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CAPACITY ASSUMING INVARIABLE INTER-STORY DRIFT BEFORE AND AFTER DAMAGED AND
INVESTIGATION OF APPLICABILITY TO RC FRAMES WITH BEAM YIELDING MECHANISM

Development of evaluation method of residual seismic capacity of damaged buildings

for instant inspection after earthquakes Part 1

= OEE R, B HOE B
Kota MIURA and Masaki MAEDA

Main purpose of this study is to investigate residual seismic capacity of damaged buildings. An evaluation method of residual seismic

capacity (R) using contribution factors of structural components (E.) was proposed. E: is evaluated by assuming invariable inter-story

drift distribution for a building even after damage to focus on the investigation of effect of location of components. Then, modeling

methods of damaged buildings were discussed using SDOF models. Finally, it was shown that the proposed method can estimate R

appropriately for buildings with uniform inter-story drift distribution but cannot for buildings with non-uniform distribution through

dynamic analyses of prototype frames.

Keywords : Residual seismic capacity ratio, Post-earthquake damage evaluation, Dynamic analysis,

Seismic performance deterioration factor, Contribution factor of structural component
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Fig.2 Example of damage level of a building

Table1 Example of damage level -
seismic performance deterioration

factor (n) relationship Bending Damage
Seismic moment level
Ductility | Damage | performace 01 il it v \%
factor(w)| level |deterioration| My
factor (n)
~ Her 0 1 Mcr .
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2~3 m 0.5 bo 123 5
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5~ v 0 Fig.3 Example of ductility factor -

Pper: Cracking damage level relationship
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Fig.10 Calculation process of residual seismic capacity (Rqyn) based
on dynamic analysis (detailed method for accuracy verification)

52 THEMEEREERRy. DEEFIE

(1) A—BRZEREH S VEIEEETKRKOLEZEEE ZRAVEME
HEERERRDEETFIE

Fig.9 KOl FIZRT FIECHET 5,

D3 HER VAR LI HET, SEFTOBEBE BL2RD 5,
DEMNBMBIC L DWELZ T HZ EE2MEL, HiIEEHOET IV
GEHE D7 L—LFT V) K LT, [LEOWEEE W CTHUERE
BT 24T\, & b 2 VRUEE T GRM) ORISR pn 2 HET D,
3)3CHR 15123 T Tablel, Fig.3 @ X 5 1Za% & L2 BR & A,
2) CHIE LIV n OfEZ IS, #EBEMICET 2 & EITOIHE
PEREIKIR S n 23R %,

DR By & TR ARIRARE n OEICHESE, (DA THKEY
DI EVEREIRFE R ZRD 5,

(2) HBEEEBNICE I MEERERFE Ry DEEFIE

Fig.10 X OLL FIC R FIECHRET 5,

DHEEEYET VIR LT, SREDANGEEZ B ST b1
TICEIRNT 2 Mo ATV, THERRRIUCET 2 &5 R A EE A
ERD D,

DEMPHBIC LD HEEZTHZEE#MEL, HEEMET LIS
% LT, EBOWE A AW CHIFIGEMT (B) 21T\, &8I ORK
RIPER p #HET S,

3)Tablel, Fig.3 (2R T BIGRICHEV, #SK M F51T 5 & (& HT DI
PEREIKIR S n 25K %,
DI)DFEFRITISE, FAm T T MK L THEEFT (BH) ot
MR (=R F—RINAET)) % n IR L 72 b 0 & Sy o
TTNET D, WO RV —WRIEE) & n KT 2 7k
DNTIE, BEEREZLND 0, HBIkD 6 FIZTHRFETT I,
BB DET MK LT, R A AT L U B IS A AT

