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Abstract: In order to study the vulnerability of the RC frame structure under the influence of main-
shock-aftershocks, a typical six-story RC frame structure is taken as an example. Incremental dynamic
analysis and vulnerability analysis are used to compare and analyze the transcendental probability of
the RC frame structure under different performance states and various mainshock-aftershocks effects.
10 seismic records have been selected as the seismic input based on site conditions. The response spec-
trum acceleration is used as the intensity measure (IM), while the maximum interlayer displacement
angle is used as the damage measure (DM ). The IDA curve cluster is analyzed by quantization, and a
probabilistic seismic demand model is established using the seismic intensity measure. The vulnerabili-
ty analysis of the frame structure is performed according to the defined structural performance level.
The results show that the bidirectional earthquake and the main-aftershocks increase the vulnerability
index of the structure compared to the one-way mainshocks. When the structure encounters an earth-
quake intensity S,(T,,5% ) =0.5 g, the upper limit, average value, and lower limit of the vulnerabili-

ty index caused by aftershocks increase by 6.3%, 8.5% and 11.5% , respectively. Compared with the
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one-way mainshocks, the vulnerability index caused by two-way earthquake exhibits an increase of

15.5%, 20.1% and 32.5%, respectively.

Keywords: reinforced concrete frame structure; mainshock-aftershock sequence; incremental dynamic

analysis; seismic vulnerability ; earthquake intensity
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Fig.3 Curve of tensile damage-cracking strain
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Fig.4 Curve of tensile stress-cracking strain

!

S

0 E, E, £

PS5 LAk A A

Fig.5 Constitutive model of steel bars

®1 WHIHTESH

Table 1 Calculation parameters of steel bars

WA PR s JEIRSREE ARBRBREE AR
4% E./MPa v fi/MPa [ ./MPa N/%

HRB335 200 000 0.3 335 455 14
HPB300 210 000 0.3 300 420 14
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Table 2 Natural vibration periods for frame structures
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Fig.6 Acceleration curves of seismic response spectrum
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Table 3 Selected earthquake records
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Jo

HEIgR G ER0)

V.o/(mes ) R

SN M i 0 (A EE /g

X [ Y A Zn
1 San Onofre-So Cal Edison 1968 442.88 6.63 0.131 0.152 0.116
2 Isabella Dam (Aux Abut) 1971 591 6.61 0.091 0.067 0.054
3 San Onofre-So Cal Edison 1971 442.88 6.61 0.107 0.092 0.105
4 Whittier Narrows Dam 1971 298.68 6.61 0.108 0.101 0.033
5 Delta 1979 242.05 6.53 0.235 0.349 0.142
6 El Centro Array #12 1979 196.88 6.53 0.144 0.118 0.069
7 Niland Fire Station 1979 212 6.53 0.109 0.069 0.034
8 Parachute Test Site 1979 348.69 6.53 0.112 0.205 0.161
9 Sturno (STN) 1980 382 6.9 0.216 0.314 0.235
10 El Centro Imp. Co. Cent 1987 192.05 6.54 0.357 0.259 0.127
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Table 6 Exceeding probabilities at each performance level
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Fig.12 Y-direction earthquake demand regression equation

for main aftershocks
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Fig.16 Comparisons of vulnerability curves at various perfor-

mance levels under two types of earthquakes
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Table 8 Indices of earthquake damage
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Table 9 Structural vulnerability indices under different

earthquakes

BBy K 1 THEEZWE TR THEFE

T BRAE 0.085 0.232 0.461

W E4E FEME 0.175 0.346 0.584
B AE 0.265 0.460 0.698
TR AE 0.042 0.149 0.347
i) 5% -3 0.114 0.253 0.469
T RRAE 0.185 0.358 0.591
TR A 0.008 0.092 0.252
Hm) 3258 FHE 0.062 0.185 0.331
T RRAE 0.116 0.278 0.442

5 & it

BE X ML 7S 2 RC HEZR 254, 3k T 14 5 3 1 43
BT ik i 52 5 M 2 BT, R AT R ) b 7R VR R R 45
A R e R AT 1 B ME 238 % LG A3 T, 2 A i
wr .

