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POST-EARTHQUAKE CAPACITY EVALUATION OF RC FRAME
STRUCTURES WITH MULTI-STORY FLEXURAL WALLS

O R =Y = 9EE R B AR, woHE B
Alex Shegay *°, B A KHB*®

Kisho FUJITA, Kota MIURA, Yu TABATA,
Masaki MAEDA, Alex SHEGAY and Matsutaro SEKI

Evaluation of the residual capacity of RC structures damaged by earthquakes is necessary in judging the safety level of buildings. This paper
proposes a method for evaluating the residual seismic capacity by accounting for differences in member deformation capacities. Within this study,
a shake-table test of a 4-story RC structure with shear walls was conducted. The residual seismic capacity of the structure was evaluated and the
validity was verified. The results show that the proposed residual capacity evaluation methods were able to capture the general tendency of the

experimental results.

Keywords : Post-earthquake capacity evaluation, Shake-table test, RC moment frame, Multi-story shear wall, Internal work, Dynamic analysis
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Fig. 1 Target failure mechanism in the JBDPA" damage evaluation

guideline.
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Table 1 Seismic performance reduction coefficient n".

Level Column Flexural Shear Beam
Wall Wall

I 0.95 0.95 0.95 0.95
il 0.75 0.7 0.6 0.75
1 0.5 0.4 0.3 0.5
v 0.2 0.1 0 0.2
\Y% 0 0 0 0
— Capacity curve —--- Response Spectrum(aw)

—-—Response Spectrum(as

Sa W Sa wal

Frame | 7 e - Frame

» Sd » Sd

(a) Wall dominant mode (b) Frame dominant mode

Fig. 2 Criteria for determining the dominant failure mode.

Table 2 Revised seismic performance reduction factors used

for columns, beams and walls® 9.

Deformation | Dampin
Strength . Energy
Level capacity g

11» d I Iw
1 1.00 1.00 0.95 0.95
i 1.00 0.95 0.80 0.76
il 1.00 0.85 0.75 0.64
v 0.60 0.75 0.70 0.32
\ 0 0 0 0

AN DL Z OARBAREL v, na, nn & AW THM Ot ) - 2
R LY HEE CE RN VX —W IS &, M OmtE
PERRARIHR S nw 2 W, & BIEHICHIRER 5 2 BRI~ 1L —
WD ETEF LT, 2 27C, A2 & v CHREM Ot EMEREK
AR nw 2R LT,

Mw = pWi/Wi =1 X11g X1 @)

23 RERFERICEIMELREFEOGFHE
BUTEAE VL RIERIC, R 2N SN2 NI FRORFR L TR

Do oL, FMEMMORRDEEN ZEET D L0 ITEET
Do —MRAC, #TERT DM A KBIRM E TICRIRT 2 =1L
F—IL, B ORKIRE—A L b ERRERAORIL LTHESND,
Z LT, EM ORI, EHEEGHM OWIN AR R L ¥
— LIRR LB RGO Ch D, Zhnb, R LmE
BENRAE L2 2R O IERERAF R Ry OFEXZXBITTT, 2
ZC, Wt POl 041, MHREE &R OETERE ) DEE
ELEbOTHY, KHM OBRAFIEIERICN T 5 %5 5485 & ALiE
fHF o, UFICHENT 2, DXNEREL, m2TW, C, BIW
GiE, ZNENEE, 1, BLORITHIET 5,
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BEANT, ENENOERORN =X NLF—2HINT 5,
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b, EERHEFH/NT A—F L LT, X HIA I Bl R,
Y A TR SRR & 72 D X 502, TERE L R om0/
HEG%E, X FMT 21, Y HMT 12 &b k) IcBbswi,
Fig. 4 \IZHBRIKOIE %, Fig. 5 I TFEK ESLEHKZ R, K6
OWriH OFEfM % Table 3 IZFE & O7=,
RBREORERIE 30 b, HREERIIHELL, a7V —F
FRE Fe 12 30[N/mm2] & U7z, Z9481%, B4 OMMERFHE 1012
S MBS A5 (ADZ W TERRE L, FEEICHITRRT O
R & 2 o2 o #ITm I ix, ZotiFmhicAT 7
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A Sa \l»l’:l_\
Limit
Safety
Limit
-~ - >
—» Wall displacement > Sd — > Wall displacement 4
— Frame displacement ——— Frame displaceme
M M
4 /211/‘/) ) 4 My Our)
(M, cBuc)TE(M,y60,6)
Wall LMo WEMuOu) Wall sl ‘
Fieaiirs Frame
—> Oy > 8 —> Oy >0

(a) Wall dominant mode

Ouc b6
(b) Frame dominant mode
Fig. 3 Energy balance of the structure based on dominant

failure mode.

