3 RCBEWORBINE L HASHNARRYR . RUL OB ERRF
kBB AETEE  HWR EBD

3. F BEHBOER TRAT 2HE - HRODHNEHREL, BETLE - OFBRBHREE
VCEB L BLFEOHRBICIY ., BEYWORAEN ENLOFRELOE DY THREMTLIELH
BTH LOEAMBO—DOTHH., COWMIMAPCAXRAN LT 2HOFRARELLND, —DHBE
ODRABETTCORMEBI 2HM L, BABH VIV TORERFLEEES A THEROHEHEE
HEHET L30T, BHAZEBEFMCHLARE  HEGEROECENBRBICKUTEN(, fildco
BHEICR N, HEEHRCRETLIER LCE OFELRE L ARLIBEYORETRD LT .,
BMELILTORBIEEMR 2 EH T 2B L L 5, ROBFEARBCHTLET A LTFEEREOR
APLERITLENT, ARTl1 D, BEBREEH LR T 5 (HHH ) ERBRORECHEL .,
BxBEMERETHEROLCAWET "EECEFARBOBEREZETZ 9, KIc, Thicbbh &

LT R BEICERBCERLTERML. (EK 0 5 10
Example A _stor; peak acceleration
BN EFBERLC) BOEBRRICHES T 5 BAXH {§§ 30 gl
BHDEOAE R FALCLE T 5, COEOHEDICH %é IS 500 gal
2
THBMEG, REBOSBICEL Y BEEOL KN R ET & Mum>1£
Example B 3 00 sl
L RTHEABACE L(BRIhAFhETH D, BED { 30021
BEMACHTAEERTORE AT S THRICIN 5, ﬁ 500 ga1
2
B, HMESRA L RERHO LA LR ICHEE ST THRE r
Example C 3 300 gal
f+BHBPCERL, 2 TEREADLLRBEORE & {\,
I N
UL ARBBOHERYEORTLIBHRO DAL F ¥\&%§ 200 gal
1 ( z) S
2 ALNEFOREMN BHEROEEERRH| comies |
300 gal
R+ AA0RMER, SBEBECHEREZORT NG i\
3 a
LR FIET CECAN N E BMAR & O mBREIC) %ﬁg*_ﬂm*E&u
$H L ERTCALBEEOEIGE L T2 EMCH | sopee | -
2.3 { I 300 gal
5 5, EH UK ICEERER L (BE) BN EE O LK Lo
3 1t 500 gal
CLb. cORRNEE - BERSXOL %+ AKHGICH { . S
) R e
8 LAaf% rig. LCEHT 5, BEEHEZ NG 6 # (¢ Bemef 3{ N 300 gal
D XA BDR Fwallgirderlt . FILE OBE%K ) O KK ? A
S e ~3 500gal
Bog®E L, B, Aid2-poF, B-E{d1-DoFE— I 2[ """ ;) ..........
1 il
DHETHo> T, C-DF TEENDLIC3-DOFE AR T B | [al]ure Mleldhinged T,
Lateral Loads Maximum Story-Drift Response (cm)
2, @ - 3R EE O W D 5 cD TIL3-DOFEE, P Tld1-po with lnversely [Excitation: Hachinohe Harbor
Triangular Pattern Acc.-'68, NS Comp.]
FHEl. 23X b XRHE% B, SHHHIC L BIEEDFMmE Fig. | tegend:
2, shear modeling -1
RERHECLAETAD (EAWERE 12 50HH . 35BE VL 2GR T5HE | i mseting 2

