEMIRZ 5/ L7, £z
PT-BRB O /7 OkN {43 (5134 16~18mm) 235\ T CFCC Dk
WAL DS A 5 T2 3 (Fig. 20(b)), AU B R B oM w4t 5 m~o
FEAICE 2D THLZLEABICRVIERL TV D, D%
2.0 A1 YA 7V BT O THEWT 234 U7z,

2T ORI T PT-BRB ORI kpet!,  ky? H3 |2 FRER AR
FV/NERMEE e o Te, kgt IOV TIE, PT-BRB DA KE <

so0l 20185 A= 137 ‘ 400 400 400|| [ Outer Tube
k47 =850 kKN/mm | 558
~ 200 200 200 ! 200
z
=2
8
s 0 0 0 0
; 84 7 //)/ﬁ‘l
= 82 =
< 200 -200 -200 %0 ; 200 / .
z 1.32 kKN/mm =
Z 25.11mm 78| -50)
/ A ke =
00 L |k 8.50 kN/mm 400 -400 76 - - 5 400 -100
‘ ‘ 32101 23

30 20 -10 0 10 20 30 -30 20 -10 0 10 20 30

Axial Deformation (mm)

(a) PT-BRB-80

Axial Deformation (mm)

(b) BRB

-30 20 -10 0 10 20 30 =30 20 -10 0 10 20 30
Axial Deformation (mm) Axial Deformation (mm)

(c) CFCC (d) Inner & Outer Tube

Fig.17 Hysteresis response of PT-BRB-80

~0.165, B 151
aop|2=0:165. p=151]) 400

k7 =7.63KN/mm |
_/I -25.98mm
T 200

0.20 kN/mm
200

“k =7.64 kN/i :
20 %-mm/ 20

| 7T
gaan

Axial Force (kN)
(=]

-200 l

-400

I -400

J ea-l
/ 0 0 7 g
ke’ 58
56 — =
200 200[ 54 200 # 40 I
P 1.23 kN/mm 52 0
25.37mm
1 k7 =8.50 KN/mm 50 40
- ] -400 48 > -400 30

'|-2-10123

-30 0 20 -10 0 10 20 30 -30
Axial Deformation (mm)

(a) PT-BRB-56

-10 10
Axial Deformation (mm)

(b) BRB

20 30

-30 20 -10 0 10 20 30 =30 20 -10 0 10 20 30
Axial Deformation (mm) Axial Deformation (mm)

(c) CFCC (d) Inner & Outer Tube

Fig.18 Hysteresis response of PT-BRB-56

=0.1 =1.82
4op|2=0:158. 5= 182 ] . 400
k7 =7.56 KN/mm |~

-25.42mm

/ 0.17 kN/mm
200 _‘J 200
q-1

-15.3mm

400 400

n -k, =7.58 kN/mm 7

200 200

14.5mm

[l

-200

Axial Force (kN)
=

T

-200
0.99 kN/mm
24.81mm

]k 02 = 8,33 kN/mm
-400 B -400

l

-200

-400

-200

-400

-‘3-2-1012.)

=30 20 -10 0 10 20 30 30 -20
Axial Deformation (mm)

(a) PT-BRB-16

-1 0 0
Axial Deformation (mm)

(b) BRB

20 30

=30 -20 10 0 10 20 30 =30 =20 -10 0 10 20 30

Axial Deformation (mm)

(¢) CFCC

Axial Deformation (mm)

(d) Inner & Outer Tube

Fig.19 Hysteresis response of PT-BRB-16
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Table 7 Result for PT-BRB