— 731 —



EROE LATV, TEZEBFICET D LI RANER A 2R 5,
G ADMEHE AL O A 125 %, (16) TSR @ DIt EVERE R 1T
T Raypn KD D,

6. EMOIRIILF—RIREEAE n FITER L -HWKEBET IV
5.2 |28 LI FIETAT 9 Wit oo B, A — g WA L O R
IS E”i‘ﬁ; E: DREREOREETH 27, 5. 21D FHEIC L
B MNERIERE AT R R, Rapn ORFMRRICIL, MEEMERERBEHRE n ©
i) %ﬁ%%’%zé T, AETHE, DTHWD Tablel@rl@
e, Zoffa T, Xk DB 2Tt > TE@)DHE Eﬁﬁ#)rﬁ
b‘é@‘i“‘@%%?‘ﬂ/ iaj‘éifﬂﬁ@@m:jﬂffft%"“ﬁ?bt DI
EROMERIERE DA N2 lie L, Wi o Btk 2 & :?ETE@“ZDQ
ZIT, %ﬂiﬁ(ﬁ%{‘Tﬂ/ ZHEWT, n Offl C%O“T@fmﬁ%‘ﬁk”z
B LT, BEREZOND 2D, 2OV T Lilo ks
1Tole T, Sk DB X AT 2 RBEFEERIET D,
6.1 WHKBMETILICE T 2HBMOETNFEDRESE
BESEEHTE DAy BHZ IV TR, B NS DI ENERE 4 222

BNCE S 5 = L BNEAT# L THY, ZKH%T“FH%'N\ZD
Tablel @ n OfEH, CHEK ANTBWT, HEEMIZIS T 5 Ol
BHEREZBER S DOZEMIFHIT 5 7-DICED bRzt DO ThH

%, TI°T, MHEMR ﬁﬁ%ﬁni,ﬁguzﬁfiim,i*w
F—RIGE S DI E SNV CERSNDHEL 2o TV D, K

W DET MTBWTUE, BEM OEITIFHIEDREICENT, #

JREFBICEDLETCORNAFT—RINGE ) %2, FERO nfFLT52
LEEZ D, T RVX—RINAE N & B En fFlcd 5 Hike LT

Fig.12 X OLL FIZRT 3@ B X BND,

(@i, MIMEEEET 2 (nffe32),

(W)K& R & AR %

QEFEHREZ RS 5 (R v T HOEREET V2 H, JBIFEL—
TOmEAE nfFET D)

ZIT, RETIE, 1HEA —T‘ﬁ%%TJD@i&EﬁSKﬁMﬁF%
S, Lo 319 OFEO RS, RIS ICHL 3) 04 E i frﬁTﬂ;

W%%%§E<#o£éw:ﬁmm%fwéﬁéﬁﬁ#éoﬁ,i
W 3380 OFETHEKEMEET AT D Z & & LIARBLOZER
IZOWTIE, k1 Z28REhiun,
6.2 1ERROMBLEMITICED C&E
(1) ®EtAE

Fig.13 QLA TR T FIE TRt 217 9
DFig.12 IR L= HIETRARA (A 1/50rad. :
ERICHKIET DB X D) IZEDETOZRNF —WRINEET) % Biih
b IR F S oET L E, FIREMOETNE, 1
BAERTHERT S, 22T, #KEHOET LTI, KMo
DEEZnBFIR T T2 L2 HEL TV,
DF A DET MK L, EHREE AT L LT RIS B MR & o
LATVY, THEZRRFUTET 2 HBR O ANEE Ag, A ZKRD D,
MRS BMMTAE AU EES <, Y O EIRO MR IR O T 3R
L LT, AN CIEMERETEAFE Ry 2 KD 5,

dyn d/A an

DRSS T N RRRIUC T L MR

A:ﬁ%@%%?WﬁﬁéﬁﬁK§¢é%%ﬁﬁ$

M DR SR

— 732 —

nM,

Load Damage level

(! 1 v \Y

Seismic performance

Residual deterioration factor
energy n= P,
absorption Py +P,
capacity (P)| Deformation

| Consumedenergy (By | M1

Fig.11 Concept of seismic performance deterioration factor (n)

Damaged New

Yleldlng Ultimate Yielding Ultimate

deformation deformation deformation deformation (c) Deterioration
(a) Deterioration of (b) Deterioration of of damping
strength and stiffness  deformation capacity performance

