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RELIABILITY-BASED ROBUST DESIGN OPTIMIZATION FOR BUILDING-CONNECTING
INERTIAL-MASS DAMPER

oo x|
Mitsuru MURASE and lzuru TAKEWAKI

In this paper, we propose an accurate and efficient reliability evaluation method for robust design optimization using a probabilistic
approach. First, we verify the validity of this method using two benchmark functions. Then, we apply this method to the robust design
optimization problem of building-connecting damper parameters and verify the effect of robust design. We consider the variation of the
natural period and structural damping ratio of buildings, and directly evaluate the criteria satisfaction rate (CSR) using the response
value calculated by time-history response analysis.

Keywords : Variability analysis, Reliability-based design optimization, Robustness, Inertial mass damper; Building-connection vibration control
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Fig. 1 Relation between Info-gap robustness function and RBDO
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Fig. 2 RBDO flowchart
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TE T A T RE 0 B SR B e, = 200, T ymy THEVOGIL L TV D, 72
B, oy (TFFEAERF O LREE DI 1 RIEAMNIREETH 5,
ABIRECIE, IMD ERS IR ORI L b 59, LR
JEBERRATIZ IS ISBEMO B/ MEZ FERT D720, WAEH 73— D
2 A MERE S L TA56a) 2R 97 diE IMD &35 & U15b) U7

{minimize Response = max (Aj(x))
j=12,..10

31st IMD
= = @ z
E= EE oil damper
) ) ) (et
main == == sub C

gt{%g‘gi = = S;{‘E)Cé“;: Fig. 10 Connection damper

T,=35sec ==13th == I,=10sec lead:La
EE EE /\ | force:#
= 8th — rotatior%/ \““‘“ dlspltgce
= = angle: 0 T ball ment-x
_ o U steel ball all screw
== == ball nut fly wheel

Fig. 9 IMD-connected 31-
story MDOF building models

Fig. 11 Example of IMD using ball-
screw mechanism

Table 2 Input ground rrJotion Q 1200

No. | Maxacc. [em/s™] S < 1000

1 348 & € 800

2 351 o 95 600

3 321 S E

2 5 400

4 343 © 5 200
5 403 o8 Tl e

6 394 g ° 0.1 1 10
7 387 < .
3 340 Natural period [sec]
9 318 Fig. 12 Pseudo velocity response
10 384 spectrum
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BETER

WA A VR —BOHMME D, EEEOE T,
—D AR MIF LN DFRER S =R U DM,
A ha—7 ORBEEZTHN, 2 TIEEEO MM E AV,

MIPEIZH DX 2FBIE LR WA QR & v X —a X b LIREED
S L— MEA % Fig 13 12R7, REFHITIE, 7747V 712t
L 5% R 2 AT DG4 v —3 ot (Fig. 13 o OH)) %,
a2 NA MEZZE LR WEGA OKIEE (Non-Robust Optimization
solution : NRO solution) & L7z, Z D& & DifE & v 3—35 1% 6 i
H1 o Table 3 1Z777,

L AVIA

Non-optimal solution

0.006 . ‘Paret‘o solu‘tlon ‘

0.005

: ’[:Critéria
NRO solution

0.003 !
0 01

Response

0.004

| |
02 03 04 05 06
Damper cost

Fig. 13 Non-robust optimization analysis

5. EMPHMEOESDEEEEL-ANX MEOEEREHE

WIZ, XD & ZEE LA O CSR A MAETT H . AR L TR
ETDEHHOEE, EMEOIHRE 1 KEAEYT, B L OEEED
WS R ESh, &5, 20X RIFL-E T, EHOREIERD
BACE AL D 728D, TR O RBIECE BRI X 2 &REHCIEE
BTET, MEROEHEBENLE LD, TEND /) I F I
AFICRE LML T 5, X5 O XWIECHR 30)2 2512, 1 IREA
JARIE , I FNEDE20%, WEEREO | KIBRERIL I FVE
D+40%& L7=(Appendix 1 ZH), LERZ)RUTHTEDHDH L, n=
2, % =0x, =T, =3.5(1), X, =A0x, =h =002, @, =02, a, = 04
LD, FNTCIE, A ORIMECRE R O MTERITIE S S &I
EoFadisFERE L, 1 REAFYRL 1 RBERERDITE ST
B U TR RCRE R O 2 AR ERE LT £ 7 L 2R 2 R L,
IRF 2 B 2 T % a9~ 2

