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DESIGN METHOD OF COMBINATION OF HYSTERESIS DAMPERS AND TUNED MASS DAMPER
IN ORDER TO REDUCE SEISMIC RESPONSE FOR WIDE RANGE OF SEISMIC INTENSITY

& 1 e fE"
Kensaku KANEKO

This paper proposes the combination of a tuned mass damper and steel-type story damper to reduce both story drift and floor
accretion in a wide range of seismic intensity. Linearized stochastic time history analysis is conducted with respect to the 2-DOF
model consisting of the building and the TMD. Convenient evaluation methods of optimal tuning condition, seismic effectiveness,
and peak deformation of the TMD are proposed. It is confirmed that the predicted response of these interest show excellent

agreement with the response obtained by the stochastic analysis.

Keywords : Tuned mass damper, Optimum condition, Floor acceleration, Response prediction, Long period ground motion, Super high-rise building
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2.3 ZY-TMROKEBZXET SHASBOMAAER

A@) DRI AN b, IEE DT R 2 Kl 2 N2 Fh T 5,

Ix LT, METEMRIE AL E B 2D &,

Z=c,q+k,z 8)
DX ICET S, FHc, k11, Atalik and Utkul®o S+ S5
{ERENBRO B, BRI ONTIE, 248 THiET 5, K
G ER@)EFELDDH L, LNOREHFEXELES,

KMDG Lzl

Y= AY +Db 9)

ZZiz

0 0 1 0 0

0 0 , 0 1 0

o) 21h .
A=|-pa, HO —2h,0, Ml -@-p)a,g
. v v
v, _(1+Au)a)a '//'Zhba)f _(1+:u)2hawa V/(l_ p)ayg
0 0 c./a, 0 k./q,

Y=g d g d 2z, rr=0011-y 0

(10a-c)

Thd, VE, HENEZ T —RAXT MNVEES, HATEHHRTA R
A RATETMET D &, Efl ()i, (t+7)]=27S,6(r) (5(): Dirac ™
FTAX B, B[] MIfEORE)OGREET D, 2o b &, K(9)
DRIEFBEX G, KROWMS FRABFHFEEN D W,

V =A(V)V+VA(V)" +275,bb’ (11)
22, VIZE®E TMD OISE DS #dtnE~ ) 7 2ATh Y,
EORSTLLT DX 125,

C% Cw O qua o

o—gq o o—gq' Ujd' o5,
V=E[YO)Y®) ]=|0l ok ok agd. o, (12)

O-d?q O-d?d O-d?d O-d?d' O-d?z

o ol o) o ol

T2, o T2 RIERISETH DL, VIIRE~Y R 7 A TH LD
FEBROREIL 15 THh D, 7o, FREA ORSITIREEL VT
50, RADIFFEREEOMY HFRA LR D, 22T,
Runge-Kutta yEIZ K 0, LIt D V() ZZKNITKRD D,

AT, KAV, WEDO RV 7 by EZETE R, 7272
L, ZU—REOHIFK S, HIHREY To 2 KEIPELE piXik &
Z03LEERY, ZDOXDE 2 KAWELZ AT 28 Tk

R AERITIEH NS W= B, AL O HFIZRIE & 72 57220,
2.4 BERBRY U AA—OMETHEMigit

BT DVTIE, d,z O [RIINFff R B2 B %003 Gauss PA it (ELAY (2
RENDLEETHE, KARTREND,

C.=A-pFR-yF,, k=-pF-7F, (132, b)
TIie, RER S REFO L5150,
F=Z [”+2j2"’2| (142)
V4 2
E 7U_z"r(”_+1]2n/2 (14b)
2 \/; 2
no. 21_ 2 n+2)/2
|:3=_qu1 [””JZ"’Z{—( i) +pglsp  (L40)
T 2 n
NP, 040, n+1
E =& ( jznlz (14d)
4 \/; 2

2, TC)BA~BEETHD. e, py i3 d &z OFBEREK
THY, VOERFNHLRATHRETE D,

2
fo»

P = ﬁ (15)

£, L Ep, 2T A= XIZELRADERS TH D,

VP

qu

|S=2jl”“sin"9d9, | =tan (16)

%%‘ﬁfuéﬁﬁ D, ¥PERNI0ICHET D L O REEOX(14) DR

IR S AVTAR W28, 2.380 DIGEMENTIE & BIIRIRGE L, A5 3¢
ﬂ‘w#&o*ﬁm AHETHS L EMITHR LTV S,

3. HIENZROEREMEEZEE LLZTMDORBER AL DEH
31 B UA—RBRROMESR S (XY S&E RSN
M & 28— OWPESRIZHE H Lz, TMDO Fi ik a2\ Tl
%, EOUEfFE LT, RETIE, &Y o 8— D2 MR
TIZHHGAEITIRE L, BEWOENINE &Mkt IR SIS E % e
W/MET D 20D Kl AT DWW TR R %,
WA TELZSNDFEME y 2 BAT D,
y=0,lo, 7
RITA N A R 5T D W) D25 NGRS % FeME
T 5 IR EL, UToLs) THHD,
. l-ml2 1 al-uia)
T2, Yool po ZFENE NI FE L F LY TMD O s s &
BCehsn, LI, () OREIINLLOREEEZ RTOICHND,
— 7, HMas N R A & o/ Me T % il AR A 1, () &
F72 %, Warburton ZBEICFEEROMEZFHFEL TNDHOD, Zidk
w=1& L% 1 EHERICESVEMRTHD O, To-w, STHR
7) L RBE OB ERRICSIM L, LN OR/IMERBE O 2553 5,