(1) X F A — i 3K B BRCAR A&, 32 % 7 b 7 o
S, B /N T B R R R B 45 6 B Ak — A
BRCR S, 45400 JIT T B2 0 5 Ay 2 i RE A B T /N

(2) S5 ¥ 7E 2 A B AE F T 00 (50 50 A % K T 45 4
e T EAE T A EI R AR . XA 32 AR R MR B
S, X I 1) iR AR SR B K SR b, R 3 R b 7R B
S, LA il 2R SRk 2, B 3 R R ) S,
IO7 P T 2 R R R M8 o A R b R Bl 0 9 ek R
A 20 B 3 K 5 R T ) R RS 2 2RI .

(3) L[] b 7% 1 32 4% 7% AH 6 ) B R A 1
IG5 H Y Ty AR B, MR R S.(T,,5%) =
0.5g Bf , ERBAEH T 5 48 2oy L IRAE P
B T BRAEAH L F R AE R /Y 1 2 5k 6.3% .
8.5% 11.5%0 5 WU Jwn) b 52 AH X F B [ia) 1 7% 44 1 15 1
Sy B 1 48 B b BRAE T 3408 R T R AE 43 ) 1 0
15.5%.20.1% .32.5% .

S

(1] T wers AR 5=, B, 45 ERR)TFIE T P iR B
T HEZRES A S T [T ]. S 24l , 2019, 40(3)
127-133.

Yu X H, Dai K'Y, Zhou Z, et al. Damage assessment

of a reinforced concrete frame structure subjected to



[3]

[4]

[6]

[7]

[8]

[9]

mainshock-aftershock sequences[J]. Journal of Building
Structures, 2019, 40(3): 127-133. (in Chinese)
Abdollahzadeh G, Omranian E, Vahedian V. Applica-
tion of the artificial neural network for predicting main-
shock-aftershock sequences in seismic assessment of re-
inforced concrete structures [J]. Journal of Earthquake
Engineering, 2021, 25(2): 210-236.

Amiri S, Bojorquez E. Residual displacement ratios of
structures under mainshock-aftershock sequences [J].
Soil Dynamics and Earthquake Engineering, 2019,
121: 179-193.

Goda K, Taylor C A. Effects of aftershocks on peak duc-
tility demand due to strong ground motion records from
shallow crustal earthquakes[J]. Earthquake Engineering
&. Structural Dynamics, 2012, 41(15): 2311-2330.
Shokrabadi M, Burton H V, Stewart J P. Impact of se-
quential ground motion pairing on mainshock-aftershock
structural response and collapse performance assessment
[J]. Journal of Structural Engineering, 2018, 144(10):
4018177.

TR, W . ARG A A5 770 1R R 1 HE SR 2
M PiretEREdR 3 G IR B AT 5[], A R K F ¥4, 2019,
28(4):1-12.

Mao C X, Chang X. Shake table tests of a self-center-
ing RC frame structure under mainshock-aftershock
ground motions[J]. Journal of Natural Disasters, 2019,
28(4): 1-12. (in Chinese)

BRSO RITLL A S SF BT IDA B R ) 3 = 4
REHURMERENT T [T]. AR K F 244, 2019,28(4) :
159-168.

He L X, Chen D H, Yang Z H, et al. Study on seismic
performance of three dimensional concrete gravity dam
system based on IDA[J]. Journal of Natural Disasters,
2019, 28(4): 159-168. (in Chinese)

Bte &, L EH . E AR TSR AR SR RC HEQL
25 ¥y 451 05 FE REWF 5 (7). T S AR T A%, 2019, 35(1)
45-52.

Yang F J, Wang G X. Damage energy dissipation analy-
sis of RC frame structure under mainshock-aftershock
sequence-type ground motions [J]. World Earthquake
Engineering, 2019, 35(1): 45-52. (in Chinese)

T T kT AR 47 2 3t 5 2y 1 305 1 52 (D .
W IR < I 2R Tl K%, 2011

Wen W P. Damage spectra based on mainshock-after-
shock sequence-type ground motions[ D ]. Harbin: Har-
bin Institute of Technology, 2011. (in Chinese)

PRI 42, 25 3Ch 7 91 b R sl A T 52 2% e 2 5 4 1 I
BEAEAE S AT (7). 327 ], 2014, 35(2) : 308-320.