EEFLRVEE T 1.5 UL Lafik Lo, MmEET, RSOl T L
PEZBELT, HEEZRTRVERKELE Lz, £/, A7 7E3E ® o e om o o v o
& 70mm & L, D4 OFR 2T L2 7 ARSH (X 717 80mm & od L2 Ao o dlesl e
vF, Y HIA 60mm By F) & Lz, 5 Bl low ., , L "
O onll e o
4. RC4 BIREE EBRO MR E 0T T
BRI X, Y W7 W ORI 7 RS T, 2R 5 1457 . . e 1wt
FICHE SN D 2 BHAE OIRE AT b L O A 9 5 A THIEE q.. R . B
Wk L, A, 1995 4500 S RETEHIBEI 51 5 IMA MFE (X ] ST
7l NS R, Y s BW R %W 7e, Mo n) i — = i S
% Fig. 6 (2, 5%IENEFEGE A~ b L% Fig. 7125R$, Table ™ - - gnlle || le
4R T LI, ARt 9BIOIMEETT o7, £z, 1~7 [8lH OIE qj‘ - Lujtm Lj Viﬂfjij
KT 2 ok s L, 8,9\ HOMRIE X SEo 1 ks L ® ® ® 6 6 o
== Fig. 5 Drawing of specimen.
Table 3 Structural member cross-section details.
Name C1 CW1 CW2 G1 G2 G3
7 K —)
Detail [EEE TR i ' K
Size 130x130 80x700 70x400 100x140 100x150 12090
Main 6-D10 24-D10 8-D13+6-D6 6-D6 8-D6 4-D6
bar (SD345) (SD345) (SD390+SD345) (SD345) (SD345) (SD345)
Hoop/ D4@60 D4@60 D4@100(# -7 D4@50) D4@60 D4@60 D6@30
Stirrup | (SD295A) (SD295A) (SD295A) (SD295A) (SD295A) (SD345)
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Fig. 6 The acceleration record time history
1500

1000 /" W \

— ‘«X
& 500 \"’\‘,::::';n‘Q~
0
0 0.5 1 1.5
Period[s]
— The design spectrum ---X-dir — Y-dir

Fig. 7 The 5%-damped acceleration response spectra of

Japanese Notification and the input ground motion.

5. HE/NRERIADBRIAEITIER

IBMERENT Y 7 & SNAP ver.7W% FH W CRERED 7 L — AT
IV DT B RN 24T o 72, ZRAEOVEREIIARIT, T EEH R I K
VIO EE AW - EME R A S 1 B RERICHENT D
ZEICEDHEB L,

B DET MAKIE Fig. 8 IR T HENTRET V&2V, i
FOBTIEMEE Fig. 9107 T M) V=78 E L=, £72, A
WL, MEREOL NY V=78 U, SRR R IRE O
EERMEBEFICRGT SN TV B0, o3 CTow Wnidnad g
RS Ui, T8fa v 7 U — NS o S CRFER T 25 5% 5
FREF « MR ) 2N IE S EAPREEERAS R & dlnFHME, i OOvE]
FUBEE, dMTRERIREE, MRRATEA, KRARMEFIH L, R
% Table 5 \Z7"3, 7285, M OKRER ML, k120X TH

SIND (EBRIS TR T %) EAWRED, #hiF R A
Lﬁjj&é;b< RLERAAL L ORDTI-, MEAEMAE, &% bk
BRI T A WTREE N A U 5 EEMA %2 BWT 223, dhifEEIC

DA % BRI RO 2 FIRITEMETH Y, — AN Y%A A
Fo by RERBEICAD, 20D, XEWO L HI2, FEMH R
MRS 256 250 C, MIFRRRIA TR A3 i 7) & #ERE© &
LRROERAE L THOLNS Z b %0, kD TiE, RT
ECEBRFERAMNLZ MMM TE D 2 L bbb s Tnaiz
O, AWIETIE, UHEBME RN OKRERA LT L&
Lz, RT3 25DA7 7 OERIL, SR GO AR ORES
D055 THD EMUE L CHFEIER O HIFm A2 5F L, ik
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Table 4 List of excitations used in the experiment and their

amplification relative to Japanese Notification spectrum?®,

Case Wave Amplification (%)
X-direction Y-direction

Run.1 JMA 1995 20 20
Run.2 Kobe 80 60
Run.3 | (Acceleration 160 100
Run.4 response 240 150
Run.5 spectrum 260 170
Run.6 adjusted to 130 100
Run.7 match the 220 120
Run.8 Japanese 220

Run.9 | Notification®) 260

% Rotational spring
=

Axial spring

Shear spring

@

@ Rotational spring

>
>

6, 0,

Fig. 8 Member spring Fig. 9 Trilinear rotational moment

model. spring model.