(18a, b)

Minimize E[(§+,)?] (19)
T 2T, E[(G+ U )T, R OAREALEIC T D kIR o 2 5
EHSETH D, Zo BB, %#@*TMD RITI T 2 B D
HEXTINE B OISR H, 2 HWT, KD XD ICEHRTE 2,

O =El(G+0,)"1= [ |H.(@)[ Sode (20)
K(20) D5 RE -1
00, 0, 0o, —0 (21a, b)
oy oh,

ML AHS R E y L h, I
WL ¥l & BERIEER N DN S, M

DONWTIRL Z &2k, fiElR
BUF s

* -

Y001 Va ) 02 p h
Dor /A0 Acceleration a.00.7a,A0

control (eq. (22)) 015 eq.(18b)
=15 "

1
0.95

09

085 o %a.(23)
08| Displacement 0.05

075 control (eq. (18a)) u

0 002 004 006 008 01 0 002 004 006 008 01
Fig. 30ptimal tuning ratio Fig. 4 Optimal damping ratio of TMD

— 1579 —



BIIHHECTH D72, FEROHRELLTFITRT,
R A
A0 1+ uy

Too ERRY, yoldu by D2 ODRT A—ZITEAFET D DA

WMCHD. Fig 3 IRT LT, BTy, >r Thb, WA, i

By JEIEZENT & PRGN B TR RE L e/ IME T & 720,

RS ER 0 1200 T h, K217 5 A LTEBRS,
4+uld—y)y

‘/_g 6= 2+43u2—y)y 12
A(23) TR T do 2 BRI, E&%ﬁfi@; WCEEND u DEIREE
WAL= Th D, 72770, ZoEPRER/ NSV (f82), *
7z, K(23b)iF, ¢~1E LTHRROERIIIEV, 51z, K(18h)
A u=0%b0 T Taylor BT 5 & N ooxyu/2L720, X(23)T
$=1& LR RIC—8T 2, #)m, MXPINERE & 5 VBN & K/
b3 2 ZNENOEEMREEBTUNC—8T 5 (Fig. 4),
3.2 BREIAUVA—RBREORERAZHEDHET
3.2.1 TMD oftmnic & BHIIRBRORE
W SRR 28 2 TISE T 2 5E121E, TMD O fc it AR 41K
OFFHTEIEHIEREECH D, T DT, T 2 TiE, TMD ORItk k, 12
1¥élﬁé}ﬂtty E ORI ¢, IR DI EK h, D 2 DENRT A—X
Lfﬁ(ll)w/zﬁ%ﬁﬁp%jw) BB Foe il [ R S R A HEE T 2
BRI TS K OB FE IS DWW T, B0 2 5 bt

(22)

(23a, b)

aAD

DFIFH (RMS) & RSB D 2 A LT D X9 IEAT 5,
(RMS iS5 H)  R,=—®  R,=-22_  (2a,b)
O—qq,w/o O-aa‘w/o
(ki) Ry, =—12m g = "% (55 p)
nw/oo-qq w/o 7 wilo O-qq w/o

Z I, FIRATF O wWio X TMD B 72V RRE COBY O ILNE %~ T,
O, MNIEHTHDLV OHEMSEHANT, HETDHIENTE
5, XDBYNDO I —r 777 2 —Ths, TOHEEET L7
W, B KISZ S Poisson MBICHE D & LTz, BLTFTOXREEZ 51,

- 2t, 1
n=_[2 |n{Tbeq T . P)l} (26)

PUTBEHESR, t, IXHBOMGEIFR TH D, T (3E O Tl & A
JAMTH Y, FEEHOEME A THREE off 22 5RO K9 ITRD 5,

2z
eq _ eq _
off = J(owlow), « T =

2L, Bt X 2@moEARMoOEEIC LT, ty BRI
UL, nny, THDH, ZD7D, LI TIERMS ISE DAL ES %,
Ry, =Ry, Ry, =R, & L, THbEIERBEN IR L WHT 5,
3.2.2 BEYUNR—0 ?&’E@t%i@ﬂ%ﬁtm%ﬁ:

WRFL " 1, BYOBMERD, ICk W B2S, LER-T,
EEH:# WA T, " iZ2kmtEL p ez@r@ D, D/NT A—H|Z
725, TMDR & H56 OEMEREZTable 1o L0 & L, Z o HFEE
LEHT DL ICHIEBER S A INAGHRIC L VT 5, 2054,
BERE AT B/ S o, & RS0 R VIIEREE S, @tmzm‘i%%z:ﬁ%
KT, WY e, OB EICATME Sy 2 HHET D, TMD
OEEHIE, £=0.0300501D03@D &L, y=15CfHET 5, X
(24)°(25) D FEHEAL U 7o S & Bt 8 & 37aUE, B o [ 47 A

(27a, b)

— 1580 —

WL BHEROER T, ZTOMOD/RT A —F OFEMIL, Tablel
DEBY THD

RIFH 72 e/ IME %2 5K 6D % 72 0121, IS D/ IME % SR 7uiE L,
AL, BYBRERIER L DA TH, TMD B#ER Thid
EHOISEMEIFRIENEF T D720 Th D, KM +5 %’"Xﬂbt
ety COEFIRENOR(4)EHE LIV ZIREHET D, K
N DEGT 0 105, noglq, ZBIER D, OfE L35,

