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Relation Between Strength and Maximum Plastic Deformation of Building
During Severe Earthquakes Based on Energy Considerations

Tetsuo Suzuki Toshikazu Takeda

Abstract

This paper describes a method to search for anticipated maximum plastic deformations
of buildings subjected to severe earthquakes. The relationship between the strength of a
building and its ductility factor is obtained by use of the following two relationships where
accumulated plastic strain energy (W,) is calculated by the energy equilibrium equation:
(1) W,-(elastic limit energy), (2) W, -(plastic energy results from maximum plastic defor-
mation).

Energy considerations were given based on results of one-mass nonlinear calculations
using several hysteresis roules. In these calculations, artificial earthquake motions, which
have constant acceleration and velocity spectra for shorter and longer periods, respectively,
were used for input waves. It was proved from the considerations that the anticipated
ductility factor was dependent upon the strength and energy-absorbing capacity of the
builiding and shapes of earthquake response spectra.

B =

AT, WERMBICEL TRPICTREN 3 HARUTEETEE R HEE T 3 HIRICODTHER B, RO x 31 ¥ -HahRNicd &
SOTRERBBHEE = 20 ¥ -8Ry, BEWHEEL v~ PR 20 ¥~ ROBAWHEEER oW 2v 4 — 2 OKRLY,
WL BEEREOFEREELLOTH 5,

BEoE I 2T, ERETINEE T, BERETEE—E L0 ISE Ry PO ATHRERE AR E Ui, 1
TSR OB A 500, = A VBB oo € ORED B, MBIFCTEIN 2R, BHOmMIE o —

AT RE R MR OIS 2 < 7 P ATERICKTRE S B C &2 WS hIC LT,

. %

A OIRERAC BT 2 WMIBHEIGER, & O DT
INBHAMHEE LTRSS C &3, INERG 2T
155 ECEERMEO—DTH B, CORMDIYEE LT
W3, WA, SEHIERA AT E Lk D, 2), 3) &,
NS A RO HEBH O, X, kS5, 6),
DT T FVF —~ DM AAD, HWEICK 2T I
— NI LD = 3w — N AETT O RE I s © YR
TEEAWHE LT 5. HIEBE) R OEY 0GR
2R THDBENG, THLERAMICEE DT T
TEATNIT 58T, =AY —EEEATED
MEWLTHA D,

AR, SREMICET 2RO & RAIBPEETE
& OBRA, BUEWTICS &5 232X —-0#Ha
DERLIGD TH O (BRI TI/BEER KIGEE AR
71, &, (EREHETE . 3oV E — R A V¥ —) K
O (RTHYBYTE = Fov ¥ — /R KA TENG O B = 2 ov
=) EDBREDENTN S, #0OR, HBATI= v
F — T RHRBEGEIC DO THE Ulce X, i1 & ik
PEESTE R & ORI, D = FovE —IRINAE R S HEE
BDIGE AR Y MVIERICKF T 5 C EERT S