B, THRBIT — 2 B/ LN TNRNT LR, AL,
MERBRBE OB SEZ MR L, 1E5 20X OMERD AT DM &K
ET D,

FP, BN MEEREELAWESOREFD L XD N [ME
EEMEMETFIEICESETMT 2. 2 747V 7 &did ¥ 5% CSR
X, BPEOIEL &2 BE L2 EDIREDIEL &N T A
TIUTEWRT DMFEL LA TRIND,

CSR = ff fx(x)dx (16)
max (Aj(x))sC

j=1,2,..,10
72720, fFONTREGIEHDOIE D DX MREERMERL, 7747
U 7 CiX 4 Fi L [FIERC = 0.004 & L7,

CSR OHEHIL 2 HiCER LIZIREFILTITH, W 7Vl
25 BH(SX5 70w Rk Lz,
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Fig. 1412, 4 i CHE L7z a8 A MEZEE L7324 O s i
DOFEFE S L R—FEIEDET MK L, EHHIEDIE L OX 2 EBE L
TS EHEE R 2 R, Fig. 14 X0, ERESEEARMN 2 v
LV R, EMEOMEREEEN I T MEL DS IEBDN
T ECr TAT VT HBRTHEMNH D, /SR MEZBE L
IR WEA ORGEfiE (NRO solution) D7 F A7 V7 %3 D MHeF
CSR 1% 0.714 TH -7,

-3
X4160 CSR=0.714
4.4 2(x)
42

esponse(nominal)
0.00379

0.8 g 11 12
7 n U 09 1
% 0608 0% g

Fig. 14 Robust analysis (NRO solution)

6. IMD E#&Hl#R S~ X 7 LD RBDO

% T, RBDO (T & 2 fcilidifl & v /X —F6 ot DR 1T 5, iXEE
BHATEF 88 (uy, ihe:i=31,22,13,8) THY, EETHIELHE
S5HiEFBETH D, RBDO Cik, RO RN bR % fif <,

maximize CSR
{minimize Damper cost an
7272 L, CSR 35 LU Damper cost (ZZ1LZ71L(16)=X, (14)iz XD

Eeii{b o 7L =Y X A1 modeFRONTIER? @ pilOPT & L, fif#dr
FATEEL A 4000 & LT — MEEFET 5,

Fig. 1512, RBDO IZ & % CSR & Damper cost? /% L — ki 433
L OBMIVEDIE LS E 2 E[E L2 & & Oiifg (NRO solution)
DAL %779, Fig. 15 XY, NROsolution & [fl—® = A T CSR %
BET LM (ROsolutionA) X, [[Al—d CSR T3 A & UET D

(RO solution B), CSR 7342 1.0 £ 725 & & D2 A MMg/ME (RO
solution C : D 1 /N2 Myiifig) BEoh b,

TNENDOMREOESE S /8 —GE5t % Table3 17T, 72, =& b
& CSR OBfR% Table 4 1239, 72720, 2 HiCHZE L 7= CSR FiH
TIEOREE NS 1% D728, CSR O/NEELLT 3 M2 A L
72 EXIZ1.0 &5 L& DfiE%E RO solution C & L7z,

+ Non-optimal solution
- Pareto solution

) RO solution C E
RO solution A~\&

0.8
RO solution B

0.6 |"NRO solution

RO solution A i'!“
i
0.8

o o
8 8
0.4 - A
0.7
0.2
0 sl e 0.6 me
0 01 02 03 04 05 06 0.25 0.3 0.35 0.4

Damper cost Damper cost

Fig. 15 Robust optimization analysis

BT ER

Fig. 16 |12, RO solution A, RO solution B ¥ & TF RO solution C ? i
fi R E WS EICEIT S, I o0& 2B E LIS EH
el & 59, Fig. 14 B L UVFig. 16 £V, LI FTORNHERTE 5,
(DNRO solution (X / X F/VEIZI T BIRE IR L Lok 21T
D7, /I FMVEIZE T D61 RO solution A, RO solution B [T