shear modeling -3

R BERE A EB L T3-DOFM B IC T cDBITAFE —REBLOKK LT, | ————=

member-by-member
modeling

@@U’C@MOﬂ@ﬁ'/\,lﬁ%flbfb i) %Bﬁﬁ”fﬁfﬁ%% & @Kgmﬁ*ﬁﬁ%% L., 0 M eqtival;nt model ing



SEMRKELCBALAE N, BEFTHELB. A TH 128, OBEZTRE (B R EESSHE LS
5 ) MECE %&ﬁ%@%’%%é@ AWM ET VLR COBRF2EE LT, SBHER M » M
ELABRTHAEEI, BELaRT L, ((BECHMLLTTORRE - HRICHELBL) &
AMBHEEOEREAT B IBCAT s BEEROETH 2 ERE( BLTHAB N SAC 2 DEREG
HE)ThoT. BHMERERCHL TRENICEE LBRWERTE | CAMNOAAHICE L, &
EEOATBEDINELE A F MY 2% (B Hl 2B - TABNBRANEORE ) HH 1 Lo
L EAMETF AR AETENEEORE F R L BE L. B 5 (C I M MR IC 5E 5 R
EGEFOELTE - ORENBE MRSk [ S =7 rlh (AMENBL) EEGTTH &,
FRICATMS » C OBBTEMZREIC L) BHAELE EOM B BERICAT L2 b, [HE
CEREBOL D) EUEBRABESRO LI T B,1 C s T, WRBE RO EBYECKE
LT— %8 THSRD VAR NS, BT FORENSE LS WERPRCH T2 T0BEL+4
KageTtHoC, THICHIELTETHERZNEREI N A S I=7 v OF 2B TE S,
3. SH—AEERAOERLLSAYNEREYE BB LKNICHETT A MBS D(FL. 2-a7
Z OB T B S -por HRAOHECHE LT, +OENHED BB Fig. 2-8) BB, A
 1-DOPE AR ERFANAS - DEEBONHE LMETH Y. L, FRERO SENEEE HECE
B, AHOEME*HACETOHE <% CREL LO CHHBEAM L+ 5, M T OMORK
HLCHBICEST BEXCTH D, 5, Pig. 2-C, Table I-(VE BB L TH RN B EEEL 5 4
Ho o T, ERNANRERNRFEANOHEOICHMRETOTEAFBXNERD ., Ty THREBRFKGE
EEFTD LG, b, VEHEL-DFRORBI —K LARFABOND, [BEEY - REH 5%

AR - LYBHER  BENNEHEHLBURSCHCERE T S,] AN TOava RevmBHRA

—o COEME—-VHEOBECROBHELHEREEY
o} MIKRB L, TOHHNFME EAN €7 L bicsE Cnid
LW, Fig. 3 A DBRBIIKRE T 5 HNET T (A% ICH
L % O skeleton curve % , HAEMIERVEDO 9 bARAEE

0: yield hinges

Table 1
Fig. 2-A [n : total number of stories] () {ud =y, ugy ven s unJ: : horizontal story-displacement vector (relative to the support)
& {v}=1vy, vz, ..., v :vertical story-displacement vector (relative to the support)
©: rotational springs ti=n {u}=sinR (A}, {vl=(-1+cosR){A}  [R: transtational anglel

m: generalized force associated with R in the incremental strain-energy relation,
dE=MmdR, of the total system

. (2) cosR (Fy{h} - sinR p,{R} =m
ri=2 (3) {F} = -fm] ({2} + li,{e}) =~ Im] (cos RR - sin RR2 ()} + Uy {e})
{p}=-tm] ({¥} + g+ ¥, {e}) = -ImJ{-sinRK~ cosRRz(v*w_v(e))

si=1 where tm;l story-inertia matrix of structure, f{e}= 1,1, l.T'
ligs Uy : horizontal and vertical accelerations at the support of structure,
g: gravity constant