2. WEBDANT RIVF—LBYOBMLE

OB ARMPELTERICK F Uy HATI %= v %
—~ L UTHABHA, AJIxivE— & LTR &



AMAUB DI No. 24 1982

WV — PRI 24 ARG P AT A B Q Q Q
REDEAL NG UbLUET o Vs T s
OUHES, BNINEIIL DA A 5 = % & A2 o G
DHEMIGAEZ, O TITHTAS) % Sy Smax & W }‘53:‘1‘;’;&1) @ ?ﬁﬁi‘f{’;w
SEMBISTHNCORMALZAVF =L L gy gme a9 —2 B BRUHSE = 20 % —
THABCEET B, VHPE = 2oL ¥ — PAM: = 3oL —
2.1, ZaLF—-0HE 10 o E(t)=10
B UMM SR DS kST 2 720 22 5 B D IR T 5 T, SVV 1%$Lmﬁwmhﬁkw
ERMBUERIC D72 > TN T 5 ERICGRT = v ¥ — 055 0f til ;22 \15
OWEHREE D, T (SEC) t (SEC)
Wit Wp+ W+ W/ =Wp e 63 B3 ATk ok
ccic, (ci;\/secz) (crr?}sec) A
Wit HIBAK T OMET) = Fo0 & — 2,007 200 = |
Wo: BRI S5 = v & — 1,000+ 100 %
Wi FURRUBMERE = v — 0050 o
W' AT IO T 2oV — Sv .
Wit $8ATIx 304 — e
Won & W/ OIS A HIEAE T I DIRT) = 50 — WS TR T
(Wo) THBMS, ROBIRICEHEMZ SN2, H—4 rﬂ(i"‘ﬁ'i{h);ﬁi’,)ﬁizl\"b oL e
Wp+ Wyt We=Wr (2 HALNAEC EMbhbe
BICTIDTERMIBYE T HIUS, We ZROMIIC LS o acc Vo _ Aa- Wy 2 AR (f—1) e 1)
ngeggk’ﬁ’l ............. (3) Wi Wi ] - " —
2 Auméwp&wu®%ﬁ 3, K= 2 i BisimcR 4

T I, Qyi BHRINTD, 0yt BRI
RODIEELCEBNT, W, D EHid 2 HAHA & O,
—HRUNC IS RIS WA EDEEL S
2.2 IRNE-CHETIMAHEHHREDBEG
ﬁ%ww%%;w§m5&g,ﬁm®“,ﬁ*iﬁf

WAGEERE L, 0y & WHER(1) & DG4
WTAHAL D i, WEORED = % JV$~§34COQ>“C
BRI C L ET 5,

= 1IR3 A= 300 — (W, =20,0,)
RELDE, Wy & Wy EOH(W,/W) 30, pits
B E AN (On) & DI (a=0y/0) 1€ & > TELS
BEENTREND . b, —RIOIC a BUP ST
SHRMOBEH K=, LS >T Wo/W, bk < 15

O, B ahRETIUL Wo/ W, DUNE L1855, BB,

a= (Qy/Qn) OCWP/WL ............ (4)
=73, B— 1ICORT &S ICRABHETE A 0 max, VOV

RE 4= 0max/0y EL, WHET FNVE ~ (Wp) 25T
JIEE 3 pV2PY
Wﬂ=Qy'5y(ﬂ—l) ............ (5)
oI, Wy & Wu oBIED a OZLICHE U T
RENKETBE,
Wo=Aa-Wu

), ), %M, a(=0y/Qp) & 1 OBRITKIT

SO DIBHERIC X 0BT 25D TH B

3. HEMIFTDINT X—24

BN 1B RN £ 5V TS - 1o
SANE  BEAONKGEANT FESDATHIE
WA B IER L, AJIiEE Uize VEIRITIEIZOHL 8) 1T

Kot B— 3 MATHREOEER <2 b v &I

BTHd, HERY bVIBHEZR Y F L (SY) ©
5Z Sy O AR (T=0.4sec) T—5E, EEMW
(T<O4),W%MMM”&Lﬂmr% T=0. 4sec {Z|FT

HEDEBEI - EZZ T3 ORI
&L, WESH OO S/ /J>D7E’r@ ciL&iZ
<

gFﬁ?{; 15 sec

BHETAN
6 [ElD < D UFFEATISOIER Ui, (Zl— 4 A
TIHBE I DFAIHEE DI (Zmaxoave) 2 1G & L
S ORGSR HEE 5%, 51%) OVisfEx,
W (Sy) EMBEE(SOICDOWTRT S OT, il T=
0. 4sec ICHFT AW AIADIL (To=T/To.s) TH5B. ¥
—4 kb, A\THREEDODRRY bVvH(RBERKTED
L85 &EDbnA D,