Fig.12 Evaluation methods for restoring force characteristics of
members in damaged building models
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Fig.13 Process to decide the best method to reduce seismic
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m Table2 Coefficient of variation of
inter-story drift angle
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Fig.18 RC building model with
beam yielding mechanism
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Table3 Member list

Member | Floor Size [Main bar| Size |Main bar| Size [Main bar
(mm) [ (SD345) [ (mm) | (SD345) | (mm) | (SD345)
3E 3-B 3T
Column 1 |650x650] 20-D22 |600x600| 16-D19 |650x650| 20-D25
2~3 |600x600| 20-D22 [600x600| 16-D19 [600x600| 20-D25
Beam [ 2~R |400x600| 5-D19 [400x650| 5-D22 |400x600| 6-D25
5E 5-B 5T
1 |700x700] 20-D22 |800x800| 16-D25 |650x650| 28-D25
Column 2~3 | 700x700| 20-D22 |750x750( 16-D25 |650x650| 28-D25
650x650| 20-D22 |750x750| 16-D25 |650x650| 24-D25
5 1650x650] 20-D22 [700x700| 20-D22 [650x650| 20-D22
2~3 |600x750| 6-D25 [600x800| 6-D25 [600x750| 7-D25
Beam 4 |550x750f 5-D25 |600x800[ 6-D25 |600x750( 6-D25
5 |500x650| 5-D22 [550x750| 5-D25 [450x650| 6-D19
R [350x550| 4-D19 |450x650| 4-D22 [400x550| 4-D19
7E 7-B 7T
1~3 | 750x750| 20-D25 |750x750| 16-D25 [800x800| 24-D29
4 |700x700f 20-D25 |750x750[ 16-D25 |800x800| 24-D25
Column 5 [700x700] 20-D25 [750x750| 16-D25 [700x700| 24-D25
6 |700x700] 20-D25 |700x700| 16-D25 |700x700| 20-D25
7 1600x600| 20-D22 [700x700| 20-D22 [550x550| 16-D22
2~4 1600x800( 7+1-D25 | 700x850 [ 7+1-D25 |600x800 [ 7+2-D25
5 1600x800| 7+1-D25 [ 700x850| 7+1-D25 [600x750| 7-D25
Beam 6 |[500x700| 5-D25 |650x750| 6-D25 |550x700| 6-D25
7 1500x700] 6-D22 [550x750| 6-D22 |550x650| 6-D22
R ]400x550f 4-D19 [450x600[ 5-D19 |400x550[ 4-D19
10-E 10-B 10-T
1~3 |850x850( 28-D25 |850x850| 24-D25 [900x900| 28-D25
4 1850x850| 28-D25 |850x850[ 24-D25 |850x850( 28-D25
Column 5~7 1800x800| 28-D25 [800x800| 24-D25 [800x800| 28-D25
8 |700x700| 24-D25 |800x800[ 24-D25 |700x700[ 24-D25
9 |700x700| 24-D25 |750x750[ 24-D25 |600x600[ 24-D25
10 |600x600| 20-D25 |750x750| 24-D25 [600x600[ 20-D25
2 |770x900 | 8+4-D25 | 700x900 [ 8+3-D25 | 700900 [ 8+4-D25
3 |770x900( 8+4-D25 | 700x900 | 8+4-D25 | 750x920 [ 9+4-D25
4~5 | 770x900 | 8+4-D25 | 700900 | 8+4-D25 [ 700x900 | 8+4-D25
6 |650x850( 8+3-D25 |650x850 [ 8+2-D25 | 700x850 [ 8+4-D25
Beam 7 1650x850] 8+1-D25 [650x850| 8+1-D25 [650x850| 8+2-D25
8 |650x850( 7+2-D25 |650x850 [ 8+1-D25 |650x800 [ 7+2-D25
9 |600x800( 6+1-D25 |600x810[ 7-D25 |600x750[ 7-D25
10 |500x650| 6-D25 |500x750| 5-D25 |550%x700| 7-D22
R ]410x550f 5-D19 |400x600[ 5-D19 |500x600[ 5-D19