Fig. 2-8 actual building structure  rigid auxiliary () TR} R + (7)ol fed (G,cos R= ¥ F,5inR) + M= 0
structure
v
pn? ; Bh= By, By eeen s Bt ) 4- l:‘mi?ﬂ HR :equivalent lateral drift (along the circular arc)
L
—mn {ugsvy)
¥ Am o MM ___ . quivalent force (in terms of acceleration) associated
xhlh“l(e} (8/8")(IM/9) " with & (IW: total weight of structure)
o4 I H=Fn/8 : equivalent total height of structure
?_Jz L ’ 2 B g=thufmite} l:lgj({i;—n reslnrel m{:}ﬁ‘ modification factors, depending upon the relative
3 T tha Rl distribution of story-mass and story-height (The
’f ¢ %(ul,vl) QL _ former is equivalent to the fundamental participation
el ——= == hy function at top story.)
T . [8=3n/(2n+1) =1.0% 1.5 and B' =2n/(n+1) = 1.0% 2.0, for a uniform distribution of
1 story-mass and interstory-height]
X [ PN
£ :lateral load at i-th story ) ) ; (6) & + A = “lgcos (/K) + (g+¥,)5Tn(a/K)
p; : vertical load at i-th stary 2¢tiNg on the deformed configuration (7) 8j=nj R=828/(Rp/h;) {= B(8/n)] : story-drift along the circular arc
{F}=fy, f2, ovn, fru (hi =hj -Rj-y : interstory height at i-th story)
Fig. 2-C p}= 1Py, P24 veve s Pt (8) A/g: shear coefficients at all the stories, for a uniform distribution of lateral-force
coefficients
N N " (B/B') (A/g) : base shear coefficient, for the distribution of lateral-farce coefficients
Fig. 2 Equivalent 1-DOF Formulation according to the specified mode of story-drifts




LBEREZLENDR W) LOH
BT, IS AAFETL BT Cl
FEAW ) HERICOEHRL A

LOT, BEREETEBOE| A +h
Bt 8RBT IC A B degrading ¥ | 2%, -

TH b, ME-2EHESLEAvaBE

O H EH F I Table2-(1), &L » T(2) |34

AS (=Ayas)

skeleton curve in restoring
force properties

2 _ 272
Qg =412/ TQ

=
—gravity-effect force, a9
=gsin(A/H) n (g/H)A

i
9/H=°‘gn§§ [ay = (/AT TER oy sag = ay/g ] |
: ‘; } & (=ayu)
by bg (n/2)
=ugdy

CRNEZEF - A CTLEHER
(SMEHMGEEA ) OERTILE
B5E . NCHETLRLZEF
HOMBICE L, w2 AFE £

keleton curve

Lug = layay - puy) /g - p),
Up = Uy +ayau/ (-p) ]

A

Fig. 3-8

y Hudy

Hghy phy

Quadrilinear skeleton curve and gravity force

MEWIERBE ICHKL . BNDY Ty,

%@WEKKW%;'%ﬁﬁ%%%(ﬁﬁ%ﬁ&®ﬁ¥)%@?%%®i%&&
EHemT. L.OHENOEAEROBFEERFAZXERE (BHLERS - &
HER)EZEEL, AYELRNTOBIEOCRELESICT S [FKE)I,

3 Skeleton Curves and Gravity Force on Restoring Force Diagram

BReRbLTRERBOILENDLEE W< ODEHFTTCHEICH, BREZCOHPLHEER L,
INT, BENORLEN R BEYHEROBEIHRELUE L CHEAIhAEBRT Rl RHE TR
LT EBEEE L LTONBERATETS ., BROBIAS AN (BREOMEEE ) - AAEE (24

g4, @ﬁifﬁg &Ajj%@g ijj;(j]% 30F ElCentro-1940; 30l

B agD F MG (AT O BRI N ) R °r
O MR K, /EW° B OREF TH
b meble2-(MICAT I, TOHEBKE |

BEEETE L, AHTH . ThICEKHA

SOOE component

*ES L 2HOM, acoy CEEEL osf AL 0
RCIFEFEB)) ., Sfii-vorfEEt 0E 23eTo

(SO W S V]
ol 0.2 0.3 0507 10 (sec)

B - BELZEZ A DB EOBEDL L TH T

Table 2

(1) T {=21/Q¢ : elastic period), Ay (:yield capacity), ac (=Ac/Ay,
Ac :crack capacity), ay (: secant stiffness reduction factor at
yTeld point), g (i viscous damping factor)

(2) u(t) =A(t}/Ay [Ay:equivalent yield drift]}on the festoring
a{t) =a(t)/ay force diagram
ag=(g/H) /9% [g/H: initial gradient in AS=gsin{a/H}]

e(t) =G, {t)/Amax [Amax : peak acceleration of i, (t)]
I=Amax/Ay [:relative strength of excitation]
(3) w=ult; Te, Zey ac, ay, I, elt), ag, Ay/q)
(4) Te = (2nA/g)/AVag/n/B [h=Fn/n : average interstory height]
=3.89/4g/n/B [for h=375cm]
Ky/EW= (B/8)/(h ag) [K, : elastic stiffness at base story]
=2.67 (8/8")/{lagx 10%)  [for hy=375cm]
Ry (=&y/H) = (ag/ay) (Ay/g} 1:yield transiational angle]