q=2 TSl (S —Egil) (8)
q=2To - To>1 (Sv —7E IR

M2
[,

R— 413 Sa OEBRECE SR L7k, chk b,
HHEGE DHIBIIC L BN T X IINEVWEERS



WA OTi ) &

o (D EHRE(T) 0. 16 sec~1. 0 sec [¥ TI0fi %,
e @M K5 ICRTAEEL i, =HF—

F#5%13 Bi-Linear ¢ D-Tri O 2 i CIT/5 50

o BIREE(L,) k,=0.35~L5HT64s—2, {HL,
T ROV X — BRI DIK & <185 ky=0. 35,
0.5, 0.75 D 3 7 — A T{F1E5

o HEEH(h) 5% & URMBMEKICHHIZE 2o

INEEREUT Bi-Linear & D-Tri T3 (2h/or)K, JFEHT
11, 2TRCEH/0OK &T5, CCic, oo FENE
TUBPERIERS, BERNEEIS O HREI T 0, KW
WItE% 5 5 HF
e ¥R 4 FRANTEHT S
=0/ Oy IR 2 UJ*O)HJ ............ (9)
#=0max/0c  JEURTHIA 2 DIF
TTIC, by, 0o BENZNERRETY, SAKOUDN

BIART o
AJIHUER I OBAMBREE LY, 5 3y DEE)s 980 gal I
BEAW UTee X, Bk U7 DN I1(Qp) R B—
4 DAY bV E DK F BUNEGERARE AW (Qr)
i3, E#NFN ky, a 2B ERNTRLE S,

=k, W
Qr=ly-W {0
Qr=q-W
zoic, WiZEBYmOESTH S
W, LURICTR9RE %T;,¢15&®m A D LA

TEuTH s
4. BRHEROT RN E-ER

4.1, WABHTZRLFE—(Wp)

K— 6 N REY D OMATI =2V ¥ ~ThH 5, Bi-
Linear T3, BHRERE (ky) ICXAATITHNVF —~DFE
BIZEA ST,

—75, D-Tri Tid ky VP, X
WM E DR, ATz 2ovF =i/ & DEEIIKC S
%, Zhid D-Tri BRMEHE ROz, BRI, ky 28
MNXOE, BESRE S TRENOT, KRRk
&ﬂ/ﬁf‘ﬁXﬂ‘ﬂ'\J CHL M-t &%, BEORIN = V¥ —
DD Uiched EBRA N5 B— 713, HEMHRE
T F — (W) ERERBATI = 2 vF — (Wr) c‘:
Db, a(=Qy/Qr) L OBBRERT, K—6, 7LD
DCENBEAL Do

Sv —EfEE (To>1): WETNEDIZE We<Wz T

H0, D-Tri TD Wr/Wg OHIZETFNT 2 30385 508,

KBMNCIIEICTT, TR, ky KO a DHICH 53,
Wo=Wg &2 Th,
SA —EEE(To<<1): Wi/ We DfHIZN T F ik &
Vo To=l & Wl Wi OBIFICH 05, To AUHEL
LAWK DN We>Wg 785, BHCHE KT 974 D-

Sy DB KIBTERE 5

FE OB

LBY

(i) Bi-Linear

K=0.
Qy KK =Qy/smax! QC&%Qmax/Smax
8y &max

(i) B &dRi-1

w

Bi~Linear

{x10*t-cm)

Wr
oo

— Gt h=0.05

G + B

=L
Qe= 3 Qy
s =%8y
Kr=2Ky
Te= Ty

K=K ( Bmax)

(u) D-TrigmEsn)

K=0. Qy=19Qc
dy=10.8¢c

(iVy JEs&dmi-2

®—b6 /i

°1 D-Tri
ky =035

»—075 4

lllllll[_lxx
. D

e Tseo) ] gy

0 i

3 To 5 + 5 4 To

B—6 #MAI=ZVF—

To>1

5

a
2

1

To=1
5

x mx

* A% -

o %

'2 LR

T

R

T lrTEtT

Wi /Wi
(i) Bi-Linear

Wi /W

To>1

5
a

2

., L Tos1

o,e - ky 51 1.