— Capacity spectrum curve ---Wall failure demand
spectrum —-— Frame failure demand spectrum

X Ultimate point

1500
! \\‘\
= 1000 |—/— — — — — S
E _— -
# 500 -
0
0 100 200 300 400
Sd[mm]
(a )X-direction
1500
= 1000 [roooomomiTiTiT T
E v
& 500 BETA SutEs
0
0 100 200 300 400

Sd[mm]
(b) Y-direction
Fig. 10 Capacity spectrum and demand spectrum curves for

the structure from pushover analysis.

SEDIBRM L FHBIRMOTEH L Lz, Zhik, XFATREAT T O
}_rllmrb)ﬂ’ ZHEGL, Y HETE 6T%NEICHFE ST HRETH D,
, B ARIRO L AARFURREIE, R E I3 OV T
s ﬁ>7c0>/%k)%’f‘\ WCETDIRMEE LCER L,
MEREE RSB IE Lok, Fe v C, MREEOBEMZ v 88
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Table 5 Calculated moment and deformation angle values used in the frame analysis.
Crack moment Yield moment Yield deformation angle Ultimate deformation angle
M., [kNm] M, [kNm] 0, [rad] 6, [rad]
Cl 2.20 7.01 0.0045 0.0448
Xodir. CWl1 34.6 184.9 0.0017 0.0213
CW2 1.78 15.1 0.0203 -
Gl 3.86 7.19 0.0048 0.0471
Cl 221 9.55 0.0052 0.0409
CW1 3.90 21.0 0.0105 0.0434
Y-dir. CW2 11.1 89.2 0.0032 0.0221
G2 4.48 10.4 0.0040 0.0427
G3 2.45 3.95 0.0018 0.0238

ELTE bL, FMABNERET LTV ERELOET
MEL, b D —ERF R RN & FHi U7z, Fig. 10 (282K M
HEHIHR & MTRREE L RO KR SIS T DISE AR M &RT,
ZIT, 1 BARICHRT DBICIIEROIGE A7 hL 0L D
DI DEI A 45 Uic, MTRER 2O 2. LET TR~ 5k & v
TREMRFR LM 5 & X FHORERFULMREEK)D ST, iR
BESZECARSER, Y H M OZARRFIIHRAE R R T, AR E
EHIE ST, Fig 10 ICRMOZ 2R R % X TRT,

6. RER#ER

BIMROTEES KL & _R— 2 2 7 MR %, i S8 fRAT O f 5
& IEIT Fig. 1112 F, BB O feKilit 70 3 Feginfigtr £ 0 X ¢
fRHTIE D 126%, Y T 144% & @nvoT=, 7=, FRIFH CIX
MHERE A RRIUGE LM IR T2 R ZTHETH -2, X
FH I OMEEEDIEIEHE N DN BE L Y b, HEROKRBRRA LD
BRICE > THMEEOMME T IXIEE A ERLNT, BEOKFN
ERE R L — L OKBEICHMRENR DN o T,

IR A CEE LB % Fig. 12 1[27°T, RBRIEO
X, Y FmozdhE, Run 1 (X:20%;Y:20%), Run 2 (X:80%;Y:60%)
EHIFIFWMEHRPAN TH 572, Run 3 (X:160%;Y:100%) Tl A Kr
OOEN & T OOEINA AL, Run 4 (X:240%:Y:150%)
IR, 1 B, MHERE CEOBRRNR A b, RIKEERO
AH =R BBERL S 172, Runb (X:260%;Y:170%) %, sBRIEDLTK
DREIML, =227V — bOHEN 1 O LMl EEE CHE X
72, Run6 (X:130%:;Y:100%) #2137z Ic R & B EIT R S hie
o723, Run7 (X:220%;Y:120%) % (213 &M THREBS KX <
¥, Run9 (X:260%)%%I21% 1 BEMIASEE CEAG O ER, 1 BFET=a
7V — MIKRE %, FREORICKERLOVE R (~8.56 mm) 23
Rbhi, XFFRETIE, 1BFERC 1Fig 12 (@), %BE2(G LFig.
12 (D), B L1 FEMIEEEE(CW L;Fig. 12 )23, ¥Ee v V&
LTz, Y FmoO 1 BEEREI(C LFig. 12 () & K2 G 2, G
ALWBIEL VAR LIS, 1 HEMIERE(CW 2;Fig. 12 e)iT¥ A
W L=, LA L, CW2OEMIMKRLTEY, FBIC—FRIC
BN/ LTI Ens,  CW 2 13l F R IE % (28 A Wi
L, BB AR R I X D7 M5 L VY T ol TR i
RO ThHDH EEZ BN,
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Base shear[kN]