(5) ug=Bg/by=oy/ag [Bg: static stability limit]

(6) A/Ay = sin(8/H)/(Ay/g) = (B/H)/ (Ay/q) =u/ug

(7) ag= (B/B'Y N1}/ (K, /W)
=(2.072.7) x 1073 /(ky/2W)  [for hy=375cm, B/B' =1.00.75]
=(9.0%v0.7) x 107*  [for K /ZW=0.3~3.0]

(8) qg={6x!0" ["soft"; g =33.3, K,/EW=0.b44 (8/8'), Te = 0.301/n/E]

1x107% ["sti ;g =200, Ky/0 = 2.67 (8/8'), T = 0.129/n/B]
ac=0.5, ay=0.2; Ay/g=0.25 (merely for mathematical specificity)
(3) ay=1.05, 1y=3.0, p=-0.01; thus, up=24.0 15.0 ("soft")

p= 249, B§=12718 ("stiff")
(9] G+ Cohmala T TR Tog={ 812 (o
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sok SOOE component 50
30k 30
20[ 20
T 1of el T 10
I:/Id 7k L Ic/ld 7
[ st | /% [ 5
b
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- .
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235710
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Fig. 4 Examples of the Damage and Collapse Intensities Derived,

and of the Associated Margin of Safety against Collapse
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Hoshina='66 (Matsushirta EQ), EW v.esevereenaann. 05
LDEAIC) R LWERNEKERABELE Th bo LD BT | ol srwmson oo (iriheia'eal, éie 1 oo

Melendy Ranch='72 (Stone Canyon EQ), N29W ...... MEL
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TLHEHECH L L) BAEE o [l I MENOLRMELEL & IOTACAEEE % 5.
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BAREAERHORETARSEE IR e FHE
T 5, HMl-por FOBAICHE L TEOLEHBE
*BEAEZBCHKEL (FAR-B)FT5L. 24
FOHGEER [Table3-(2) ] RELN S (FN
FE*-1 %% TS T, ADEHES
ENORTHERTLIQOHECE, ROB®HTS
cEMENZ brE@TER LTGOXSRLL, &

-C, B,

: total number of story-
assemblage elements]

k=N

0: yield hinges

k-th
story-assemblage
element

-

Fig. 6-A [ng : tota) number of s:])ries ;n k—tr]1
N R . i story-assemblage element
BHUCHELABLOBEWRBEOCEZET B0 T| 4. rorational springs ! )
SRy
DEBFHRADOHDICHMIN Q) F B mE ind
T
RCHERBROBIEHFRLATS 0 i ¢ ‘
HOE®HEFRRERNOERTHIEAM (o [ B Het R0t St e
HHEMNETAEROEAMET VLB = 8= 1L knkt_'fknk %7/ (uk.ruw.vk-m}?)-_(_uk,vk)
P2 4 i =
EBEOICH B, 1 5. HEEERHER | mit ™ [Tgiigergg I ~ [P
i }'"7&" & br e & - hi2 hy
1 kt
QRECRBRE, & OBEABRCH AT (| + Pt AI
! (Upp ¥ Uz s Vi- 1+ Vi)
N P S — v hy otal hei of k-th elemen
ZHEe— MNPORECENW) EHXL LABWETH zz::r uv;:.;)\/k—]* Vi) (t)kt. tcolh(h:; Eeé:rt.:lveccc:rtof
AR E BT 5o I A
Fig. 6-C element, acr_ir}g an she
$6. FEIDAOIBEE RHE O E T H W 7% 18 deformed configuration
Fig. 6 Equivalent Multi-DOF Formulation
TENBEOEINKEEROEHILE L, X AU ICH[Twes
(1) U, Vi : horizontal and vertical displacements at the top of k-th element,