FEBMIE AL L0, HEE U 7o B iMEIC K 2 Bl [RIF L vy %
Fig. 52”9, B D, OEKIZHEY, KEFRFLAK T LT
LZERDLND, ZNEEDOFEMEFRDE o DR TIZLDH
IR &R L, W o0 S A [ A T8 0 T & SRR RE AT R T, TR L7z
EABYE r 2525, TOZRQEIPLHTE 50, 22T
BOBRFXOBELHEL T, EW OB KRERIT IS < BIRREE
K % U 7o S A 1 % D 5 2

[":E— D,

=|—— for D, >1 (28)
T, \1+p(D,-1)

Table 1 Parameters employed in stochastic analysis

Item Symbol Values
Damping ratio of main frame h, 0.02
Value obtained by multiplying
participation factor and component of ¥ 15
modal vector at roof floor
Stiffness ratio p 03,05, 0.7

(post yield stiffness / initial stiffness)
Shape parameter regrading hysteresis
loop of steel damper

Ductility factor of steel damper D,

n 1

Upto 10 (~14)

| ou=003 2u=005 «u=01 ]

70! 700 Yal Vo
1 p=07 1
0 M 09 %
08 08
ur 1/r,
07 07
06 p, 06 D,

75! 750 7al 710
1 p=05) 2
09 By 09
08 08
0
07 1Ur xB0 a0 a0 07 17,
06 D, 06 D,

70! 750 7al Vao
1 p=03 G| PRESTR.
i M 08
06 R 06
0al M 04 A
02 p, 02 D,

0 2 4 6 8 10 0 2 4 6 8 10
(a) Minimization of displacement (b) Minimization of acceleration
Fig. 5 Optimal tuning ratio in terms of ductility factor



K@28) % T, WD k9 RBUER T 5,
%=£%=£& ~ el
o, I Yoo I
A(29b) % Fig. 5@~ L Th D, #HEEM LG L Tnd 2 &
D, MRS TH 2 @) oSl EA P IREE 2 VT, il R
i T E %,

b SeH N3 BE O fe /MU & 2 B[Rl B v, % Fig. 5(b)IC . ha
WEIFHOWPER D, T, L IIIES LT, %6D‘th#¢
S thd D, ZOMIERR TMD O EE p B sy, K
WTIE, Fig. 5(0)DOFEROEIFREZRET D, Zodic, B
RSO L B g, AR EHUORIGE AT ML ORitE%
WAL TR, /=~ A ) =TROETHEEET 288 T
1, FOBRBITHE S SAE A BB OM R HH 5T, BrERE A
B CHRISE A7 VR ELS 5 2 & 2388 505945 8 Fig. 5(b)
DHIE, ya BN ullEBEISARNZ LMY, ER/NVEEDO TMD

WA U DS L, RISE AT MVITIRAE SRS, T2bD,
ZO2OoOMBITEEL TWS,

BRI ) % vl T, CHEL, TExERT %% E25,

(29a, b)

1 for D; <1+s
= D, , D,=D,-s 30a, b
A — L forD,>1+s 1 =Di=s(m) ( )
1+p(D; -1)

ZhuE, R(28)THREND D, & 1T, OEHRRAE D, @I s 721
FABEIL-bDTH D, Fig. 5(0)7 5, sid 2 kMM p DA DR
HTRINLIZRETH D, RAMITERSNDHNEO)EZNNT, K&
N IRIEIC K BURR s 2 HEE LTSRS RALE Fig. 6 TH D,
s=1.43/p (31)
Z DR (301N L CRRAM L 72 % Fig. 5(0)IZHFR L Td %,
ZOXE, K@ODKEENRENWZ LE2/RLTWS, 77, a7z pll
kb3 2 dic i ) A LT A i 5 S iR S LR S (Fig. 7).

Shift parameter
8rs

From left

Time history analysis 7nl¥a P=0.7,0.60504,0.3
—

© (1=0.03,0.05,0.1) 1

Regression curve 09
(eq.(31)) 08

o7 Envelope

p 06 Dy

03 04 05 06 07 0 2 4 6 8 10

Fig. 6 Regression of shit parameter Fig. 7 Optimal tuning ratio

| ou=003 2u=005 «u=01 |

* *

2 ha/ha,DO 2

0 2 4 6 8 10 0 2 4 6 8 10
(a) Displacement control (b) Acceleration control
Fig. 8 Optimal damping ratio of TMD in terms of ductility factor
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Fig. 13 Schematic illustration
of change of hysteresis damping

ROBFREFE L7 DONFig. 12Th 5, WIERNLLL FOFPETH)E
VR DN TAFAE T 5 B 1%, Bouc-Wen<t 7 /L I3 AL L [ (R & # ek
RA KT, BIEERLILLF TS 7 v v Koy RO 50 ) e
JBEN—T %N T LES 12O TH D, Fig. 20 bExbh5Z &
1%, TMDIZ K % @) O 2 AR AN (A I JB R DX F H < 2 &
ThHY, TOWw, Bk, TMDORHEMERESML L CLE S 2
LTh% (Fig. 130Case 1), Zh & iiTHEE’J o, HORE, EMY

VR —OEMAL P ER T IE, TMDIC L 2 2N 5 Bk
DIETFIE72< 2555 (Fig. 130 Case 2), TMDDHHENEREN BIE
5&EBZ2BND, ZOMEEREI TR T %,
4.3 TMDIC & 2 EBORERBHRDTFRIE
4.3.1 TMDI’A:%;%WWJU;H%E&

FRAT %/ & 7200 C, TMDIC & B BRI 5 2 B 82 74

@jﬂi‘: _ou\fﬁméo

R R B IEREER D D WVIEZNUTIENRTH Y, 2 OMER T
HIE, TMDIZ & 2 S MM N 2 kX TRl ¢ & 579,

Ahe = Vi (39)