PT-BRB CFCC BRB
Specimen " ) Max force (kN) J, (mm) ks (KN/mm) | k57 (KN/mm) PT Max Min Loss E, dy Fy Max force (kN) Fracture time
Comp. [ Tension | Comp. | Tension| Comp. [ Tension| Comp. | Tension] (KN) | (kN) | (kN) | (%) | N/mm®)| (mm) | (kN) | Comp. | Tension
PT-BRB-80 | 0.185 | 1.37 | -4553| 4275 | 7.9 | 730 | 4519 ] 4583 [ 850 | 850 | 807 | 2865 | 775 | 40 [152792 ] 175 | 976 | -174.1 | 1445 | 2.04,, - 13 Cycle
PT-BRB-56 | 0.168 | 1.51 | -423.0| 3754 | <112 [ 1180 | 43.08 | 4531 | 850 | 763 | 564 | 2535 | 488 | 134 [ 144256 | 2.8 | 949 | -1752] 1374 | £154,,, - 29 Cycle
PT-BRB-16 | 0.158 1.82 -372.4 | 3442 -15.3 14.50 | 50.88 | 47.75 8.33 7.56 16.4 207.9 13.0 20.6 143226 1.98 95.4 -168.8 | 138.8 | +2.04,, - 1Cycle
— 350 30 - :
58.9kN T2
400 300 ’E\ 25 A
20 o
200 250 2 s T o1 2
Z -20.2mm z )
PR Y 3 200 g10 :
5 3 g Right Left
= £ 150 © in compression in tension
.5 -200 '; 9 - -
< < 100 0 2g\xiall(])Defcrmationl?mm)20 0
-400 (a) PT-BRB-80
50 30 -
sl 5270 kN N 225 !
45 30 -5 0 15 30 45 20 20 0 20 40 £
Axial Deformation (mm) Axial Deformation (mm) 2020 O_] 1 2
(a) PT-BRB-16 (b) CFCC RN (a) Left side, +3.0Abm
. . o
Fig.20 Hysteresis response of PT-BRB-16 (+=2.5Asm, *=3.04sm) 212 Right Lot
g sl ) et
TR DIZHEY, JRAIZMD D BEOBLE k! D5/ & < 72 A7 23 e iR OS:CO‘;EWSST; - 1om te;;wn 5
SNtz kg2 lZOWVTHE, EBRD CFCC OBPERBNATMELL T T Axi&if;?f};ﬂ}gtg“;énm)
HY, FTOWENIPN NS WG EZDOREEZ T 2O ThD, & 30 ;
DFER, B IEE K ZFEMAEE Y OfE L 72573, PT-BRB-16 LSO o EZ
- = 0 -
ITHRRE L D KERME L R o72, 723, CFCC XA TOREBRIKICE £ 202
UNTSME 23 J7 R T 5 o TR A MERF L, WIBBRAI SRR E WIEE gm Right Left
RIS RAHmM AR Lz, £7- BRB DL Kk N N 1 Conjpression in tension
%30 20 -0 _0 10 20 3
FIMBIIRMNZ BT 30kN FRERE W I &, [HE O 53RN CHil Axial Deformation (mm) o
(c) PT-BRB-16 (b) Right side, -3.0Abm
1% 1% 5 . .
jj7j ﬁibfb‘%}mi EJLH) k@ﬁ%%ﬁ J:%)%)@&%Z_ )h%} F|921 Gapopenlng Ph0t03Gap0pening
Fig. 21 (2 BRI DOl )5 171 25T — BRIEIZS T 5B 6%, Photo 4 (2K - Axial Disp. relationship (PT-BTB-16)
RlR# (PT-BRB-16, +3.04,,) ZR7 . & TORBRMEIZIS Tl 1 Il it V__V Vi Vi
FRER LV REEREOH /NS L, EOETEHEMESS IO
WE O Th D FIFRMHEICH VT, PT-BRB-16 13t =
-
NTE B TREBEOBATE BTl 5 OITH L, PT-BRB-80, 8
(=]
PT-BRB-56 (% 1.5mm fiF@@nrb Ebfb\%)o ZHUEERRR A T =
Bl
W/INT & o T AR ZENL 0, A3 1 - FRIEFRFEIC Lo THIINL, Z oM <
AR ) R & WA D*?J“J”b\f:&) LEZLND, Fig22ict
TR Y v THERERSATI O JR VIR (PT-BRB-80, £2.0 4 ,,) % 71 (a) PT-BRB-80
20
T Fig22()lZrd & 512, SHRM A & JEM~D AT IX-60kN 0
z
5 A E Y -220kN FFIETRT, EMH 2 6 51 HEM ~ O BAT E
1T 40kN 3T THAE Y 200kN HIETHT L, 203 160kN (L4 £ 0
e —
77 80KN @ 2 fFIZ RS LEGRIEE Y & 72578, —BCiibh b <& I 5 o 0
- S i —_— uter Tube
BANZBEICHPN TS, Jhid, MIBIES & OATBME DR 120 ot oner o