TERXBROA X ERA L CET T 5 (R

OHHEUHERL, BRORTREIG LEEINC

o relation, dEy =hy Q dRy, of k-th element
EREZCHLETIHENE L, KIC, RBEE @ keuw-rinuw -0 @
where (@} = col tLi—l‘) (el 1)) R ARICIRCA)
L T<keN ( ) <k<N
h. -
Table b W= cor <M)+(m‘ 1) ol (Edph)
O [my/ (B8 +m, mp/By 1[8,] [ f(m/Bi+m,) (-Tgcos Ryt g+TpsinR,) 1@}~ col (Qk), Teos R = diag (cos Ry), TsinRl= diag (sin R
; (6,83 113 q (my/B}) (~ii,cos R, + g+ sin R,) 13kN Vel lekel
n2/8: 2/ (6282 2 2 2Pl TR T 9T 2 [1] : identity matrix (NbyN) '
- . : o
with {a)= (1~cos Rl—Rz)§2*5|n(Rl~ R2)§g/h2} +(m1/8;)(ig} (gk,lgﬂnm (£l = ‘ 1 o
e (1-cos Ry- R, )8, +sin(R,-R,)83/h, % VL] ey w
@) A= =B chear coefficients (in terms of acceleration) of thel|| (3) (Fli= Mok (i, + Uy (&1 + (k) s (ph= - [l (9 + 8 + gy (2} + (93,0
my /By +m, m, /83 lower and upper story-assemblage elements ([Aly ¢ story-inertia matrix of k-th element)
ma/m = @12@123 @17 na/my FTatie of munber of stories in the upper versus ) (1= (€17 0w (] - (TT1-T89 " tmd (€3 + (€17 tmd (T1-087 - (21~ 062" tmd)
@127 (my/ny)/(my/ny) : ratio of average weight per story in the| - ([I]-PBJ"){‘B‘\};“M
upper versus lower elements (o ))s ,,\U.=_f -0 -A)-{ 8y [=max(ij]
3) [v;;y] 1 ‘ 8 [¥iia) [ 71} (iigcos &y +g ¥ UgsinR,) . . By ke
vy, G, A, [T lgcosR, ¥ grv,sing, A9 (M} = ([E]'- (1] + DB ™) Imd {e} = (m;); gi-—' ol
i
where v, =Bl Bi@::@y, where [nl = diag (m), 18] = diag (8), (8= diag (B))
Pom/eiem B0+ 81@1,@:0) [0S (100 ¥y 1081 ] Iskd Igksh 1gkek
m /BB n, 1488@,@,, A M= ok [ml, (€} : total inertia of k-th element
T8 v, T oo T - By R (o) he L ‘e,khﬂkﬂk
(4) Tg=2m/R¢ ¢ fundamental period of the elastic total system UL ROMN *"‘kak(jk
Ry/Ry=®y, or 8,78, =uy, [4,=®,®,,, ®,=h,/h] : associated mode fer= col (1), &;;: Kronecker's delta
A Q2 o (s 20,0, 0 5 e .
® {;}:[01 92]{5‘}*[ ‘:0‘ lz N H&‘} in the elastic situation (5) {Qt=-{Mpii, - (NIt (5in R}, (N} =-{M}(g+¥,) - [M] th}(cos R}
2 2 116, %282 11 82, where {sinR}= col {sinRy), {cosR}= col (cosRy), thl = diag (h)
Wit @y 7 @0 (@, =/ TV @,/ 7o) ke ki i

(8) agi = (g/h;)/0} = @g; (g/4m®) (Te/VR)/h  [i=1 2]
where @g, = (1+®,,)/@], @, = (1+®7})/@]
={h, +h,)/n : average interstory height, n= n, +n, : total number of
stories
(7) a. Te, Zg; {Te//n)?/h : elastic and gravity-effect parameters of total system
be By, Bly 8y, Bl ®,,@,,, ®,,, ®,, : dinensionless distribution parameters
e Aye/Ayy, Amax/Ayy (of Amax/Ay,), e(t); Ayy/g (or Ay,/q)
: dimensionless strength parameters (The last factor could be eliminated
by applying the first-order approximation to the geometrically o
nonlinear terms.)
d. acq, Gyii Ay Myjy pj [i=152] : dimensionless parameters for the degrading

trilinear and quadrilinear properties of
restoring forces

(6) T8} +{Q} = (-i, [eos &1 + g+, [3in RINK} + (g}

relative to the support of total structure
{u)kx col (uu)» (v}kn col (vkg) : horizontal and vertical displacement vectors

k « <ny of k-th element, relative to its base
U= I hlstL, Vo= b hl( T+cos Ryl {ube=1{h} sinRy, {v} = (A}, (-1 +cosRy)