* 4+6\/;
ZOXEKTELIZLONFIG 14 THD, y HREWVIEE 40T 2
KEV, w=150DHE, TMD OE & 4 2% 0.02~0.1 OfiFH T
AN R FL0.05~0.1 & 725,

H(B9) THEAR L 7= il xt S OWE 1L, TMD 12 X 2 Sl Hniscs &

BERTEED, ZhaBET D70, UTFORE N5 19,
AN = £ AT (40)
ZIT,
E=1-a-(h, +4h%)° (41)

T o, N@DIZEEND AR ab 1T, a=29,b=086 2/ 5
K@D LY, Fig. IR TIRBEIREBET 52 L1 )
X EFig. 14 Z R~ 25 L, BHZ /=12 ;5%*5;&%??%%?%&
W LAEMTE LD, BlXIE, p=05DHA, Fig. 12/ 5 4h T
RRKTHOLITHY, ZHUTKIET 5 &1, Fig. 1572 54105& 722,
AR L7z NSz, FEEEOR G TIETMD D i R & #iil %

7o, FOEREEER LD b RERMRELEZTMDICRET 5585
BAHAD, ZOHE, HWEEDICHT B BEAERD L (40) & LA S
DT, WACHEMAINBEER 40 BRI TE 26D ET 2,
=2 gy p=le (42, b)
1+ A h,
4.3.2 IREERMROFRIFIE
LD S & T, ISEERBRIRO TN FIHEZB~RS, £,
THAMRE) T COISBIRBRRBRE R, 1L, kDK ITRSND,
01 Angy ¢
1
0.08
08
0.06 06
0.04 ) 04
0.02
//ﬂ 0z hy + 4nS

0 002 004 006 008 01 0 0.05 01 0.15 0.2
Fig. 14 Supplemental equivalent  Fig. 15 Reduction factor of
damping ratio by TMD equivalent damping ratio



R _ h, +4h;? 23
=T 43)
p + Ahpt + 4hg

ZITO AP OHEEITHE, 4280 (Fig. 12) %M, R(43)
ICEEND A4S 72 EOMHIZ D OB TH Y, O T, @)D
WH R, DEEKETHS, LimRn->T, K(@43)IL R, ICHET 5 IEMTE S
Bl s, ZOFRRNG, R ZRDDDICIE, LLFOFIET
INBRE R 2B 222 21X L,

(A7 w71 BPEREORITE DR IE)

Do) =Dt wio (44a)
(AT v 72 ¢ JRBARBEY AR D FLE)

h, + 4h3*(D¢ ;)

Rao T\ £ A0(D, ) + £y (440)
(A7 v 73 PR O TR
Dy = Rety Drowo (44c)
(AT 74 - WHCHE)
Dy~ D

'O tolerance ThHHIE, i« i+ld LTRAT v 72255,

Df(i)

£7-, AT v 72T, TMDIC X 2SRRI £ 5 %4l E A4 B 4 o
AT NE VDT, ZTHhAEZERL TS, FEROIEGEHRIE, 2Ef
FE DS A E T3 T 5,

Proposed

Time history analysis o
eq.(44)

op=03 ap=05xp=07

(€) =005 d u=01

0O 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

(@ #=0.03, h,=3h; (b) =005, h,=2h
Fig. 17 Estimation of seismic effectiveness of TMD with higher damping
than it optimum (legend is common with Fig. 16)

L(@4)DOFIEH S, Fig. LUK T 5 min Ry & FE L 7= #& K A3Fig.
16THh 25, F£72, Fig 171 REEFEER LY b @ ER%ETMD
WICRE LTS ATH D, BHEEO/NSI W TO, Wi kiR
9 MiNR,; DREK DN JTRZE D% DFECN IR 70 &, IRE
IR OR A B RE LTV 5D, BEEAKE W E X ITIET
ERPBOOLNDLHODO, p<005 TEMOTELS —HLTW5,

PLED Z Lint, TMDIC & 2 G ZHARE S, SRS ROz
AT £ 2 S I E B o L8R 4 X — D SR BRI
O BIEMRDEB O2ODERNOHIATEZLF 2 D,

4.4 BEOIRIILF—BREDLLE

TRAF—DEEOOEEN D, TMD & B OB &0 X
INTISBEBR R H S LTV D a e T %,

E@)W, (1),W, (1) 38 LW, (1) &z XN LAt D= RLF— AT,
WAMEHGR = R L ¥ —, ET RV F—B L OHSERESH = x L X — &
ThH, W,(t) Z TMD IZ LA ET R AL X —LF5, D55, W,(t)
OHRHFMEIZTETH Y, TN OIFRIZLRITKRD L o IcFESh 5,

(B 2 o 73—z & 5 8P o= L % —)
d EMW, (1] _ pK,E[ad] + (- p)Q,E[zq]
dt M M, (452)
= p%zoﬁq +(L- p)aygo'zzq
(ZEAE O PRI IS & 2 = 1L % —)
dEMWOT_ G,
d mg" M"
(TMD O ZEBsH% (2 & % Bl = 1L 28 —)

E[4*] = 2h,\ payo?; (45b)