3% Hoop(SD295):2-D10@100 for columns and beams in 3-5 story models
2-D13@100 for columns and 2-D10@100 for beams in 7 story models
4-D16@100 for columns and 2-D13@100 for beams in 10 story models

s Concrete:Fc21 in 3-7 story models and Fc27 in 10 story models.
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Fig.22 Inter-story drift angel at safety limit state of new and damaged
building models calculated by dynamic analysis
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Fig.23 Contribution factor (E;) calculated by the existing detailed method and the proposed simple method assuming invariable inter-story drift
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EVALUATION METHOD OF CONTRIBUTION FACTOR OF STRUCTURAL COMPONENTS FOR SEISMIC
CAPACITY ASSUMING INVARIABLE INTER-STORY DRIFT BEFORE AND AFTER DAMAGED AND
INVESTIGATION OF APPLICABILITY TO RC FRAMES WITH BEAM YIELDING MECHANISM

Development of evaluation method of residual seismic capacity of damaged buildings
for instant inspection after earthquakes Part 1
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After an earthquake, it is important to know quantitative damage level of buildings to judge safety and make an
efficient recovery plan. For that purpose, an evaluation method of residual seismic capacity for damaged RC buildings
using performance deterioration factors of structural components () and contribution factors of each component (E.)
was proposed in our previous research. In this existing method, n is estimated on an observational survey and E. is
calculated by repetitive pushover analyses. But it is difficult to evaluate E. for actual buildings because the
computational load is so heavy. Furthermore, there was no investigation of accuracy of the method in the research.
Therefore, in this paper, a new evaluation method of residual seismic capacity for buildings with beam yielding
mechanism based on a simple E; calculation method was proposed and accuracy of the method was discussed by dynamic
analysis. The basic idea of the proposed method is the following.

At first, E. is calculated by simple analysis using characteristics of components in advance. Then, when an earthquake
happens, i of each component is estimated by dynamic analysis using an observed wave as input. With these two factors,
residual seismic capacity is calculated automatically right after an earthquake. The detailed calculation process of E.
is explained after this paragraph with comparison to the process of the existing method.

The existing E. calculation method is as follows. At first, pushover analysis is applied to a normal building model
(basic model) and a seismic performance index (a) is calculated based on the result. Next, another model in which one
component is damaged (partly pinned model) is prepared and a seismic performance index («) is calculated in the same
way. Because of the damage, o’ is lower than a , and E: of the component is calculated based on the difference. In the E.
calculation process of all components, as many pushover analyses as the number of components are needed, and so the
computational load is so heavy. Therefore, a new method with a less computational load was proposed in this paper. In
this method, change of seismic performance of partly pinned models from a basic model is estimated on characteristics
of structural components by simple analysis which assumes that inter-story drift distribution of partly pinned models
doesn’t change from that of the basic model. The assumption was applied because estimation of change of inter-story
drift was so difficult and it wasn’t clear that the assumption had a great influence on the accuracy.

To examine accuracy of the proposed method, dynamic analyses of frame models of new buildings and damaged
buildings were performed. In advance of that, modeling methods of damaged buildings were discussed by SDOF models
and it was shown that seismic performance deterioration of each structural component was simulated most
appropriately when strength and stiffness were reduced based on damage level (). Next, residual seismic capacity
estimated based on E; and actual capacity calculated by dynamic analysis were compared for RC beam yielding frame
models which have differences in story numbers and inter-story drift distribution. As a result, it was shown that the
proposed method can estimate residual seismic capacity appropriately for frames with uniform inter-story drift
distribution but cannot for frames with non-uniform distribution because inter-story drift in the latter ones generally
changes by damage. But, on additional investigation, it was also shown that the accuracy was improved if E. by the
detailed existing method was used in place of that by the proposed method, and so applicability of the proposed method

can be improved considering change of inter-story drift distribution in partly pinned models.
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