Table 3 Damper parameters of NRO solution and RO solutions
Solution athe | 2R | gshe | she | aapty | 2aHy | 43kt

sHz
NRO solution | 0.054 [ 0.071]0.032 | 0.000 | 0.016 | 0.091 | 0.000 | 0.082

RO solution A ] 0.001 | 0.095]0.059{0.002 | 0.112 | 0.014 [ 0.000 | 0.063

RO solution B ] 0.009 | 0.094 | 0.056 | 0.000 | 0.094 | 0.019 [ 0.000 | 0.056

RO solution C | 0.006 | 0.114 | 0.062 | 0.028 | 0.125 | 0.047 | 0.024 | 0.075
Table 4 Damper cost and CSR of NRO solution and RO solutions

Solution Damper cost CSR
NRO solution 0.347 0.714
RO solution A 0.346 0.807
RO solution B 0.328 0.711
RO solution C 0.482 0.995

x 1073 z(x)
4.2 ¢

Response(nominal)
0.00388

1 12
4.,%%06708 09 1 H
% Ty/T‘

(a) Solution A (CSR improvement)

10-3 CSR=0.711
<10~

z(x)

max (Aj (x))

@w
o

Response(nominal)

3.4 0.00392
1.4
1.
1 1.2
% ; 08 11
1 0.6 0.8 0.9 1
/M

(b) Solution B (Damper cost improvement)

10-3 CSR=0.995
X

c z(x)

Response(nominal)
0.00377

1.2
1 11

7/Ts
(c) Solution C (CSR nearly1.0)
Fig. 16 Robust analysis (RO solutions)

4 06 08 09
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F~2T NRO solution D523/ NE Wy, —J7, w32 hME#kz{T 9 2
& G, NRO solution (Zb_[E— = A hTr N A MESEN - fECF
—BEANAMMETa R MRENTERERERT DN TE D, @QrA
A MRS I, ARG E AT S 3 KOV I oo I R E B
HANZIE S Do & & OIREE MR S 2 i & 2 R —FE 0 A
57z, @RO solution C (Z kX, RO solution A D == 2 MMEHE LI 72%
LY, EHOEMEMNDO Y T4 7 ) T AT RICTAET D 2
LT, AR MKEDRM/BONDL AR LI, @OARBIEIZIBWT
%, THESOMSE A AV o8~ B h 2D LTHE OIS IMD &
sl RIS E 5 L, BEYIEDIEH D EITRT 5 r N MER M
EFaEmrH 5,

7. #EH
fixDIEH O T HEMOVERIZS S 2 KBS H7-DICH

Wond 17747 )7 %2R T HMELRE L Lo w32 b il

RN TR, B E (Reliability-Based Design Optimization :

RBDO) & bnvbivd, RBDO O & LT, fERDEHEMERREIC

Ko< FkE, HRMEDEMLBIROBSICEAARNECH D =

O MERABEHRET LA I RAMNREN LRART oD,

RS TH, B RES V8= AVl iR c a4 5, gk

WPEDIE S S & & BJE LTOER & 2 /38— m D a N A N ik et

MEEIZBWT, LEoMEEZMRT 527 VX 72 H0nEs Lng

R L = A i T L IR A R R LT,
REFEORBIL, 7747 V) TEROELUEER Lo o

HY L TNV EORETLIY X8k, BEFOY TS5 07/

WIBEBEICIE S ERET D 2 L Th 5 MEFILEO YR DT,

2 FHONY F~— 7 B E O BRSO MR 21T - 7=,

BTN alb—va RBED 7 U X TR W R A

AT LRI S, SRR TR S ORSE CHEMR A GHETE S

L ERMER LT,

LTI, 3670 e 4 59,

1) HEFEHHREY OEE & 2 S—FFIm D v N A b i ek s IS B
W, BEHPEDIE S DX BRI/ VRSN % i/ ME
T B A =D (NRO solution) (X, EMMTEDIE S
DXEBEBLIELAED NISEWED 7 T4 7V T &3 5 s
(CSR)J & TEfE& v/ X—Dax b O HNEGELIZB VT
RNU— NMigsled, #oT, BHIEDIEL X 2 BB LIZ5E
DL — MMiE (RO solutions) 1%, NRO solution [ZE~_T =2 A ki3
[F1%C CSRICHEN - fiER, CSR MRS Ta A MIENT-fRZ
[ RS R N DY el