%%ff” - MC—EﬁE[d ] = 2uh,0,07, (45¢)
DI, ENEFNOZFLF—E, VOERINLRETE D,
HYOWIERE DTG LT, FMOBRhT 2L X — D HFEOLEL
Zor LIZMAFig. 18 Th 5, KUTIE, (i) RFH y & yp ICHEE LT
Yitr, (i) D, =10 12k L Ta(29)7 B3R & A Feiil 5] i b 2 i 08 L
W D2oEF L Th D, HIHETIE, BREMERIE ) K R
TiE, TMDOBGRTZ RV X —DRIE—E LD, —J, BEIL,
FIPEE OB RIZHEY, TMDIZ L 28—k L ¥ —DHENE 2, 8
W& =L FRREDO T FLX —HkE RT=T 2 e Nb0 D,

(EIW, 1, EW, 1, EW, 1)/ E[E]

L
08
06
04
02 k

Steel damper

D;

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Steel damper

D;

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
(i) ¥ = 7, (@bove) (i) y =y for D, =10 (below)

Fig. 18 Transition of expected dissipated energy rate in terms of

ductility factor (u=0.03, p=0.5)

— 1583 —



5. BEAAVAA—DOBMELERIZHED WD ORKEEDEL
51 BEYOHEMRMICE DI RBERBEEZ W (IHRET H15E

TMD (2 & B iR E OB O FEOE— L2 DOHIHRIEETH D, b 5
—OITMD D RERETH D, FiZ, BEEE® TIE, TMDIZ
BA— MVEANOERNRAEL D720, ZOHK2 TMD IZRET S
BRPBETHEEY XM T 52 ERE 0, RETIE, FENMHIERE
Wk L CERAL LIz E R E R L 0 D& M R ICLIE L,
A R ARAT L2AR B 72\ TMD DI KIRZE O FFI 2 /4 %,

XL ®IZ, TMD OB (TMD O F KETEIC x4 5 M TEE (&
UL TMD Befsehs) OBNLok) 2R TERT D,

_ max d(t) oy

Fig. 19 3 L Ut Fig. 20 13, S(@46)D AN D g KDL D TH
%o 2 DOKDENE, HWDEGHE y 23 yo0 1Y v DEWTH 2D,
PUZRT X DI, @OEMEE D, RISy, yIHEFL T
o ZOWEITE, EHOEAMEAFBOMEIZLD TMD & DR
FHICH D ERFHE LT, PSR R NETZ ORI E RGEET 5,

EHIT, EEORFL y < TMD OWEEEL h, (2% LT, AHH
REFHICHE S y OGS FRXNEZLUTO LI ICHELE D,

x= Cl(}/)hb+C2(7)ha fOI’ Df <1 (47)
\ C.()h, +C, (),

(46)

(v
(v
™

C, =1+ -1F +y*(u-2+2y) (48a)
C, = a+r°u® + 271y +r'v?) (48b)
C,=r'ala+y @ 27y +yv?), C,=yD  (48c,d)
Th D, WA TERIIDEAMAE L
y==ry (49)

eq
FHAL, R(48)DC~C, ICEENDAMELy %™, h % h9 T
BEHZ 5, AT, K@NEFrKo X HicEExHBEIOND,

_ G +Co (™,
Ca(r™)hg" +Cy (7",

for D; 21 (50)

K(50) % HE L7-fEHR % Fig. 19 B X OVFig. 20 IOt L TH 5, X
Dyl 7= ®D VT y=y, CRANEZFMLIETH D, Z
OTRfEE, #RXA)OMY FRRXNOM L G L Tn5, ¥k
P2 R TIESIS A R L 22028, £ 5% H TMD O/MREIR ORI
EHEVHETHZHET VD, ZOZEEMETIERN,

U LEDOFERING, EoSMmEAFEH oML 5 TMD & DF
PN TMD OMRER Z Ml 2K e LTE ZLn3b o
B CEZESE 2D, 2L, WL L EE S v —oxt LT
FIREEDHAERE, y<yy, &5 11, KGO & 2 iFliix
FM iR &9, WARANTH DL Z L ERRERLTND, &
D=, AEBEOFFRLIZH LT, TMD O KZETR 2 T+ 5 JiiEo
HEIZOWTE, A%OBETH D,

FRRTHEMICHBOMIITEST 27210 T, EHMIZ &L
D, BRFVIRAEIC KIS T 5 @ D TEFR AN AN b iviuid, K (B0)z LY
TMD D RETG &N EHEHEN T 502 HCTh D, KE®ED TMD T
&, 7o ANE— T HEIC L OBARH LA EETHY, SORE
@ TMD DO ZTE CHE & B S ¥ 2 A ikiam T 2 I3 BRI TH 5,

— 1584 —

5.2 REBEEHIVEVREEHE W ICHRET S5HE

HIEI O O 52372 2 Lk, B o BRIRETOE A & I R
SHGE, TMD OB KREENNEL kD2 ETHDH, —~HlE LT,
#4=003,p=0572D, =5 DHFEEEZTHD L, Fig. 19 X Fig.
20 OFEEHIOMEIL 05 BEICR D, Tb b, FMESET &Mt
AT, CENRE L TMD OZEFENAE L RN Lich b,

THOLEMERDHDHEOD, TMD OEEZ & S\l d 5 7012,
TMD O ER h, & Offih, LV @52 ERBE 2 Hhb,
ZOHAED TMD OR KA EOHEIZIE, K (B0)D h, 224 2 iud
W2 Th D, TORRE Fig. 21 17T, flis TR, +5457%
WEEZAELTWDLZ ERbNd,

___ Proposed
eq.(50)

Time history analysis
op=03 ap=05xp=07

(&) x=0.03 (b) p=0.1

(&) x=0.03 (b) p=0.1
Fig. 20 Peak deformation of TMD for minimizing floor acceleration
os} #/% n—sn| |45 h, = 2h;
0.6
04
02

