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Abstract; Based on the shaking table tests of a six-storey
frame model structure made of recycled aggregate concrete
(RAC), seven levels of standard for the grade classification of
earthquake damage of the RAC frame structure were
preliminarily put forward. The seismic performance level
based on the structural damage limit state of the RAC frame
structure was defined. Furthermore, a two-parameter seismic
damage model based on the deformation and the accumulated
energy dissipation was suggested to evaluate the aseismic
capacity of the RAC frame structure. The results show that
the two-parameter seismic damage model can well assess the
damage process of the RAC frame structure system. The
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analysis results provide a basis for the performance-based
aseismic optimum design of the RAC frame structures.
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Tab.1 Classification of structural seismic performance levels
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Tab.2 Maximum inter-storey deformation with three
1 earthquake wave excitations at different seismic
*}&dj ﬁt?ﬁ.hﬁ levels
. el 2 R E AN /mm
1.1 RISHEELR N wpEy B E 22 3B 4iE SE OE
HEARR—A 1 4 4009 6 )2 2 85 2 P[] WCW 0.67 0.91 0.82 0.68 0.53 0.30
B A R B+ 25 R AR 2R G5 MR Y. AR RY ST 7 THT A 0.066 ELW 0.41 0.57 0.54 0.49 0.43  0.27
ﬁﬂ'}“y W@%ﬁ@%’h‘?ﬁ GB 50011—2010%51 SVIEZ}VV (1). i/i (1). 90 (1). 8; (1). 78 (1). 22 0.34
) e s ) .64 1.6 .66 1.29  0.67
“SRAESHEE” I R EAT RO AR, KA TS o 30 ELw 151 213 218 214 169 0.89
WEE KX MAT % GB 50010—20101) f1 GB SHW 1.85 2.68 2.82 2.57 1.59  0.82
50011—2010] H‘Jﬁ;éﬂﬁg *E;gﬁ@ %Eﬁ%ﬂﬂ% WCW 1.78 2.55 2.36 2.29 1.36 0.73
0.185 ELW 1.63 2.29 2.49 2.53 1.54 0.58
KRG+, PURBRE N 8 . MBS FHAAER SHW .55 4.32 3.79 3.77 2.25 1.02
k2 175 mm X2 550 mm,1~6 BEEE®H R 750 oo6s WCW 349 443 405 354 235 0.76
N i 7 - ) ELW 2.08 271 270 237 146 0.58
mm, HEAE R 100 mm X100 mm, AR WCW 6.15 7.14 6.46 566 4.12 1.49
62. 5 mm X125 mm A1 50 mm X112, 5 mm, #/E 30 0.370 ELW 2.77 3.46 2.91 252 1.90 0.85
mim, G5 ST T A B T ARk 2 A T T A R 36 AL SC R SHW 8.44 9.99 7.52 6.50 3.84  1.65
- Ty I, WCW 6.04 6.91 6.04 510 3.71 1.50
[8]. ﬁﬁ@ﬁ%#ﬁi%;éﬂﬂﬁﬁ&ﬁm%ﬁ’ﬁ% 0.415 ELW 4.68 5.16 4.15 3.35 2.32 1.16
R DO = B (WCW) L El Centro i (ELW) SHW 11.16 12.85 9.14 7.41 3.99 1.76
AT I (SHW) /8 A RS, XA 50 25 4 33 WCW 8.09 10.11 7.01 5.89 4.02 1.82
P N . 0.550 ELW 7.66 8.41 6.38 4.97 3.51 1.80
7T 9 A B I B BE I Y 3K, 08 {0 3 BE 4 1 SHW 19.96 21.77 12.93 8.48 4.58  2.50
0. 066g,0. 130g,0. 185¢,0. 264g,0. 370g,0. 415g, WCW 15.38 19.03 11.66 8.99 6.39 1.83
0. 550g,0. 750g,1. 170g. 0.750 ELW 15.04 18.03 11.38 9.34 6.06 2.44
. SHW 25.59 25.95 18.46 12.49 6.61  2.56
1.2 EERARER Lo WCW 25.66 29.85 1819 1141 6.39  2.45
2 BRNEZERIZE AN R Hb = 56 By B e K ' ELW 22.01 21.23 13.58 857 5.31 2.72

