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Summary

lt is postulated that for the purposes of seism ic design the ductile behaviour of
lateral force-resisting structural components, elements and indeed the entire
building system . can be satisfactorily simulated by sim ple bi-linear force-dis-
placement relationships. This enables the displacement l-elationships between
the system and its lateral force-resisting elem ents at a particular lim it state to be
readily evaluated. To this end some widely used fallacies. relevant to the transi-
tion from elastic to inelastic behaviour. are exposed. A re-definition of yîeld dis-
placem ents and consequently stiffness. allows m uch more realistic predictions of
the m ost important feature of seismic response. element displacements. to be
m ade. The concepts introduced are rational yet very simple. Their applications
are closely interwoven with the designer-s intensions. The strategy provides the
designers with unexpected freedom in the assignment of strengths to lateral
force resisting elem ents. such as fram es or structura) walls. Contrary to currenl
design practice. whereby a specific global displacement ductility capacity is pre-
scribed for a particular structural class- the designer can determine the accept-
able displacem ent dem and to be imposed on the system. RXis should protect crit-
ical elem ents against excessive displacem ent dem ands.

D esign Criteria

The primary purpose of this study was
to address means by Nvhich perfor-
mance criteria. conform ing with the
appropriate design limit state. may be
rationally executed. 'These criteria are:

-  Earthquake-induced deformations
should limit the expected displace-
ment ductility dem and on any ele-
ment to its ductility capacity. l-taimax.
stipulated in codes.

-  szlaxim um magnitudes of interstorey
displacem ents. to be expected at lo-
cations rem ote from the centre of
mass. should not exceed those con-
sidered acceptable for buildings.
typically 2-2.5% of the storey
height.

-  Perform ance criteria m ay require
displacem ents associated with a spe-
cific lim it state. to be less than those
allowed by the limits listed above.

A study of the assessm ent of the struc-
tural perform ance of existing buildings
with earthquake risk triggered in-
quiries adressing the likely response of
buildings as constructed. rather than
their compliance with a particular
code. A maior perceived need was the
estimation of torsion-induced dis-
placem ents of elements of ductile sys-
tems g1. 2- 3j. In the process several
issues emerged with apparent conflict
with ingredients of our current design
pratice. The description of progres-
sively emerging fallacies. firmly en-
trenched in our routine seismic design
techniques (4' 1. is the subject of this
presentation.

The m otivation for the introduction of
som e unfamiliar. but not necessarily
new. principles. relevant to ductile
structural response. was the need to
em phasize the im portance of earth-
quake-induced displacelnents. rather
than a particular m ethod of assigning
strengths to elements of a system.
ldentification of structural behaviour.
rationale and transparency of a viable
design strategy. com bined with sim-
plicity of application. were central
issues of this motivation.

Term inology used

-  ln the study of earthquak' e-induced
displacements of buildings. refer-
ence will be made to the sîntcntral
5').'5'fé?#??
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-  zzN structural systelm connprises later-
al force-l-esisting elements. generally
arranged in two ortllogonal direc-
tions. D ue to torsional effects. ele-
ments of the sl'stem nl ?-13* be subi ect
to different displacements. Typical
e lenAen ts are bents of ductile fral-nes
or interconnected wal ls in the salne
1: l ane .

-  zzN lateral force-resisting e 1 ement
may conlprise several iomponents.
Components will be subjected to
identical displacenAents. Typical
C O m 1) O n e n t S a r e b e ê1 m S OF C ( ) 1 u m n S
Or 1&a1 l S.

Th ese te rm s are i l 1 tlstrat e d in Fig. l .

Nvhereas elements with excess strength
will yield a little later. These changes
in the onset of yielding were not ex-
pected to change component ductility
dem ands significantly enough to be a
cause of concern.

Instead of abstract derivations of rtcle-
vant relationships. some simple exam-
ples. connnxonly encountered in design
practice. will be used to show the ap-
plicability of certain principles. Fig. 2(a)
shows four rectangular reinforced con-
crete canlileq'er walls of identical
heigths and widths. The interconnec-
tion of these wall components is such
that at any stage of seisnnic response.
identical displacennents will be in-l-
posed on all f our el enaents. The 1 e 11 gths
of the wall col-nponents. lwi. is such that
the relative second I'nonzents of area of
the sections- being proportional to l).i-
are 1 . 2. 4 and 8. respectively. R-lne total
relative stiffness of the element. com-
prising fottr com ponent cantileNrer
wal ls. is thus 15. The relative compo-
nent strengths- based on traditionally
defined component stiffness- are
shown in Fig. 2 ( 1) ) . lt also shows lhat .
according to traditional assun-lplions.
all elements will conAmence yielding at
a relatiA-e la leral displacement of .1.