(b) Inner Tube & Outer Tube

PO FE Y = R L — b & OFEfilds L OBERM A FIREZA T T 26
72728 & (Fig.22(b)), FIESHE ORITEZELA — By T d 524 _CFCCI
72 T 5 (Fig.22(c)). RIF IXATZIRE & WM OBEHET O A L g 2 SN /
0, AIEHE O BN EHE L0 T Rho el ThD & E 20| lppersise e DU W,
B2 NG, BEIEFigll(QIRT & 512 CFCC O L2 A & T2 sl @ O A 3
o . ¢ z (c-1) CFCC (Upper)
AROBEIEMEFINZ AL RS B2 Th 5D, MAIGHIE 13475 O &0 A26 ré @%%@ 2 —
M EEBEENTWA T, AHMICHD> THhHELEZRY, M) g 04| \SEEE2_CFECS
E Db BN E CFCC OIEIJIZ LY = R L— R AR 7T f%zz 3
CEEEL, T 7 L— b Ll L FRICRAE & o it X O ER A — ~
PRI XLV ELT2/ed Th D EH 2 bbb, ELIchlz->T 185 = - 5 - 3 2
JESRING FUEENE & A To M OB 7 v > 3 VM AT S (o) crec tomeny
LEORFLIZDHREEEZMGEITO2UENLELEZ NS, Fig.22 Hysteresis response of PT-BRB-80 (£2.04sm)
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Fig. 23 (243 BR (K O BREWRINL = L % — — Bkl 7 28 T B LR %
R, BREBYHENOHRTH L1280, £2TORRIKTREED T X
=R B OB HERR TE D0, ZHUXRRRED 23 F CThn
IEOIIBE I OIS E Y f O LV = L X — R A
HEEVWHZ S LN TE D, F72 Photo 4 DMK RZETZIRAEN
AT RN, MM IR E > TP E L TV D 2 L3y
D%, ATORBIKIZTI T H I & S 7= BT TR F7 kT L <
BY, CREABEEORFREbMITREOEELEZ NS,
Fig. 24 (AR EEL e, — W7 VB TERAGR & 7R T, B 13D
M2 0.5 4,,(=6.85mm) E TIEAWICHEIML, WHEIAKEZ W
PT-BRB-80 1% 0.5 4, LARE X% EF 57238, PT-BRB-16 1% 0.5 4,,, LA,
PT-BRB-56 (% 1.0 4,, LAEICHA T 5, £72 by 1 g A/NS W PT-
BRB-80 M OIEIC/ NS 2MEL 72D 2 LD, @R p OBDITER
BROWAD % T2 DT —HT, hy DB EVIRERKRIZEND,

LU bR 25 L0, #2557 5 PT-BRB [ZJEMZJE A 1/50rad
FCHIWIBEIIM DG A HERF L, S BICRHE/RT X — 2 IERLG
A OBGRE & RS 5 2 L RERTE I,