EEZEE, B 1 Fm &850 B B AR B 5L R 8Y - TR
BRI LR, BT 1 ep i [ il 4R, A
B ERB AT, A i R EAR P ER, W
PUE , i 1] iy 4R 728 0 S ol 5 1) 57 B b S 3, Wi [0 35 1D
UK, BB B8 300, B Hb iR iR B 3 R, AR
RUBTOIAS W BE 98 BE FRERE BB T B =2 iR 1. BRI, P
AR+ HEZR M B B AT IAERRRE ).

Bl 2 AR B BRI 4R, B A F1 P 4y B3R
NG TRB AL FIEL R BY ). G544 0 IR AT 2 A A
N7 P9 JEE RS % R SR 38 L IR S 4 ok i e T, 4
I TRE DA FEE R B (AL/A,) R 3. 318, HE il
LLIE AR 0. 130g 1R IR I & 4 FF
4, 7E 0. 185g~0. 370g R R IR IN o & 4 AR

2 MRBIFRESHRIS

HRBIORSF LI 3 I AR 2, Park 1
R HIRFEFRU S ENR 3 Pin. BARE NS
BREM T2 RN F LR 0 T7
i, {EX S5 35 AR WA L AR AT, A LEAH AR K, R
G — BB

FERT BT IE TAE &, BT IR 31 G IR A FRIT
BOE A Y, 255 B E BAT AR D X — g
(F) KB HRRIRFE R o, R 275 SCHk [14-
151, RSO A A REE HERR G R E 0 7T REIR,
B I N SE i, TR AR R MR , IR B S IR



®2H FKEH, % IR E AR T AR S s B R 5 A 169
L L .750g
60 o WP A s e

. 40r . 60r 0.370g AmPm) iR 18R @

Z ook 2 <ok 1.170,
E 20 -E 50 o130 01852 (AWP‘U)% g
B B e
ﬁ -20F % 30 TR (ALP,) O BTN

-40r 201 0.066g A R AR

_enl _ m N | P(A)=222 8exp(-0.011 594)-
60 AR 10 222.8exp(-0.029 86.4)

_80 1 Il 1 1 1 1 1 1 1 1 1 1 Il 1 1 1

-90 -60 -30 0 30 60 90
TEA A/ mm

Bl HEERYA-NELBXRHE

Fig.1 Base shear-roof displacement hysteretic curves
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Tab.3 Grade classification for earthquake damage

in Ref.[10]
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Fig.2 Overall skeleton curves of RAC frame model
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Tab.4 Grade classification of earthquake damage for the RAC frame structure proposed in this study
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Tab.5 Seismic performance levels and the corresponding quantitative indexes for the RAC frame structure
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Tab.6 Earthquake damage grade and the corresponding quantitative indexes of inter-storey

drift ratio for the RAC frame structure
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Fig.3 Relationship of base shear and inter-

storey drift ratio
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Tab.7 Earthquake damage grades and the corresponding limited values of damage
indexes for the RAC frame structure
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Tab.8 Relationship of damage state vs. inter-storey drift ratio and damage state vs. damage
index proposed for the RAC frame
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Tab.9 Determination of calculation parameters
l/d 7o o/ % ow/ %
3.24 0. 235 1. 515 1. 394

Zi¥ R D E bR E D BB

H AR TT 2R, R SRR BT Rom

_ _E
Ili — ZEZ (5)

KA AW RE E; &1 5 T FERE.
AT FIBE BN S R B BV A B T B AR
H=FER GRIE G AR X5 BRI W,
PR TR Z 2 AN . A 3CR A Park-Ang
BRI A TR - i iR 68 ) AT PRAG. E e
5307, 158 TR B A RIS M B B KA TE . B R
FERBLL AR R Z5 40 I AR FRAS TR G54 B IR E Q,
FIAR R Q.. & 10 R R BB MREAK T H
B ALIE bR BR (8 S H Xt B i % 2 B ) AL B8 1 R
. B R EE R A, JE IRSR E Q,=64. 006 0 kN,
B FRATER Q. =56. 790 0 kN, #% fRAFIE 6, =237. 500 0
mm. £ 11 F R R R 7R R R Yy B 0 B AR