(8) =003
Fig. 21 Peak deformation of highly damped TMD for minimizing floor
acceleration

(b) u=01

6. MEHBIDHEICLIRLBEMEENEIL

IIET, BRY =0k E KYEIC LT, TMD OfilfiE1EEE
BRI OV TR R TE /o, AETIE, HEEBRIICESELY
T, FRERIRENEE & OBREFIRET 2,
6.1 HMEHRSOER
ARETHMBZHRT A b A XL LERHARE T 252729,
HEEE IR S OfFEE L LT, B O BIERE A A T, 1269 5 22y
NVEREE S, (T, hy) BT 2, kA& HNWT, A7 MEES, %
R = AT RV E S ITHR T 5,



_ 2ho,
72'772
EBIT, WEELS% (h, =0.05) DALY M S, (hy) & VT

KT D,

So s (51)

S,(hg) =/, /1, 8, (h,) (52)
6.2 BYMBSIUBHA v AA—DREEH
RETHE, BMA Y S—ICLDFOMIMER S Z Ky &L, Sy v
THITEREE O EHEICMND, KK, 2 ORGERICT 5, =
NWETORFELTH 2RI p & BRE AR o, 13, ©
NEZIK K, U FORGEHET 5.
B 1
1+ K, /K,
JERA A 2 =R RIE D JFRIZENL g, 1, WROFIETRES, £, #F
i H Z R, Z 3= L OSSO ML E A JE 8723 T, =0.03H
MHREDET D, SbIT, o A—RREOEBETEAZE,, &
i S& HO L L, q,% HY, bk b, 22T, HO=07H,
6,=1/750rad & L, FE3.8mo 200 CHREE A & B ET 5,
6.3 TMDHEL L UVRKIEEDEE
JBM L v = DR AR L, NS IER L 722 5 RS R S O
PHC, TMDIZ K 0 INERERZE ORI AE KD 64 =9, ZHE TDsy
Mok, BEZ Y AR—0BREED DN ZUIRE L, 2T,
n=10 bMHTICE DD, ZHICE D, Z 3= R DOTMD
OMERRE AL A2 N TE b, A7 MV S L BRIGE NS
DOBEFREFig. 22(@)I2R~T, B & >/ 3—=23 D72 Case 1OEAIZH
NT, BEY =2 LT-Case 2T, K0 MR AT &

2
a, = (14K, 1K, )2

p (53a, b)

Table 2 Building types in terms of multi-purpose seismic design

Amount of Stiffness Response
Case dampers Kq/K;  ratio p TMD - Target Dy optimized
1 0.5 0.67 None
2 2.0 0.33 None
3 2.0 0.33 ﬁ:zo.z(;]S* D; =2 Acceleration

41 max(g+) , Case2 05 d(m) .
t 7 In=1
04 -
8 Case 1 \,'I Linear ,¢”
, 03 ‘
2 2 ’1\’
7 Case 3 0.2 Re
1 32 01 s Nonlinear
g ! s
. S, (hy) . S, (h)
0 05 1 15 2. 05 1 15 2
4 max(q +U,) , Case 2 057 d(m) L’
/ 04 . ,7 |n=10
Case 1\// Linear -
, 03 ’
2 , Re
- Case 3 °? 4
1 < ase o1 P Nonlinear
S, (hy) S, (h)
0
0 05 1 15 2. 05 1 15 2

(a) Peak floor acceleration (b) Peak deformation of TMD
Fig. 22 Variation of peak response with respect to incremental
spectral velocity

L7, S, 3205 (n=10054) ~0.7 (n=10354) TIHZAH
EOWAORENYD, Lo, ZhEv/h&7kS, Tk, Case2d
JEZSTIMEEE XML TV 5, ZOMEE, n=105A8 50 #HE T
HDH, 2L, Case STTMDZ %l 52 LIk, Bng v
SN—BMETHY RN LY, Case L& REEDENEEIZIZ S
ZEMNTED, Fig. 22(b)ix, A7 MVEES, L TMDO i KA T
DOEFRd TH D, WAL, EES =B TH D L LEESE D
WEERETHY, BEETITRLTWVWS, ZOMEIIHL, BREF <
— DR L72#0%, S, DEERIZIE 5 TMDOZTE O Jr A S 41
S, =2m/s DEE T HTMDD i K2 330cmR L I/ E > TW D,

7. F&H

BREAORBM S v — L RHE RS V8= (TMD) &35 Z &
W& D, IR HETR S ) LC, SRS O J8 L & RIS
I E Ol A AR AR B RE L, RWTIE, 28
WML L, BRI = DB OIFRIEEE ZBE L, HaE
MFRAL T 2 W T R AREENT 4 L 45 L C, TMD ORISR
TR OB & i LTz,

‘o E L TSR T 5,

1) JBHS 2 =03 AR L Te e D JE AN A e MET % TMD D5
WREEOL, SO FMBEAA RIS =2 IRT DRI
o (R A b 2 e U 7o IR Ly, — 0, BRI EE % fo/s
b3 % TMD @ FcidE iREhE0E, PR 23 42 3~6 LL F Th i,
WMERFD & & O TMD ORI & 13T —%3 5, £nlll
DYEVESETIL, AL ORIV IREREIEIIR T LT <,

2) B ORI % e/ MET D Il R IZ DWW T, B o
BRI ARG PH CEGR AT S R il RR L & Z R A A IE T
LA RE L, ZoRRAL, &Yoo 2 WL &8
Rlzrhvkshsd,

3) MM 3HIEE T, B v S — 0B ORI,
T X, TMD IZ & 28BN R P R4 IR T LT,
WPERND E BICKE L D &, TMD OSSR ST mIE L <
W< ZOBGE, BIEEN/NSOFEEPE T, TMD OIS Z R
DIRDIEM L = DIBEREREDOIK T EZBL 720 Th 5.