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

Chen Q J, Li W T. Response characteristics analysis of
complex high-rise buildings under seismic sequence [J].
Chinese Quarterly of Mechanics, 2014, 35(2) : 308-320.
(in Chinese)

$EZ R ER R AR B RAE X 45 K b 72 R 4 B (D]
MR < WA JR I8 Tll K2, 2018,

Ji D F. Mainshock-aftershock ground motion character-
istics and seismic response analysis of structures [D].
Harbin: Harbin Institute of Technology, 2018. (in Chi-
nese)

TREEE BB XA L S i LR 22 0 RC HEZR 4544 )2 [H]
AL A BR AR 7T 5 09 52 Wi IF 5 [T ] B 9 Rk ok T A 2
11,2018, 38(3) : 432-440.

Zhang W X, Xiong H, Liu Y, et al. Research on influ-
ence of construction error on reliability of threshold lim-
its for inter-story drift angle of RC frame structure[J].
Journal of Disaster Prevention and Mitigation Engineer-
ing, 2018, 38(3): 432-440. (in Chinese)

JEF, 95Tk, BPE AR R )2 S A R B A B ) A A Y
Mo Sl SR S (7] SR A5 M 24 4R, 2013, 34(2)
53-60.

ZhouY, SuNF, Lyu X L. Study on intensity measure
of incremental dynamic analysis for high-rise structures
[J]. Journal of Building Structures, 2013, 34(2): 53-
60. (in Chinese)

H PR R : GB50011—2010[ ST b5 : v [ 2
STl At 2010.

S, IR, AL A R A T AN R B B
AR RE M RST ROV LI WF 5 [T ] ik 8h 5 wh i, 2017, 36
(13):19-26.

Jin L, Su X, Li D, et al. Tests for flexural behavior
and size effects of RC cantilever beams subjected to seis-
mic loads[ J]. Journal of Vibration and Shock, 2017, 36
(13): 19-26. (in Chinese)

Lubliner J, Oliver J, Oller S, et al. A plastic-damage
model for concrete [J]. International Journal of Solids
and Structures, 1989, 25(3): 299-326.

Lee J, Fenves G L. Plasticcdamage model for cyclic
loading of concrete structure[J]. Journal of Engineering
Mechanics, 1998, 124(8) : 892-900.

SRV, FBERE , BRI . AR R SR T W R B
HE AL 2540 14 B e 0 A B e i AG [T]. LA i o,
2018,35(11) :134-145.

Zhou Z, Yu X H, Lyu D G. Fragility analysis and safety
evaluation of reinforced frame structures subjected to
mainshock-aftershock earthquake sequences [J]. Engi-
neering Mechanics, 2018, 35(11): 134-145. (in Chinese)
TR TR S AR5, 5 EREIFIIEMN T ARk

1055



[20]

[21]

[22]

FLE R BER R IR R B A [T, TR J)27, 2019, 36
(3):121-130.

Yu X H, Qiao Y M, Dai K'Y, et al. Incremental dam-
age analysis of nonlinear single-degree-freedom systems
subjected to mainshock-aftershock earthquake sequences
[J]. Engineering Mechanics, 2019, 36 (3) : 121-130.
(in Chinese)

Shome N, Cornell C A. Probabilistic seismic demand
analysis of nonlinear structures [ R]. Stanford, Califor-
nia: Stanford University, 2004 : 16-50.

Cornell C A, Jalayer F, Hamburger R O, et al. Proba-
bilistic basis for 2000 SAC federal emergency manage-
ment agency steel moment frame guidelines[J]. Journal
of Structural Engineering, 2002, 128(4): 526-533.
Vision S. Performance based seismic engineering of
buildings[ R]. Sacramento, California: Structural Engi-
neers Association of California, 2000.