[dE. 2358 (1) B3 T RS ERBBAET

R B BB A 16 2, a0k 12 PR, R 13 %
NG R M AR 6 i B A S AR5 475 4 BRI A L
BRI, B 4 A8 T A [R5 B B i o 1 e 20
3 JBE 1A L F) 45 4 SR 458 405 4 . S 3 ) 2 PR R



172 H B K% %A RBER

ERRE

RIEBIEHATHRIUE BB T RERRA:
D(PGA) = 0. 856 2 X PGA — 0. 033 26,
PGA > 0.066g (6)
K. D R SR T 18 80, PGA RLL g HEAL
V) i T o 2 U . 4055 5 P TR G R o B A 2
M HIFI 2 (SSE) K 0. 049 48,34 4R (RMSE) X
0. 084 07, Hl-& B4k F1 146 B3 7 B {8 i 8 € R 3K

(R-square) 0. 935 5. &K (6) X} FHEARELEW
MPLERR M B A EENSEME, YE MM
o 2 VA AR I, TT LAAR 338 184 240 25 0 58 B 1
R AL RIBEWBIRRE S B R
R , T E— 2500 58 G540 BN BE S 41 ]
B, 00 B TR RE B B AR TR B L bt R UL T
BT I

R 10 FEMEEEKTFHIBUIEHRRER E 3 SR NG BEERY

Tab.10 Storey shear forces and displacement ductility coefficients at different seismic performance levels

HEREK BRI R /mm BERE BRI REX N BB /RN R R R B R R
SEAEEEER 1.602 6 0.025 25.2411 0.239 3

E¥f#H 3.694 6 0. 085 46.978 9 0.5517

7 B 6.696 4 0.170 64. 006 0 1.000 0

HEfrEs 11.538 5 0. 310 73. 468 3 1.7231
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Tab.11 Inter-storey cumulative energy dissipation with three earthquake wave excitations

at different seismic levels

BORJE I RBU LR/ (SN - mm)
WAEANSEE /g W

12 2 2 32 42 5 2 T2

WCW 8.217 5.613 2.576 4. 891 2.914 4,762
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SHW 18. 954 97.773 102. 429 73. 280 14. 733 14. 829
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18 3 X4 3 B IR R A B S R L8
Gri LA R S B B A AR B PP, T LS B AR
45i2:0. 066g (7 LB HHIRIXES, ZHEK
BTEER 0. 025, RAETE 2 &, G540 B A H45 95 5
9 0. 018, G5 i b T 3ME TARRAS , BB (R IF 58 4

0.130g (8 L) KRR H , 2 RIE KRG
Bh 0079, RAETE 3 B, M BRI GRERN
0.072, 13 8 A, B A I M BL. 0. 185¢
(7T EEA) 1 0. 264g (9 LB Wb REIRIH, 2
) e KA AT FE B33 R 0. 124 F11 0. 140, G5y B



®2l

ERF, % TR R RS R ) s BB VAL

173

Bits B3k 0. 107 F1 0. 115, 36 8 AJ 1, A ) 3
MR, 0. 370g (8 EEA) WHIRIXEH, 2R
I KA ECR 0. 306, RATE 2 |2, Gk B4R
B8 ECR 0. 242, /NF M “hEBR BRI IR
PEBEZK S SRR 0. 310, 15 R % A= v 452 BF B 3R,
0.415g (7 EFEE) MHBERL P, 2Rz HTE
BoRo.401, REHE 2 B, W EEBRGIELR N
0. 322, 7 & 4= 2B IR, 0. 550g F1 0. 750g (8 F&E
FZE) MR RAR S, BE R KHR GRS 5N