Fig. 2 4c) show's the innp lications of
1,.' l 5 of the total strength being redis-
tributed froln component ( 4) to con'l-
ponent ( 3 ) without reducing the t otal
stre ngth of the four-com ponent ele-
ment. The traditional definition of
component stiffness. based on the se-
cond mom ent of area of the section.
suggests that the yield displacements

A D elinition of Yield
D eform ations

of these two components will change.
A departure from the strength as-
signed in proportion to component
stiffness implies thus. as shown in Fig.
2(c). a corresponding decrease or in-
crease. respectively. of the component
yield displacem ent. The fallacies re-
sulting from this traditional usage of
com ponent stiffness are exam ined sub-
sequently
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Traditional Concepts of the
Theory of Elasticity

'T'he requiremcnts for static equilibri-
um and deformation compatibility in
statically indetcrminate structure. is
well established. These principles are
still widely used when strength. to lat-
eral force-resisting ductile elements of
a system are assigned.

Brith the introduction of eqtliN'alent
lateral static seism ic design forces and
the acceptance of ductile response. the
sam e technique continued to be wide-
ly used. lt implied the notilln that
strength assigned proportionally to
element stiffness will result in the si-
multaneous onset of yielding in all ele-
m ents.

Subsequentll' it was realized that. be-
cause. of expected significant inelas-
tic earthquake-imposed deformations.
som e deviation from strength distribu-
tion according to elastic behaviour. is
quite acceptable. Thus the practice of
strenglh re-distribution u'as adapted.
lt was assumed tllat for com pflnents a
reduction of flexural strength will re-
sult in an earlier onset of yielding.
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urhere 6y. is the l'ield strain of the steel
used and (1 U is the length of the flexur-
al tension zone of the elastic section.

For llne purpose of bi-linear modelling
of the tlexural strength-curvature rela-
tionship at the critical section of the
wall component- it is convenient to in-
troduce the term <xnominal yield cur-
A'aturep. subsequently referred to sim-
ply as yield curvature. by linear extra-
polation to the nominal flexural
strength of the section. 5.11,- thus

To allow the T'er3' convenient use o1' bi-
linear m odelling of ductiltl structural
respense. it is essential to define the
transition point from linear elastic to
linear post-yield behaviour. Two types
of illterrelated deform ations. such as
yield cun'ature and l'ield displace-
ment. need to be considered.

kield Curvature

To i11 ustrate an acceptable simulation
of the non-linear moment-curvature
relationship. an exam ple of a rectangu-
lar rzinforced concrete u'all section.
shou 1) i 17 Fig. 3. will be used. The tech-
nique associated with the anall'ses is
well established j5) . Approximations
(61 . most useful for seismic design pur-
poses. are less well known. The strain
patte 1'11 associated Nvith the onsdt of
yielding of the l-einforcement at the ex-
treme lension fibre enables the corre-
sponding curvature to be expressed as:

(1) ' = 6 ''(l-k ) la = 6.y..''( (lu )3 !'

(1:)) = ( 5,'1u./N1) )d)) = (( 5,1n,'''Nly ) .''(lw1ej p:
( 6 /1 . ) ( 2 ). ). k

where 5'1 is the moment associated) 
,

Nvith the f lrst l'ield. i .e. . (b , . given by eq .
( 1 ) , Frol'n extensiN'e paraluetric analq'-
ses g61 it h as bee n est a bl 1 s h e d th a t for a
iven cross sectitln. the value of
( 51,: '''NI) ).''t. rennains essentially constant
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il-respective of the ratio and arrange-
m ent of reinforcement. As an example
for design purposes. it mal' be assumed
g6j that the nominal yield curvature of
a l'ectangular wall section is:

(!) =v 2e ,/1.

ample. the reference yield displace- (2)
m ent at the top of a wall component i.
shown in Fig. 2(a). when subjected to
lateral static forces- when based on eq.
(3). can be approximated by

A.y i = Côsihti = lzchszoe),vl/'lwi z'i l/lwi

As eq. (4 ) states. the yield dis-
placem ent is independent of the
strength assigned to a com ponent.