‘o =035
Toe=05 2

o 0 ©°o

*=0,75

.12'

BT
L

To>1 ¢

PR &

T3 2 5T

W/ W

(i) D-Tri

TR D
L

W /W

SATT = 2V F—

To=1

& 5
< KN,
. 2{ T

1

to
i
SO0
Gwtie
a1 S

051 2 51
Wp/Wr

™M
Wo/Wr
(i) Bi-Linear
1.
155 A
.0" T0>1 9

e © oo

To=1

.1

PR
Wo/Wrt

T T 2 5
G) D-Tri  Wo/Wr

B8 WEMNRNTBZAVvF—EBAT T F T~

Tri TLOBMIIEETH 5
S ISR T RO A1, Sa

o Lcn->C, D-Tri Dk
—ﬁﬁﬁhﬁ;’@a‘é - TH R

REATI = v ¥ — (Wr) % Sy —EHED We(==Wg)



RMMBHUIZETH No. 24 1982

EREE LD L BRI IWEETE D S 0 Ly e~ B Lineas ky
4.2. HERRT RILE— (Wp) 5 0 To<1 ::(0)::535

Pl—8 13, #Eic a=(Qy/Qp) %&b, Wt a S *=0.75
WS = 200 — (W) EHEATI = 30— (W) 2 mt::w Wi=7Qsdy R
EDIOBIE AR o To>1 T, FifTEHE 13 .éay 25 10 % 50 100 .2(')0S : ;;(')? 1000
b a O & & BIC Wo/Wr REFRINICHD S Wp/Wi
%o To<<1 TlE, PHMERIIANE < v D ky DU E—9 ZBEBEME 3 ov ¥ — ERPER = % L ¥ — (Bi-Linear)
SRR Wo/We (30 &0, 30T, We l3— L D-Tri ky
WHEOLDT, Chaxi L TEZ 3 &, 5 i S 22835
W/ Wa ORATC Wil B2 W, 3751 a Qy SR e 0=0.75
BRRYBYETE = 300 % — ORIREEIRL, 2t zéw%ﬁ;; wi=2ayay <
DSBS DT EERT bOTH B T) S R i
4.3. REBEEIIZLE- (W) (Wp/W2)

K—9, 100350 iCR Liza & W/ W, D3k B—10 BRBEHE T 30— SR = 3 v ¥ — (D-Tri)

AR TH B o D-Tri OB = 3oL — [ ZRRRZE
ERETOERE L, W= (21/36)Qy 0y & LT3,
=D ky DY vy MEBICEINT, a OPNZLHD
4 KA Sa —EFEBORY TH 0, NSy —EHEET
Wo/Wy DR EOTTNE O ERMORYTH L. WETH
NEbal Wo/W, OBIRIZ, Sy —FAEHR T ky MO
PEPEFICARBAFR & 785 0 —T5, Sa —TEFIRTI ky M
CHMERIIC LR O R TV NBLNE, Chd ORI
FERNCRTHREP LIEL S

Bi— Linear(WZ =% any>

a=(Wp/W;) -0-36...... Sv —JEMEEE e (1
a= (Wy/Wp)-08....Sy —FERilf (To==0.5)
............ (1])/

. 21
D-Tm,(VVl:% Qy -6y>
a=0.73(Wp,/W;) ~0.36...Sy — gz am
a=0.785(W,/W,) ~0-28...5, —3E 8L, (To=0.5)

4.4. ¥BHEOTH

B—11133ONTR Utz Wa & W, OBIRAET Licd
DCTH %o Wu lFIRETRIWVER A THE L LT
%o Bi-Linear T, a OETIWCHD Wa/W, 1332 L,
0.1<<a<<0. 3 TIZF—E M AR o ¥, Bi-Linear Tl a
DSERSC/N S OB R A SR Uieds, CBa, Wu/W,
Fa DETFICHEDN LICEDSWOTITL C &b g, —75,
D-Tri T3 0. 18<a<0. 7 i D HWIAT /N5 213 AL 7
0, Wu/Wy BIZEF—EEEZBLZTRIZEITH D, i
OTR U7 Aa DR, $7b b 1/Aa D a lChES 2L,
oy B—INGR U7 3 ol plsk 3 £ 2 % 3
&, AMIKH ETE, K, @, 9, @ hrdaksad
BIRBRD XS IEbE B C LB,