4 PT-BRB #2:& L &R OB

RBICARTECI, MEERRGHRFOSIRE 7 L ~DE AT T PT-
BRB OHfEET NV AMEGL, FERERE OREELZ R T 5,

4.1 PT-BRB T ETILDIEE

Fig.25 |Z PT-BRB OE T /UALEE Dz x4, BEETT/VIE, PT-
BRB D& % E B O € 7 2 A TR THERE T 5 2 & TR
T, REETNVITHISE 14, R 16 2L, SHHMERIT—
MRGRBESR, AR — SOC A RS (7 7 A N—2EE) TE
TMET D, W GT TR LS KOS A 2B ET S
Menegotto-Pinto <€ 7 /L 9% M9 5, WO MEEE, SMUOMAE
M, WM CFCC X M7 AHFETET ML, CFCC IR
TG NEBET D, MBME o & ARG LS 0B, %
BN S D S ET S NS (TE R T 5, MITRHIE &
ATHNE O & CFCC Wil X8tk (U > BH) T
L, 2 BTy R7 L— k& ol JOWER 2 45,
Pl 238 DA 50 ) R PRI IR 7> B8 il it ~C I et PR 72 Jd JEE
LU, AEMERITE AR O PT-BRB il 75 18 O 2507 & v i L,
Ty K7 L— k& ot ORIPEIXFARME, M O RRYE &,
ko BERIFFORIMEZ 1.0x10°%kN/mm &35, Lo XY e &
I 1T PT-BRB O EAE IR O Al )R 24TV, CFCC 1213515k
EAERIC BRI NEA S D, 7272, EBRPICHEGE S CFCC
ORI LT & ) o THEEERBITHO X LI EE L,
4.2 fRITIE & REBRIEDLE

Fig.26 ([ BUIRNT €T L %, Table 8 [ICBIEET NV DINT XA —H %
KT, Menegotto-Pinto €7 /L DK /8T A — XX, iEELTEE
FAWT 3 (RO FEBRE T ORI KL ¥ — B O SEHIC — BT S i &
[A%E L7z, Fig.27 I BRB ¥ X O PT-BRB & 7 /L i 11-ih J7 [ 25 ¢
MR Ol & 789, Fig27(a)nd & 912, #2%T 5 /LIEBRB HIK
ORBEMEIREZRBER XS, £/, Fig27b)~(d)iZrR~T L 51,
REET IV, OIHEIMBLOWMEDEZEANLSGAETYH, &
B2 PT-BRB L[R2 tis 2 FBLC X, SRl Nk & < 72 )6
MO EFRFHERBRFELER L TN D,

Axial Force (kN)

Cumulative Axial Deformation (mm)
Fig.23 Cumulative energy
dissipation curves
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4 Final status of core plate (PT-BTB-56)
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(2

[1 Outer Tube (Truss Element)

I Contact - ke
k,, Element # CFCC (Truss Element)
, Contact Initial tension
] Element ki
O Inner Tube (Truss Element) "
Equal DOF : K
—
T T -
Plastic (Fiber Element)
Elastic (Beam Element) Elastic (Beam Element)

Table 8 Menegotto-Pinto
Model Parameter "

Fig.25 Modeling of PT-BRB

SN400B

Yield strength (. N/mmz) gy

Post-yield stifhess ratio | o

0.02 L=3540mm

Yi

rise curve coeflicient a5

ield point o

85.0 1,=1000mm

lioller

25.3°

4.760 Menegotto-Pinto Model
Curve shape Ro 208 |—
determination coefficient [ 906' > AISC Protocol <——
42 : Fig.26 Numerical Model
200‘ | ‘
— Numerical 400

150 //”' — Numerical ‘

100 ————=
T
g s = [
IR NIINE Ny
RIENNIINARE
= 50 ]

5 ’ <
ol LY .
-100 | [l // > 4
%////
“150f-Ls | @=0.158, p=1.34
-200 ‘ —
=30 20 -10 0 10 20 30 -30 20 -10 0 10 20 30
Axial Deformation (mm) Axial Deformation (mm)
(a) BRB (b) PT-BRB-80
400 A 400
——Numerical ‘ / —Numerical |
200 - ~ 200
z
=2
8
0 E 0 <
=
4
200 i < -200

1

[a=0.158 p-182

20 -10 0 10

20 30 430

Axial Deformation (mm)
(c) PT-BRB-56
Fig.27 Hysteresis response of PT-BRB
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5. #

RIFFETIE, w72 U IHsREE A 5 UIE5E A R
P 7 L — A(PT-BRB)WCBI L, #IOIZEAEMATIC & 0 ZIRIEIEL o
& RVF RN B DR BT S OINEIC 2 2 B E R LT
%, BRFEMHEE A & — 7 L(CFCC) % TV T=E K 1/3 A - — L3k B
A0 PT-BRB 3 (A% ERICHEL, #IWIRA 225 L Lz Uil
WEBREATV, JEREIRR O 50T & HBURIT T T L & OBEA M2 R
L7z, Bz DL FISRT,