4) HRENRS OERICLY, JEH Y =B bR RS D &,
)& TMD OEGRSIENS E D, TOfEE s LT, KigED
HUEBCxE LC, TMD ORKISE DM KR ER 2B TX 5,

AT, BANE CHELIGE AL MR EN &L 72D
RUA b A RXTHENZ T UL LTz, Bl R R <8 i s S &
ZAFLDHEIHONTYH, KM TRE LIz TMD Ofci s s HESCH 5
RIGEFMEOVMAZFATE L bDOEEZLND, TORYME
MG E DREEIZ DWW T, AMTHET 2 TETH D,

Eif3

AWFFEIL, JSPS BLAFE: IP17TK14756 (WF9efi#E : &TF@E) @

Wip &= = b DT,

SE 3

1) Osaka-fu ikinai nairiku chokkagata jishin nitaisuru kenchiku sekkeiyo jishindo

— 1585 —



oyobi sekkeiho ni kansuru kenkyukai: Osaka-fu ikinai nairiku chokkagata jishin
nitaisuru kenchiku sekkeiyo jishindo oyobi taishin sekkei shishin, 2015.
RBRRFIB P P B2 BT M =k % @%%?“%ﬁ%tm%?@m K ORREHEICH
T HWTER RIS NP BERIE R AR 125§ 2 ek et R B ds &
O =R EHEEE, 2015

2) The Japan Society of Seismic Isolation : Manual for design and construction of
passively-controlled buildings (3rd edition), 2013.

AARGER SR 2 <y v 7R S R L~ == 7 v 83K, 2013

3) T. K. Caughey: Random excitation of a system with bilinear hysteresis, Journal
of Applied Mechanics, pp. 649-652, 1960. 3.

4) M. Abe: Tuned mass dampers for structures with bilinear hysteresis, Journal of
Engineering Mechanics, pp. 797-800, 1996.

5) Kaynia, J. M. Biggs and D. Veneziano: Seismic effectiveness of tuned mass
dampers, Journal of the Structural Division, ASCE, Vol. 107, pp. 1465-1484,
1981.

6) P. Lukkunaprasit, A. Wanitkorkul: Inelastic buildings with tuned mass dampers
under moderate ground motions from distant earthquakes, Earthquake
Engineering and Structural Dynamics, Vol. 30, pp. 537-551, 2001. 1.

7) K. Kaneko: Multipurpose passive control of mid-story isolation buildings
designed to mitigate seismic response in substructure, Transactions of AlJ.
Journal of Structural and Construction Engineering (Transactions of AlJ), No.
718, pp. 1869-1879, 2015. 12.

A EVE TG ORI AE B L7 P e G o 2 H AR
AR, B AR R TR SC4E, No. 718, pp. 1869-1879, 2015. 12

8) K. Kaneko: Performance-based design of tuned mass damper mounted on

rooftop of buildings considering type of seismic ground motions, Transactions

of AlJ. Journal of Structural and Construction Engineering (Transactions of AlJ),

No. 730, pp. 2057-2067, 2016. 12.

G FAE HEREh ORRER D KX OVEIRE A B L 2[R s %
— DOJEERRETRGGHE, A ARSI
2016. 12

9) Y. Wen: Method for random vibration of hysteretic systems, Journal of the

Engineering Mechanics Division, Vol. 102, No. 2, pp. 249-263, 1976.

T. S. Atalik and S. Utku: Stochastic linearization of multidegree of freedom

nonlinear system, Earthquake Engineering and Structural Dynamics, Vol. 4, pp.

411-420, 1976.

11) J. B. Roberts and P. D. Spanos: Random vibration and statistical linearization,
Dover, 2003.

12) A. Watanabe and K. Kasai: Study of residual displacement, Summaries of
Technical Papers of Annual Meeting, Architectural Institute of Japan, B-2, pp.
979-980, 1997.

BN, HRZ: B OFRE T B 2 JEREVRTE, AR
“EATRE EESE, B-2, pp. 979-980, 1997

13) T. T. Baber and Y. Wen: Random vibration of hysteric degrading systems,
Journal of Engineering Mechanics ASCE, pp. 1069-1087, 1981. 12.

14) T. P. Chang, T. Mochio and E. Samaras: Seismic response analysis of nonlinear
structures, Probabilistic Engineering Mechanics, Vol. 1, No. 3, pp. 157-166,
1986.

15) G. Warburton: Optimum absorber parameters for various combinations of
response and excitation parameters, Earthquake Engineering and Structural
Daynamics, Vol. 10, pp. 381-401, 1982.

16) A. Ang: Probabilistic approach in earthquake engineering, Applied Mechanics
in Earthquake Engineering, ASME, Winter Annual Meeting, 1974.

17) Architectural Institute of Japan: Recommended provisions for seismic damping
systems applied to steel structures, Architectural Institute of Japan, 2014.
ARG A ISR S, AR, 2014

18) V. Vukobratowc and P. Fajfar: A method for direct determination of inelastic
floor response spectra, 15th WCEE, 1997.