1L

(2:)

- 1. I . o 1
1w, E *ﬁ{uﬁé(xg)
5 54 o ky
i 1 Cale =35
- ] x""‘o ° : o=h
a . x=75
2 24
L]
2 1 Wu=Qy-8y(u—1)
] 11 o
1 i Lt t bty
05 I3
Wu/Wo
02
o1
We/Wp
B— 11 M= 5o % — & BRI = 5 v ¥ —

® Bi-Linear

Sy —E#: e 1/Aa 10,

Wy _ e e Wa —
W=y 2:Aa(p—1)
a~2.78 { (13)
ﬂ 2.Aa + vvvvv
Sa —TEFEEL (To=0.5): Y & 1/Aa &b,
A (&Y
# 2:Aa
® D-Tri
Sv —iEfflEk: F9& 1/Aa=0.2 L b,
Wo _ 1a7..0-2.18 O WH_ —
_ (1372
=g 19
Sa —HEHEE (To=0.5): R(Y & 1/Aa=0.2 kD,
2 Q2T ’
T 4

UEDH @~ Ik, =32 F-FBERIKCH ETSH



) DI & RN O RAIIERIG G & DBIIR - Gk + B

L5 Bi-Linear ky L 5 D-Tri
7 * =035 ]
B o =05 N
i x =075 i
5 20 51
a o=125 a
. ®=15 -
Sv—E(To>1) O—~—rp Svy—ZE (To>1) o
94 ampos 9 a =065
Sa—& (To=05) U Sa—E (To=05) :
PEPRLL (To>1  (To=05) a=0.754"%° (To>1) (Tu=05)
1 L1 AR ! L] AR L Lol bt ! 1]
7 1 2 3 45 10 20 50 T 45 1 2 3 45 10 20 50
s {(Xmax/Xy) . #(Xmax/Xy)
ke
- JE s diimn -1 1. . R
L f ] I At -2 . —035
] 1 x =075
- '5— A
'5‘ i 0=125
a (To=05) @ .
T sv—s(To>1) Sv—% (To>1)
2] a=pos Py P (Tu=05)
Sa—E (To=05) s Sa—& (To=05) *
a=u (To>1) a=ut (To>1)
I 1 1 1 L 1 VIR S | 1 | ] I S | 1 1 i 1 L I 3 | 1 1 i L L.t ii])
81 2 3 45 10 20 50 100 T 81 2 3 45 10 20 50 100
# (Xmax/Xy) ' #(Xmax/Xc)
H—12 W &g opig
foa~p BARDME Shic, a4 s bl
VIO (Qy) & BHERORIE S A M) b ERLECR
— JEE I

Q) DGR S S, YEHEER u 55
BHk B,

5. IEBUHRDER

BN

FEEIRAT TS 5 N B MM (1) & b2
a & OBRAK—12ICR S 1 AT
5 DIBEMOTLET, 6 DBRIRE
(k) IDDT—FEL TR LTz —DD ky KB B
2y MEBHTBINT, adUN& L 2 2SR &4 DS Sa
R, DL Sy —~EEROED TH B, N, ky
DRELSEBIT, a=1 10338413, ARIKCS oy
FENTOIID, M, —BIC 2 DSRS0, L O EE
CEVDFEHTH B0
WISNOEFTIEHECE LTS, Sy —EHEE T ky
e TP HA T2 MBI FRIC, a DIETICRE u hst
K B0 —J7, Sa —EHBTIRERELD ky AVPE
DR ISR AR THAICH 5, X, BLEIEM 1, 2
BEBRI 2V~ DINSDREFVTHD, BRI
D% L Bi-Linear & LA, [Fl—ii ST & ok & ik
RERTCENDMAD K—1210, at u OW%E%
HTZEMEMRTELT 2 &, #£#—1 05,

6. TRNF—BIBR(CH LD FRBHR
EIERHREDILE
B—13 {3 Bi-Linear & D-Tri OAD NN & WHER

HK—13

. . L1 . P -
5 10 20 30 5 1 2 5 10 20 30

i3 & PEHEE D B4R (= 4 ov & — 30 & R AR D)