[Ri : translational angle of k-th element]
Qi : generalized force associated with h Ry in the incremental strain-energy

where {8} = [h]{R}:

relative displacement vector [measured along the
circular arc; {R}= col (Ry)
. X 1SksN
{agh = [xJ{&} - [¥1EhI "1 (8%}
{x] = [M} - [2o0s R] {M][tos R ~ [xin R)[M]I3in R)
= {xij}; xij=mij{l - cosRj~ Rj}: symmetric and zero-diagonal
{¥]1 = [sin R} [M][cos R] ~ [tosR] [MI[xinR]
= (YU'); Yij=mijsin(Ri~R;): skew-symmetric
(mig)s mip=mi/(B;B}) + {1~1/B},~(1-1/8;)/B} ) }miy

"‘.,. 1= l—l,i'(‘ 1/81)m; /8}
otherwise zero
mt =my 78} + (1-1/81, Im

(E1)T (Ml €170 =
[with my, ) =0}
(e )T ) = (i)

s Iwith my 0]




Table 5 @,,=0.1 ®;,=0-5
n, =1 i ny =2 n,=3 [ n,=5 n,e7 [ T np -2 I 3 np=5 0y 7 =1 n,=2

0.67 {0.39) 0.82 (0.42) 0.92 (0.47) 1.06 (0.59) 1.14 (0.68) 0.67 (0.50) 0.82 (0.58) 0.92 (0.65} 1.06 {0.74) 1.14 (0.79) 0.67 (0.56) 0.82 (0.6h4}
1.91 (1.12) 2,67 (1.36) 3.25 {1.67) 4.00 (2.22) 4.39 {2.60) 1.7) (1.29} 2.18 {1.56) 2.50 (1.76) 2.90 (2,02) 3.13 {2.17) 1.60 (1.33) 2.00 {1.56)
0.60 (0.36) 0.7) (0.36) ©.79 (0.38) 0.91 (0.44) 0.60 (0.42) 0.71 {0.48) 0.79 (0.53) 0.3 (0.61) 0.60 (0.47) 0.7 (0.53)
1.75 (1.04) 2.23 {1.13) 2.65 (1.26) 3.29 {1.58) 1.60 (1.13) 1.90 (1.28) 2.14 (1.43) 2.49 (1.66) 1.50 (1.17) 1.75 (1.31)
0.57 (0.35) 0.65 (0.34) 0.72 (0.35) 0.57 (0.39) 0.65 (0.43) 0.72 (0.47) 0.57 (0.43) 0.65 (0.48)
1.67 (1.02) 2.03 {1.07) 2.35 (1.13) 1.56 (1.07) 1.78 (1.17) 1.97 {1.28) 1.47 (1.10) 1.6k (1.20)
0.55 (0.34) 0.60 {0.33) 0.55 (0.37) 0.60 (0.39) 0.55 (0.39) 0.60 (0.43}
1.61 (1.01). 1.84 (1,03} 1.53 (1.03) 1.67 (1.08) 1.45 (1.05) 1.56 (1.11}
0.53 (0.34) 0.53 (0.36) 0.53 (0.38)

1.58 (1.00) .52 (1.02) 1.45 (1.03)