D1 BARETVIZENT, o OEINE a<10%D i TIIEELE
DWW RTH DA, 10%=0a TIEZ DWW BFESLIIT/ D
BRI KA & 7 L — R Kl oI n 5, %72, =
FX =KL B % p=2.0 (N4 UV =T) 2D p=1.5 (Hmter>
v BV D) IR SH D EERER EMIMETE B,

2)6 BHTOZEARETMTBNT, a=5.6% p=1.8 DELELT
BBV T TS Y =T ERRREORKEN, KT L — A
NTH RN OEREER eMMETEDL L EmR LI, £z, 8
JCH DI X0 BB A 534 OB — b B MFFC& 5 2 & 2T
L7,

MK LHf ER L v b niae e 2 Y v T ORI,
RELINAA Y =7 &7 Ty 7RO ORE LT BRI 2R
L, fbAIES O/ SV PT-BRB-16 13 E BZE A 3% IS8 L
7o EEATORRMKIZEWT, CFCC 1T 235 I+ 5 %
T A MERF LT,

4k, I - SMUERAE, RIR I A B O TSR & LT
SR CHefe L7- PT-BRB OEMEET VAMEL, [F€T V03 EHR
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Buckling-restrained braces (BRBs) pose predictable and stable hysteretic behavior with excellent energy dissipation capacity.
However, when such BRBs are used in steel frames with pinned connections, damage concentration and large residual
deformations may occur due to their low post-yield stiffness. In overseas, post-tensioned cables are added on the BRBs to provide
the self-centering force and eliminate residual deformations following a strong earthquake. Hysteretic curves of BRBs with post-
tensioned cables can be defined with two parameters, namely post-yield stiffness ratio (o) and energy dissipation ratio (f).
Previous studies have aimed to change B from the bilinear (=2.0) to flag-shaped (B=1.0) hysteresis to have zero residual
deformations. However, the flag-shaped behavior may require a significant post-tensioning force due to strain and compressive
hardening. As such, limited energy dissipation capacity increase the peak displacement responses. Although previous numerical
studies have found that residual deformations are small enough even hysteresis is not flag-shaped, an optimal range of o and f is
not well studied. A newly developed BRB named as PT-BRB is introduced in this paper to provide self-centering force by adding
post-tensioned cables while the BRB core dissipates input energy. Carbon Fiber Composite Cables (CFCCs) are used as post-
tensioned cables and performance of the brace is evaluated experimentally. Section 2 presents the developed PT-BRB
configuration and mechanism, and discusses the appropriate o and § ranges by conducting some numerical analysis. In Section 3,
a 1/3 scale specimen of the PT-BRBs are actually manufactured, and cyclic loading tests with various post-tensioning forces are
performed to confirm the hysteretic properties and deformation capacities. A numerical model that reproduces the behavior of
each part of PT-BRB for application to the 3D model is proposed in Section 4. It is found that numerical values agree very well
with the experimental results. Note this paper presents the results of a joint research between Japan and Turkey, and the contents

conform to the US standards and design guidelines.

In summary, the following results were obtained:

1) In the SDOF model, the increase of a is effective in reducing residual deformations in the range of 0<10%, but the slope of decrease
is small when a is higher than 10%. Peak acceleration and brace axial force increases when o increases. Additionally, when the energy
dissipation ratio P is decreased from B=2.0 to f=1.5, the residual deformations decrease significantly.

2) In the 6-story MDOF model, it was shown that partially self-centering (a=5.6%, B=1.8) can minimize the residual deformation even
though the maximum deformation and brace axial force are the same as bilinear case. It was also confirmed that a uniform story drift
distribution can be expected by increasing the restoring force for this model.

3) Partially self-centering behaviors (1.0<p<2.0) are obtained from the cyclic loading tests and, all PT-BRBs showed stable
hysteresis. PT-BRB-16 with the smallest post-tensioning force reached up to 3% story drift. In all specimens, CFCCs remained
elastic until the core plate has fractured.

4) A numerical model of PT-BRB is constructed by connecting the Core, Inner Tube, Outer Tube and CFCC as individual element

with contact element. This model accurately captures the experimental results and track the actual hysteretic behavior.
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