0. 73310, 841, ZE 4 B A3 4545 B 4 31k 0. 591
0. 701, 3R 8 AT, A2 = AL AR ™ AR, 1. 170g (9
FEFER) LRI T, B R AH 438508 1. 000,
KETE 2 )2, VG 2 B RR R ™ & ;
ZER BRSO 0. 872, /NTF LM “IR ™ BRI
R FROR SRR K S AL FRME 1. 000, 16 BA AR BY %% AR 4R 7™
HER. £ 2 REENHRREE, REHLREE
THEBR B IR B h PEE L (B A B, X UL AR
TRESE T HEZREE A RIFASTERE I AIPLRRE .
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Tab.12 Inter-storey damage and overall damage indexes with three earthquake wave

excitations under different seismic levels

L5 R R AR5
VRN / g HE
12 22 32 42 52 TiZ ik
WCW 0.019 0.025 0. 022 0.019 0.014 0. 008 0.018
0. 066 ELW 0.011 0.015 0.015 0.013 0.012 0. 007 0.012
SHW 0.018 0.024 0.024 0.021 0.017 0. 009 0.018
WCW 0.033 0. 045 0. 045 0. 048 0. 042 0.018 0.041
0.130 ELW 0. 043 0. 057 0. 059 0. 061 0. 049 0.026 0. 047
SHW 0. 050 0.075 0.079 0.072 0.043 0.022 0.072
WCW 0. 057 0. 069 0. 064 0. 064 0. 050 0.035 0. 048
0. 185 ELW 0. 046 0. 062 0. 066 0. 068 0. 045 0.019 0.037
SHW 0. 096 0.124 0.110 0. 107 0. 061 0. 029 0. 107
0. 264 WCW 0. 108 0. 140 0.133 0.118 0.072 0. 027 0. 115
ELW 0. 060 0.078 0.077 0. 070 0. 041 0.017 0. 065
WCW 0. 195 0. 241 0.218 0.183 0.126 0.047 0. 199
0. 370 ELW 0. 078 0. 099 0. 084 0.072 0. 052 0.025 0.078
SHW 0. 260 0. 306 0. 233 0.191 0.113 0.047 0. 242
WCW 0. 183 0. 219 0. 188 0. 150 0. 104 0.042 0. 185
0.415 ELW 0.129 0. 146 0.117 0. 092 0. 062 0.031 0.124
SHW 0. 351 0. 401 0. 285 0. 215 0.116 0. 050 0.322
WCW 0. 265 0. 335 0. 234 0.178 0.120 0. 055 0. 255
0. 550 ELW 0. 225 0. 252 0.193 0. 145 0. 100 0.052 0.199
SHW 0. 688 0.733 0.426 0. 258 0. 142 0.075 0.591
WCW 0. 555 0. 654 0. 382 0. 259 0. 186 0. 057 0.522
0. 750 ELW 0. 454 0.536 0. 333 0. 257 0.162 0. 066 0. 446
SHW 0. 834 0. 841 0. 588 0. 376 0. 197 0.077 0.701
1.170 WCW 0. 905 1. 000 0.574 0.314 0.172 0. 069 0. 872
ELW 0. 692 0. 669 0.416 0. 240 0. 142 0.073 0. 609
%13 AEMBREMENEMERRGEENEIERS
Tab.13 Damage indexes and damage states of the RAC 1.0r- ]
frame structure subjected to different % 08k “o
earthquake histories g o,
IR 2 RS TG i 06 o
0. 066 0.018 ] 5%311} E 04l B
0.130 0.072 4&%&%% E‘ ] 60 o i
0.185 0. 107 SRR wo2r 70 © i
0. 264 0.115 R LS00 e
0. 370 0. 242 TR BRI 0 02 04 06 08 10 12
0. 415 0. 322 JEER BRI WA I A/ g
0. 550 0. 591 REBIR . -
o o bilisiegt B4 SRBRRGANERRLEN
1.170 0. 872 TR E IR Fig.4 Peak ground acceleration vs. damage index
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