B B | SeEBM | R [SvomBUATo=05)] N
Bi-Linear i : :l:??; 15 i - ::?.:fa 15
DT | LS | 16| LU | 1
L | 22, U 17
e | 27400 E 18
R~ I EISEMTTEBENICE SN 2R &

D B R
DOBAfRE, =3rF -3 G~ EEEmHTE X
19~010") & THIK U TR Ulco = v ¥ — 3 & BT
HEEELS AT 5 E0vbh b,

JEE BRI TR 5N TR ED5, aduh
1B E = ANF-HCHNT 1 2h &Y, THLE
SEBRENCEER LT B C EDhns S,

i, D-Tri OBEO v F BT, a hifbig
IR E O (a>0.6 1), FOMAD En M LICED)
N1 LTS PRENBENZ, W, %O Wu QR4 i
FOUDLNRETOEETHMGL, W, & W, XU W,



KIMEGRDISETT . No. 24 1982

& Wu OBRLD, a by OBIR
&b 510,

1. O

L AIVF B EONT, RN BT 280
Mif73 (Qy) &AM ) DB FRASR ) 2 AR Lo
MR T O ORI IR ICEME T D B0, Al
HTRUICZANF -FIEOEZ R Qp & 1 DB
T, THERG LR 55 E LT—20H
RSB YOREZ B EHB2 5o

AW T, BOBEROBAT = For ¥ — (Wr) M”‘;f(
R R ORD7238, CCTRUIZEDIE, Chld
HHERDOBATI = AV F - (We) X0k 5 c&ww%
FDo XM Well w3 BB = 2 U — (W) s
Wy SIRAREHZIEIF ORI v ¥ — (W) & DB
&, WO R CEICTIR M & Bk 2 b T
Hbo

Wa & W, Ketd Wy & We OBFERIE, BT oHHE,
xL’%‘QJO) BB OB NI L YL 3 ¢ &/Jv*if’on

5o GBI, RHBIH P O TR ULUNDOGE A
7 MV ONELERCH U TOMBISBRETH A 5.

I TIIRE DI

SEI
DR, U MERENCHY B 1 EACRIEIE L A A

A DR, EIAREESEE RSO, 25695, (WEfD
36.10), pp. 401~404

2)  HRHD: SYLEIIZRIC X B I EIGE DIRHTICE
T H5—BE, RSP, No. 16, (1975), pp.
27~39

3) Ik, {b: Degrading Tri-Linear Model A2z
HIBBIGE OIS D & OHftEiE(2 D 2), HAHRE
SRy REZENN R BEEEE,  (HAAT50. 10), pp. 1063~
1064

4) ML im0 — MG E U IR
VAR LA« ARG R VOMEHGHNWIE (2D 1.
ANLHIREBAC T 5 27 b VICDINT), EARHE 5
FRRQPWHEBE, (WBF151. 10), pp. 607~608

5) Housner, G. W.: Limit Design of Structures to
Resist Earthquakes, 1st W.C.E.E., (1956), pp. 5. 1~
5.13

6) Berg, G. W. etc: Energy Consumption by Stru-
ctures in Strong Motion Earthquakes, 2nd W.C.E.E,,
(1960), pp. 681~697

T KL A MBICK AMEYNDO T AT - AT &
WEYOEE, HAMRENNCREE, 52354,

(AR50, 9), pp. 9~18

8) L R ONIIGER D PO NI
DY R al—va r—REEFIRIC X B ERBEURD
DRI EICBE 9~ B ZLEMN Z 5 —, KPR ET
¥, No. 16, (1978), pp. 13~19

9) T. Takeda, etc: Reinforced Concrete Response to
Simulated Earthquakes, Journal of the Structural
Division, ASCE, Vol. 96, No. ST12, (Dec. 1970), pp.
2557~2573

10) $8A, fbe = 3oV —EICHES YO ) &1
PRGBS, AT R e 545,
F156.5), pp. 89~92