Base, shear[kN]

Base shear|

[kN]

Roof drift[mm]
Run4 Run3 Run2 Runl Analysis
150 2D0
Roof drift[mm]
Run9 Run8 — Run7
— Run6 — Run5 Analysis

(a) X-direction

40

oy
ivAv

~

400,
=500

Roof drift[mm]

Analysis

Run4 Run3 Run2 Runl
z
b
—
S
3
ol
4
M
=400
Roof drift[mm]
Run7 Run6 Run35 Analysis

(b) Y-direction

Fig. 11 The relationship between horizontal roof drift and

base shear of the experiment.
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L0115

(a) ()
C1 CW1
(X1-Y1 section) (X2-Y1 section)

(X2-Y1a section)

() @
CW2 G1
(2nd floor)

Fig. 12 Typical damage observed in each member after Run 9.

Table 6 Damage level of structure following Run 3, Run 4 and Run 5 as evaluated using the JBDPA" methodology.

Y-1 Y-2 X-1 X-2 X-3
I I 1 I 1
I
Run3 ! ! L .
I I I 1 I
S A I R € I F &
1 I 1 1 I I
I I Lm I I
Run4 ! I I I I I
1 I I I 1 if I
i s N N "
I I I I 1 I if if
I it m I 1 I I 1
if I I 1 (LS it I
Run5 - o I I i I i I
5 © 5|8 © 5|8 & -]

=, RO, Uk O TARERICET D KEETE — N & 3l
L7z, ME#%OBEBEICE W TIHEREOBIER YO THER S hi-
IERuUAW &5 2)EZD 1 DHIONERUAW-1 & T 2) DA D
WM AR RE DM RN B> D &FIWT L, M ARRER I 3 < RAT IR
PEREFRAE oy % Tt AR BE D3 46 R S 12 29 5 LLAIT O iz (Runl ~
RunW-DIZBIT D RKANMGERLE LTRD L, ®IZ, IHE%OEE
BEICB O THE TR OWE S0 THR S U R RunF &
T5)e 2D 1 SHIOMERUNF-1 &4 5)DRGE O BICHER O
S D LI L, R IS (R THEME RIS (o & THE
B 2 3 DA R C AR IR 03 4 R B S 3 T S LAl O IR (RunW ~
RunF-DIZB T D RANERE LTRD =, EERITHMEO I
KR OB PRA % 34 L7255 % Table 7 (2R3, X J1fTld.ay
IZ Run5 ® A S5 2.60, .apiZ Run9 O AJ{53%2.60 £ 720 2o
DEIEE U< 72 % A ERERICE VT Run9 F CIVEBEOM K T
DIV T & D DI FRRE S FOREA & OHIE S 4y, fRATAE RIS HE
DOLFHiE —B L7z, LaL, Y AL, .apld Rund OATIREHR
1.70, .aplE Run7 ® AL 1.20 &9 5 & FEBR R TIIZ g om
BT — NILMERE SRR & 72 0, RS R SN AR & 7

Table 7 Results of a and evaluation of dominant mode

based on analytical and experimental results

ow aF Dominant
dir Data
(Wall Failure) | (Frame Failure) | mode
Analysis 2.27 1.63 Wall
X
Experiment 2.60(Run5) 2.60(Run9) Wall
Analysis 1.55 1.74 Frame
Y
Experiment 1.70(Run5) 1.20(Run7) Wall

BEMIRE R & e 572, 728, RunT OFEBRIFIC A SRS R (ap) &
REL LGB apdieay & EED 2 &b EZBNDH, RITHIH
FHc & D L, Run7 TANMRME#%Z Runb ERIC 1.7 fF& L72Bg
TR N Z R A B2 DRI o 72720, EEEE SRl
HCHDEVIHWIIZLE THD LB DND, RATOFEMITAHE
2 1R T, ZAUE, FATICESSEHMI L IXR R DR THY, 2O
JRARE LT, EEREIOMRIC X 220 REREIC L - C, MiEE
IR AU BEOBEDTHEMRIME T L2 ¢ndbiFbinsd,
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AR LT, #S R POyl JE Y VICHUE S b DD bR
MCHESE, FEMOBEGEEZHE L, B, MRk o