1.00 {0.58) 1.13 (0.58) 1.20 {0.62) 1.29 (0.71) 1.33 (0.79) 1.00 (0.75) 1.13 (0.80) 1.20 (0.85) 1.29 (0.90} 1.33 (0.92) 1.00 (0.83) 1.13 (0.88)
1.83 (1,07) 2.40 (1.23) 2.7% (1.40) 3.00 (1.67) 3.02 {1.79) t.50 (1.13) 1.71 {1.22) 1.82 (1.28) 1.91 (1.33) 1.95 (1.35) 1.33 (1.11) 1.50 (1.17}
1.00 (0,60) 1.08 (0.55) 1.5 (0.55) 1.24 {0.59) 1.00 (0.70) 1.09 (0.73) 1.15 (0.77) .24 (0.83) 1.00 (0.78) .03 (0.82)
1.7 11.02) 2.13 (1.08)  2.h3 (1.16) 2.80 {1.35) 1,50 {1.06) 1.67 {1.12) 1.76 (1.18) 1.87 {1.25) 1.36 (1.06) 1.47 (1.1)
1.00 {0.61) 1.07 {0.56) 1.13 (0.54) 1.00 (0.69) 1.07 (0.70) 1.13 (0.73) 1.00 (0.75) 1.07 (0.79)
1.66 (1.01) 1.98 (1.04) 2.24 {1.08) 1.50 (1.03) 1.64 (1.08) 1.73 (1.12) 1.38 (1.04) 1.46 (1.07)
1.00 (0,63} 1.05 (0.58) 1.00 (0.68) 1.05 (0.68) 1,00 (0.72) 1.05 (0.75)
1.60 (1.00) 1.82 (1.01) 1.50 {1.01) 1.60 (1.04) 1,41 (1.02) 1.46 (1.04)
1.00 (0.64) 1.00 (0.67) 1.00 (0.71)

1.58 (1.00) 1.50 (1.01) 1.43 (1.00)

1.33 (0.78) 1.38 (0.71) .41 (0.72) 1.44 (0.80) 1.k5 (0.86) 1.33 (1.00) 1.38 (0.99) 1.41 (0.99) 1.Ak (1.00) 1.45 (1.01) 1.33 (1.11) 1.38 (1.08)
1.69 (0.99) 2.00 (1.02) 2.08 {1.07) 2.00 {1.11) 1.86 {1.10) 1.20 (0.90) 1.20 (0.86) 1.18 (0.83) 1.14 (0.79) 1.11 (0.77) 1.00 (0.83) 1.00 (0.78)
1.50 (0.89) 1.50 (0.76) 1.50 (0.71) 1.50 (0.72) 1.50 (1.06) 1.50 (1.01) 1.50 (1.00) 1.50 {1.00} 1.50 (1.17) 1.50 (1.13)
1.66 (0.93) 1.34 (0.38) 2.09 (1.00) 2.15 (1.03) 1.33 (0.94) 1.33 (0.90) 1.30 (0.87) 1.24 (0.83} 1.15 {0.90) 1.12 (0.84)
1.60 (0.98) 1.58 {0.83) 1.57 (0.75) 1.60 (1.00) 1.58 (1.08) 1.57 {1.01) 1.60 (1.20). 1.58 (1.16)
1.63 (0.99) 1.87 (0.98) 2.04 (0.98) 1.40 (0.96) 1.41 (0.92) 1.38 {0.90) 1.24 (0.93) 1.20 (0.88)
P71 {1.07) 1.68 (0.93) 1.71 (1.16) 1.68 (1.09) 171 (1.2h) 1,68 (1.20)
1.59 {1.00) 1.78 (0.99) 1.45 (0.98) 1.47 {0.95) 1.33 (0.96) 1.30 (0.93)
1.78 (1.13) 1.78 (1.19) 1.78 (1.28)

1.57 (1.00) 1.47 (0.99) 1.38 (0.98)
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Table 6
(1) n=5 (B=1.36) and ag=6x10"°
[l

(2) for Case 1;

(3)

{(5) Ayz/Apy =1

h=3.75m; accordingly, Te=0.58 sec]

ny=1 (By=8=1,00), n,=h (8,=1.33, By =1.60)
12=1-0 (: uniform distribution of fioor-mass)
12=0.5 (& softer base story)
for Case 2;
ny=4 (8, =1.33, B{=1.60), n,=1 (B, =B} =1.00)
1220.5 (half floor-mass at top story)
12=2.0 (softer top story)