(3) svhen the lateral force-resisting el-
ement. shown in Fig. 2((1). is sub-
jected to increasing displacements.
the components will commence
yielding in a predeterm ined order.
ln the example shown. component
(4) will be the first and component
(1) the last one to yield. At this
stage the full strength of the four-
component element is developed.

(4 ) As a corollary. and contrary to tra-
ditional assumptions. depicted in
Fig. 2(b). the simultaneous yielding
of components with different
lengths is not possible.

(5) The displacement capacity of a lat-
eral force resisting element is lim it-
ed by that of the component with
the sluallest yield displacem ent.
i.e.. largest length. ln this example
it has been assumed that the dis-
placement ductility capacity of the
wall components is l-taimas = 5.
Therefore. the displacelnent of this
element at the ultimate limit state
must be limited to the capacitl' of
component (4 ) with Au4 = 5 >: 0.5 =
2.5 displacement units. ln Fig. 4 the
yield displacement of component
( 1 ) was chosen as a displacement
unit. It follows then that tahe duc-
tility demand on components ( 1 ).
(2) and (3) Nvill be non-critical.

(6) Because the sequence of yielding
is set and is independent of the

Structural Engineering International 1/2001

A higher degree of precision in seism ic
design is not warranted.

The important message of eq. (3) is-
that the yield curvature of a reinforced
concrete section is proportional to the
yield strain of the steel used and in-
versely proportional to the length or
depth of the section.

The bi-linear modelling of flexural
strength-curvature relationship. with-
out post yield stiffness. is presented
in Fig. 3(b). It is also found that m o-
derate axial compression load on a
wall. comm only encountered in m ulti-
storey buildings. P = 0.07fJAg. does not
change the yield curvature to any sig-
nificance. However- the strength of
the sections m ay be significantly in-
creased. The important relationships
are recapitulated in Fig. .:1. where fc' de-
notes the compression strength of the
concrete and Ag is the gross sectional
area of the wall.

where C is a coefficient which quanti-
fies the distribution pattern of lateral
design forces. and hwi is the height of
the wall com ponent. Because. as
shown in Fig. 2(a). the heights of the
wralls. hai. and the grade of the tlexural
reinforcement used will be the same
for a1l wall components. the bracketed
term in eq.(4) Nvill be a constant.
Therefore. yield displacements will be
inversely proportional to wall lengths.
This sim ple relationship can be conve-
niently used in design B'henever rela-
tive properties of components are suf-
ficient to establish. for example. ductil-
ity relationships. Exam ples will subse-
quently show the relevance of this very
im portant relation.

Implications of the Redefined Yield
D isplacem ents

The idealized bi-linear ductile behav-
iour of a four-com ponent lateral force-
resisting wall elem ent. shown in Fig.
2((1). is presented in Fig. 4. The assign-
ment of component strengths in accor-
dance with traditional practice. as
shown in Fig. .J(Jp )- was used. A study
of the relationships demonstrate that:

( 1) The relative yield displacement of
each wall com ponent is inversely
proportional to its length.

Yield .ll/r/tzcczzltlzl/

Once the reference yield curvature of
a com ponent. such as a cantilever wall.
is established. the corresponding dis-
placement for a given set of lateral
forces can be readily established at any
desil-ed level of the structure. For ex-
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strength of the com ponents. strength nents. The stiffness of each com ponent
to components may be assigned in any in Fig. 4 was clearly defined by eq. (5).
arbitrary manner. This provides the The superposition of the response of
designer wilh considerable freedom of the four components leads to a non-
choice. lt can be exploited so as to im- linear transition from the elastic to the
prtlve overall structural performance. post-yield behax'iour of the elem ent.
as well as to arris'e at more economical For design purposes this can again
solutions. Som e examples are provided be replaced by bi-linear simulation.
subsequently. shown b)' dashed lines in Ffk. 4 as total

re s p o n s e . A cc o rdi n g l y t h e s t i f f n e s s o fA
n unrecognised significant advantage j

ae ojtzyuuyly jsr- t
O t t his ap p roach is that i t e n abl es the
designer to control the I'naior sources
of t he d e t ri m e n t a l e f fects of the t 01--
sional response of buildings. These are This in turn allows the nolninal yield
eccentricities with respect to the centre displacelnent of the elel-nent to be de-
of the mass of the system . lf desired- fined as
the strength to elements of a systen:
mal' be assigned so that the centres 01' A .c = XV i,'Y k,) n
stre ngth and I-nass will coinci de g71 .