FHRGIZBT 2 OUFIIVEN HERICEBEZZ T 5 2 L 2B EL,

OOFEIIUIRIC & 2 FHlIE S BREE & L CEB 0BG DR+ % SCik v
OGO B2 BT 2GR L S La b CHIGE 23
fli L7z, Table 612, Run 3 (OUFINAA®), Run 4 (&RA), Run
5 (K & 715 OIRIG L 2 73, IHEVERERAF R O LY, Rl
M7 BETh 2 Lilo 3 SOMEREEIK L TR Z 1T 72,

7. WA E O

71, REARRGRE AL CHELEBEEORI

2 HECHI LI ZTUAERE D R7n B M 2 6 L O B RE 7R A7
EOWSIIIEC S\ CHEBRRER & BV CIREET 5. ATM G 1911,
TR R % Fig. 18T & 5 1S HHE & 355 0 21

WREAERFUREBICEDHIEF ORE ok s L, XMW TEH L,

R HEBEMPLZERRICE L HEHOKE & @
HEERTED N LRI E 2 HETHORE X
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Fig. 13 Methodology for determining residual seismic
capacity ratio using experimental data and numerical

modelling.

Table 8 Calculation results of Re

dir Run Ao Ap Re
Run3 2.49 2.40 0.96

X Run4 2.90 2.60 0.90
Run5 3.07 2.20 0.72
Run3 1.55 1.50 0.97

Y Run4 2.15 1.70 0.79
Run5 2.22 1.20 0.54
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Fig. 14 Residual seismic capacity ratio calculated using the
JBDPA Guidelines and the proposed evaluation method

compared to experimental residual capacity ratio.
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Table 9 List of excitations used in the additional analysis.

Amplification (%)
Case Wave . Additional
Experiment .
Analysis

Run.1 JMA 1995 20 20
Run.2 Kobe 60 60
Run.3 | (Acceleration 100 100
Run.4 response 150 150
Run.5 spectrum is 170 170
Run.6 Japanese 100 100
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Fig. 17 Comparison between ultimate deformation angle

and analytical results of modified model.
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After an earthquake, it is important to evaluate the residual seismic capacity of damaged buildings in order to
determine the necessity of repair and retrofit and to make an efficient recovery plan. In this regard, a Japanese guideline
developed by the Japan Building Disaster Prevention Association (JBPDA) “Standard for Post-earthquake Damage
Level Classification of Buildings 1) ” is currently in use in Japan to estimate the residual seismic capacity of structures
based on an index named R. The R-index represents the ratio of seismic capacity before and after the earthquake. The
R-index calculation is intended to be a simple seismic evaluation method that does not require complicated analysis.
However, this simplified method is based on the assumption that the ultimate deformation capacity of all members is
the same; thus, it is not practical for assessing dual systems, such as reinforced concrete (RC) buildings containing both
moment resisting frames and walls. The main objective of this study is to propose a new evaluation method to determine
the R-index for buildings of mixed structure types. The proposed method uses two factors: (i) explicit consideration of
different deformation capacities of structural members, Ou, and (ii) a seismic capacity reduction factor, nW 7) which
considers the hysteretic energy absorption reduction of each structural member based on the observed level of damage.
The available JBDPA method and the proposed method are assessed using results obtained from a shake-table test of
an RC building.

Firstly, the proposed simplified calculation method is explained in detail. Next, the results from a 1/4 scale 4-story RC
frame-wall shaking table test are summarized (conducted jointly by Tohoku University and Obayashi Corporation). The
4-story specimen was designed with different frame and wall strength contributions in the longitudinal and transverse
directions to investigate the impact that this has on the evaluation of residual seismic capacity ratio. The RC walls were
designed to fail first, followed by the formation of a ‘strong column-weak beam’ frame-sway mechanism. Finally, each
simplified calculation method (the proposed method and the existing Japanese guideline method) are applied to the
building. The accuracy of the resulting R-index is verified by comparing with the results of the experiment.

In general, the results showed that both methods identified the correct tendency of residual seismic capacity observed
from the experimental values. In the longitudinal X-direction, though the proposed method was closer the experimental
residual capacity results, both methods were considerably lower than the experimental data as the structure did not
shown strength degradation despite extensive wall damage. In the transverse Y-direction the proposed method resulted
in a higher residual seismic capacity ratio compared with experimental results. The reason for this being that a flexural
failure mode was assumed for the wall in the calculation, whereas a less ductile shear failure was observed in the

experiment.

(2020 42 12 7 8 HIsAa2 B, 2021 42 4 3 13 HERMIUE)
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