2) RETHISEM I T EINFRELTH S 720, Py T
NBIRZNE CISE M OS] BT 5 A8, RIS
ZRERIZEMT 5, xt5 & T D HEREEN BIMICRET 57
— AT, IV T IALEIZ L > TIIEL GEERITE RV
BEMERSH D, 72, FOOX T ETREZETLHILERDH D,
TEHAAAD X9 7 ETFREA LAaWSmoe, ik B TR
ERELZ LT, ETRAOHEEREET DHHEEL 2 HilckT
% FIAQ2-5)D CSR FHORREIIINZ 550 TRBLE L 725,

3) ATRITSEMALEEZRHAL TS, MG ERHIELHE
WG RIS L 0 RBLATREZ b D L 375, MBSO FERE A &,
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BETER

BERTL O B D X 138 &+ 5,

4) RiSL T TIE LT 2 B THHN, 7 IF 71tk s
ZEIPNR IR L2 A B~ TRETh S, 2L, MY
TV OB AN IS BATHI N EEAL L, AT HIFHF AR
WD, o T, RREMTC LEAVHIBIEIC L0 BB+ 51X
OOEXERERD ZENEETH D, 0B, L& 3 £
DA OIRETIEIZ X D CSR G-l 5] 2 Appendix 2 (278 L7z,

5) 2 HFONYF~— 7 B E RV Y ERGECB N T, 2 Y
X2 7 &AW BT FIEIC AR FEIMAT RE A K 27%~
29%HIITE TRY, BN 7V 7 EEEIR T D B o
OO TR BRI L2, RBDO #ZIHRMICITH
ZEMTED,

6) fEIR T N N RHEAL TIERE (7 T4 7 ) 7 & 5 )
EaA RO L — RATEENRIIRTE 2720, EROIEMSE
BN A N EGEARIC K0 15 540 D i fif A 5 de iR A s R
DHMNE, FEEELCEFE P ERMERES = 2 FOFIFIIZIE T T
W) e iR 2 IRT B DIHNTH 5,

B, KL TIE—MRMRSMOLERNGLE L, YTV
A SO EIE A FERRIC KT - TRIE LTz, —HiER01m LSO
WERARN ST DR > 7 ) v 7 ORI E FIEIC 0T
SBOMEL T 5,

F 72, AT IMD Ol IR — L U OEEEIC L 5%
BE B L TR, BIRIEERZEE T 5 & IMD & AR R %
WY 2 2 & &R0, HIIRE)R O A E & @ oo [E A & AT
BT oA IRRIC L DS~ DR EEERB T HILERDH D, R—
AL DB T —KIIC IMD DX 23— HOBUIEE TH 5
728, A SCCITBEBEORB A MY Lz, —7, ASHETHD L
IV S WIS A T BB O BN AR T X 2R W AR B 5,
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Appendix 1 BMIOEHERH L BREHOESDE
SCHR 30)C, IRBERER 2 515 5 5 B oo [E A JE 1 ds X ONEEE @ 5 o 8Ll R
Bk, WRNCZEN S OFEIFEMRANR SN TV 5D, Fig Al B3 L Fig. A2 123X
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Fig. A1 Relations between eave height and 1st natural period
(Modified from Fig. 1 of reference No. 29)
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Hik30) T/R ST D B O 1R A T8 10 1R R E S O BLRIGE &, AR ELAR

(AR, B ROEF B L2 ERERRO £20%, +40%DEM GRER) %
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XL OX WO E LTERM L,
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Fig. A2 Relations between 1st natural frequency and 1st damping ratio
(Modified from Fig. 9 of reference No. 29)
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Table A1 CSR calculation result and number of sample points

Method CSR | Number of sample points
MCS 0.442 2000
Proposed 0.423 117
Ratio (Proposed / MCS) 0.96 0.06
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