FIRE R, EHER, 0P 2R R e T S 24510 5
BEITT]. BRI TR 74, 2018,38(4) :669-676.
Bai G L, Wang S Z, Cheng Y. Seismic fragility analy-
sis for high-rise structures under multi-type ground mo-
tions[J]. Journal of Disaster Prevention and Mitigation

Engineering, 2018, 38(4): 669-676. (in Chinese)

[24] X, 58 &, WO L 45 RC HE 48 25 K {5 35 LB 30T {813

M J7 1 RS BE XS F L] B I K R % 4, 2018, 38
(4):768-772.

LiuY, Zhang L, Gu D L, et al. Comparison study on
the accuracy of different simplified evaluation methods
for seismic collapse risks of RC frames [J]. Journal of
Disaster Prevention and Mitigation Engineering, 2018,
38(4): 768-772. (in Chinese)

EAE B i BT AT R R KR T 84
H AR ERPUR BT B R AR
BT T#,2010,33(34 2) : 291-297.

Wang Y Y, GaoM T, Ye L P, et al. Research plan for
seismic design method of buildings based on the target
of collapse rate under large and large earthquakes [J].
Civil Construction and Environmental Engineering,
2010, 33(Sup2): 291-297. (in Chinese)

TGN, B RN, 50 5L T 3t 5 ) 50 1% 98 ) B0 5 TR
T HE SR 45 H M R A O P AN [T ). TR ) o7, 2017, 34
(1):69-100.

YuXH, LyuD G, Fan F. Seismic damage assessment of
RC frame structures based on vulnerability index[J]. Engi-

neering Mechanics, 2017, 34(1): 69-100. (in Chinese)
(ALm# e E)

IR SIS 21IE J1IR JIIE JUIE JUIE JTIE J1IE SNIE SHIE 1IE 21IE 2TIE 211 SUIR SHIR SHIR SIIE SR JUIE JUIE JHIE JTIE VIR SNIE SHIE SHIE 2TIE 2VIE 21IE SUIR SUIR SHIE SUIE SR JTIR JUIE JUIE JTIE STIE S1IE SUIE SHIE 211 2UIE 21IE 21IR IR SHIE SUIE JUIE JTIE J1IE d

(E#5102317T)

[14]

[15]

[16]

ZEN AR LB A EAE AT LD ] R - 7Y e 28 il
K2, 2018.

Li G. Research on pile-soil dynamic interaction[ D ].
Chengdu: Southwest Jiaotong University, 2018. (in
Chinese)

(R UR IS U =X P S N W) i s i
WEFELT].21 B2 SRR, 2010,2(3) 558-61.

GuiZ B, WuXF, GuiZH, etal. Research on dynam-
ic response of artificial boundary[J]. 21" Century Build-
ing Materials, 2010,2(3); 58-61. (in Chinese)

Joyner W B, Chen A T F. Calculation of nonlinear
ground response in earthquakes[J]. Bulletin of the Seis-
mological Society of America, 1975, 65(5); 1315-1336.
N HERRPRR B4 JTG/T B02-01—2008[ S]. &
P N i At , 2008.

AR MR Bl S e ORI IR T i 04 O 5 RO M
[D ] W /R Tl K7, 2015,

Xie F W. Research and evaluation of ground motion re-

1056

cord selection and amplitude modulation Method[ D].
Harbin: Harbin Institute of Technology, 2015. (in Chi-
nese)

FEMAUS (2019). HAZUS-MH (Hazard United
States-Multi-Hazard) , Model Item, OpenGMS, https://
geomodeling.njnu.edu.cn

fpyFE B de /b B3 LAk T 0 M R BE 22 S0 M AR A
155 VT Ak A5 K o3 A7 O 95 LT 4R B TR 2 i, 2018, 31
(3):382-390.

He H X, Chen K, Fan S Y. Based on elastic and plas-
tic energy dissipation rate of seismic damage evaluation
model and analysis method[J]. Journal of Vibration En-
gineering, 2018, 31 (3): 382-390. (in Chinese)

R B, BRI . 25 0 o IR BT A M 2 B P A AT ().
TR S 2 , 2021, 43(3) : 32-39.

He C K, Chen J. High hollow pier railway bridge seis-
mic vulnerability analysis[J]. Journal of Engineering
and Seismic Strengthening Transformation, 2021, 43
(3): 32-39. (in Chinese)