B®r=@x N
aci=0.5, ayi=0.2 (for ductile and deteriograting
skeletons); ayj = 1.05, wui=3.0, pi=-0.07 (for

deteriorating skeleton, in addition) [i=1 5 2]

case 1; s s
g, = 11.0x 1073, gg, = 4.4 x 10”
7 (@gr=2.5, Bg2=1.0)
ngy=18.2 (for ductile skeleten)
ugt=11.4 (for deteriorating skeleton)
Case 2; s s
gy =6.3x107%, ag,=7.3x107
O @1k, Bge=1.7)
Hgz = 27.3 (for ductile skeleton)
ugi=13.9 (for deteriorating skeleton)
2.0 for Case |
1.0 for Case 2
Ay Ay =131
[for a uniform distribution of lateral-
force coefflcients
5:h4  (Case 1)
AofAr= {1307 (Case 2)
[for the distribution of lateral-force
coefficients according to the elastic
fundamental mode]
Ay1/g=0.25 (merely for mathematical specificity]
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Geometrically Nonlinear Formulation of Overall Structural Behaviour
for Modelling Dynamic Failure of R/C Buildings

H. Takizawa *

Abstract

For describing the dynamic overall structural behaviour of planar R/C build-
ings, a self-contained set of fully nonlinear formulations is presented in a
mathematically consistent way. Limited degrees of freedom in system deformation,
associated with a bare-minimum reduction of constituent restoring force elements,
feature the model developed; without going into specific structural details, the
current modelling of a gross nature is primarily intended to cover a certain class
of buildings by incorporating the relevant common properties of a particular
interest. In addition to permitting to adequately reflect the inelastic and
hysteretic characteristics, this formulation includes the effects of nonlinear
geometry in the deformed configuration, and can be used, with a practical suffi-
ciency, for the purposes of identifying significant features in the serious
damage and ultimate failure sustained under the combined action of intense ground
motion and gravity.

Synthesis of member-level properties into this gross model is made by
corresponding to the specification of deformation mode according to a previously
suggested method. Depending individually upon the overall mechanism as indicated
by yield-hinge kinematics, application of the modelling principle results in
defining an "equivalent" 1-DOF or multi-DOF system of total structure, the mathe-
matical expressions for which are totally found in the current presentation. (R/C
frames of practical interest are often of a girder—collapse type or of a hybrid
type of girder collapse and column collapse; the comventional "shear" modelling
for multi-story buildings of these types can lead, in their yield region, to a
seriously unreliable evaluation of response drifts. The present modelling may be
satisfactorily used in such situations of short-period structures, and includes
the shear modelling as a special case.) Also, geometrical nonlinearities are
shown to be consistently reflected upon these formulations, their first-order
term accounting for the system destabilization due to gravity and vertical ground
acceleration acting through increasingly large sidesway. (Any significance of
the so-called gravity effect might be unlikely for R/C buildings that can sustain
serious damage at developing, yet relatively small, deflections, and the total
disregard of this influence has been implicitly supposed in the ordinary analyses
of their strong-motion response. However, as a sufficiently ductile system
enters well into the yield region and its lateral drifts continue to grow, the
overturning effect turns out to be responsible for causing its collapse.)

Dominance of weak-girder properties, thus forming a 1-DOF kinematic mechanism
of structural yielding and leading to the equivalent 1-DOF modelling, provides
one of the prominent types in dynamic failure of practical R/C buildings. The
remaining types important are localized failure, where inelastic deformations
develop progressively at a comparatively soft and vulnerable portion. The latter
has been frequently encountered as the failure concentration at base story or at
penthouse, the fundamental features in which can be described approximately by
means of an equivalent 2-DOF formulation. Role of basic system parameters in the
two typical instances is therefore clarified consulting the respective governing
equations, with a particular emphasis on the effects of gravity. Then, the study
is intended to quantitatively understand the serious damage and ultimate collapse
of equivalent 1-DOF structures, by relating the mechanics of failure to the
destructive capabilities of excitation. In a direct comparison with the reference
case of overall failure, the presentation also contains an identification of the
influence of localized failure in this regard.
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