19) K. Kaneko: Optimal design method of tuned mass damper effective in reducing
overall bending vibration in steel buildings with inter story dampers,
Transactions of AlJ. Journal of Structural and Construction Engineering
(Transactions of AlJ), No. 737, pp. 1003-1012, 2017.7.

S F R Wi AT D flIRED OMERIE T 2 M HE 3 2 R H &
BN — O EE R EHE, B ES MG R U4, No. 737, pp.
1003-1012, 2017.7

10

=

— 1586 —

23 T S8, No. 730, pp. 2057-2067,

&1 KELBHRICHT DM NS MG ETORBE ORI
AFSCCTHRY R ) MEBVEESE (B & v 3—) 1E, IR TZOEIEEN 10
BREETET D, 20X RMOIERIEEE AT HIREIMBICK LT, #Et
SR AL I OS2 iR T 5, BT Anrny I alb—3i g2 (MCS)
BEOWAETHZ LI LD, FHEHSEMBR L O REE % BEET 5., MCS i
TUE, ASTITIZ 1000 DK T A b/ A RE M\ 5, 22T, p=05,n=1,
t, /T, =20 OFFFEREZ T, Fig. A-LIT ALY bVHEE L i KISA O BIR %
B, S, (hy) DIEFRIE, 6.1 HiLFH—THD, MCS &iftath S ML FikE
IZEDMFEOMITELS B LTWDLZ ERbnd,

1% 2 HXIREGE T &/ME T % &l R R &4 O BUERIEETE

A(22) 35 JO(23) D J5c il R S D BRGRARE D  UEZ GE T B 72 9DI, &
OEfEZ RO D, AV OESITEHEBFIRL T @% 51T DR %Ii%w
=RXEEZ, p=1&3hiE, RNQA)THEERBEO FERICGE TS, &5
12, V=0 & L7k &0 Lapunov HiEX & 7L, 204 FHV7-Emo 2
FLI IR FE IR SRR TR E D

=22 AV, (A1)

TZIT, ALY BEERER ANV OFATE jHIORS Th S, HIK 2 Wi
WBICK Y, ol #R/MET B (,h,) OfERDIEER A Fig. A2 1I0RT,
ROV TIE, w OIS B, BRI OM E —HK L v
5, OB ERIC OV TIE, H@30)ITTEE G L TV D O T O RN
BHHNDH, Fig. A-3 121%, Warburton™ 1 X % #aseh Ik 4 % fie/ME3 % BEFE
O Fcit [R) Gk 4 PLi LU 5, Warburton 2345 & L7 4RE)E 7113, (1)
DOIRE ATy =1 L LB ATH LD, ilE w=1ICRELTW\5,
REBRERNBDOND,

‘ OA MCS —— Statistical linearization ‘
Bt maxp,, [E[D?] D} max A E[A%] (ms?)
8 o]
0 Peak RMS 6 Peak
o RMS
5 > 4
o 2
S, (hy) S, (hy)

0 05 1 15 2 0 05 1 15 2
(a) Ductility factor (b) Floor acceleration
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DESIGN METHOD OF COMBINATION OF HYSTERESIS DAMPERS AND TUNED MASS DAMPER
IN ORDER TO REDUCE SEISMIC RESPONSE FOR WIDE RANGE OF SEISMIC INTENSITY
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Ground motions with increasingly large amplitudes have been recommended in a seismic design of super high-rise buildings for
long-period ground motion in recent years. Increasing the number of dampers is an effective way to reduce story drift. An Excessively large
amount of steel dampers in passively controlled buildings, however, potentially amplify floor acceleration in the small range of ductility factor.
In order to overcome the trade-off relationship, this paper proposes the combination of a tuned mass damper and steel-type story damper to
reduce both story drift and floor accretion in a wide range of seismic intensity.

A moment resisting frame with nonlinear steel dampers is modeled as an SDOF system. A linear tuned mass damper (TMD) mounted on
the rooftop are considered. A Bouc-Wen model is employed to represent hysteresis of the steel dampers. A Fokker-Planck equation is derived
with respect to the 2-DOF model consisting of the building and the TMD. Stochastic time history analysis is conducted based on the statistical
linearization in terms of two parameters. One is a stiffness ratio which is post-yield stiffness to the initial stiffness of the SDOF. The other is a
ductility factor of the steel dampers.

Firstly, optimal stiffness and damping ratio of the TMD is numerically estimated by solving nonlinear programming problem. The
objective function is either inter-story drift or floor acceleration. It is confirmed that the optimal tuning ratio minimizing the story drift is
approximately calculated in the followings concept without time history analysis. In the optimal tuning ratio, an initial natural frequency of the
building is replaced by equivalent frequency computed by the scant stiffness corresponding to the peak story drift. An evaluation method of the
optimal tuning ratio minimizing floor acceleration is also developed in a similar manner, provided that the corresponding story drift is slightly
modified. This modification reflects the empirical fact that the optimal tuning ratio is almost unchanged from its initial value up to certain
nonlinearity.

Secondary, the seismic effectiveness of the TMD is summarized in terms of the stiffness ratio and the ductility factor. A practical
evaluation method of the seismic effectiveness of the TMD is proposed based on the linear stochastic vibration theory. The predicted response
show excellent agreement with the response obtained by the Fokker-Planck equation.

Finally, peak deformation of the TMD is discussed. Peak displacement of the TMD to the floor displacement gradually decreases in
association with the development of yielding in the steel damper. This is well explained by de-tuning phenomenon accompanied with elongation
of an equivalent natural period of the SDOF system. As a result, large amplitude of the TMD is avoidable during strong ground motions. This is

one of the advantages of the proposed passively controlled system.
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