A .s. used here- is associated with the
uniform translation of :111 its elel-nents
and the centre of n'lass. The definition
is thus identical to that represented by
eq. ( 7 ) . l n this definition. displ ace-
m C 1'1 t S d tl C t 0 t O f S i O IR a l P h C n O m e 11 a a r 0
not included. ln seismic design. the in-
fluence of torsion on the displacem ent
of the centre of mass may be consid-
ered to represent unu'arranted analyti-
ca1 refinem ents.

D uctility Relationships

Onc: the noluinal strengths and yield
displacenAents. and hence the stiffness.
of components or eleluents have been
set. the relationships between different
displacennents and displacement duc-
tilities. to be considered in the design-
are readily established.

Components ofLateral Force-
resisting Elem ents

A Re-definition of Stiffness

ln the context t)f this studl'- stiffness re-
lates the total lateral force to a corre-
sponding horizontal displacelzlent.

The value of the eleluent yield dis-
placenAents so derived is shown dis-
tinctly in Fig. 4. Because the sinxulta-
neous yielding of conlponents with dif-
ferent yield displacements. -.ïyî. is not
possible- son'le components will yield
at displacements less than that of the
clement . .-ïy o . Larger displacenAent will
be required to develop the nolminal
strength of those connponents for wich
..X) i > -X) o.. -lXe non-linear transition
from elastic to plast ic behaviour.
shown by the full line marked rz-lbtalp
i n Fig. -/, - i 11 tls t ra tes thi s fe a t ure .

The abo: e examples shou the fallacl'
of the com nlon asstlmption. that the
element and system or global displace-
ment ductilitq' factor is the sam e as that
specified in codes for appropriately
detailed components. A displacement
ductilitq' capacity of f of the element
depicted in Fig. 4. im plies a ductility
demand on component (4) of 8.t.:4 = 5 )x:
0.58//0.5 = 5.8.

Bi-linear responses of 4-col-nponent e 1-
elrents were presented in Fig. 4 . l t was
stated that the displacel-nent capacity
of th ts elel-nent is controlled by that of
its critical component ( 4 ) with the
small est yield displacen-lent. The sul'n
of com ponent relative stiffness was
tbund to be 52 k . = 1.72 . Equation ( 7 ) al-
lows the yield displacelnent of the ele-
ment in 1ig. 4 to be determined as .1 .CL
=  1/1.72 = 0.58 displacelnent tlnits.
'-rherafore. with the ultimate displace-
menl lim ited to :5 )<: 0.5 = 2.j units. the
element displacem ent ductilitq' de-
mand m ust be limited to p..z :1 2.5..'().58
=  4.31.

lt was emphasised that an entirely dif-
ferent assignment of strength to the
four components of the element is also
acceptable. Such a choice will affect
the stiffness and hence yield displa-
cem ent of the element. These m ay re-
quire greater restriction on the accept-
able displacem ent ductility demand
on the element. This is controlled by
the strength-independent displacem ent
capacitl' of component (.1. ).

Iuateral Force-resisting F/e/pd?lf.& of
Building Svstems

Component Stiffness
Idealised bi-linear strength-displace-
ment relationships are presented in
Ftç. 4. ln these possible post-yield stiff-
ness have bct?n ignored. lt is evident
that a realistic approxim ation of com -
ponent stiffness is:

nom inal strength/q'ield

-  T'he nom inal strength of the com po-
nent is the choice of the designer. lt

'n before stiffness can S-qltem Stiffnessmust be knou
be quantified.

-  
stiffness is proportional to strenvth! AS Fig. 1 Shou's. a building system Nviil

-  
The nominal l.ield displacem en-t of Comprise a set of parallel lateral force-
a component. as previouslv defined. l-esisting elements. Thc strength. yield
depends on the geomet-ry of the displacement and stiffness of each
component and the relevant vield element are determined . as described.
strain of the material used. fb-r de- ''IXC Pl-ocedure applicable to elements
sign purposes nom inal yield dis- 13:ê13' then be used to estimate the stiff-
placem ents. .l;F. are independent of NCSS and ô'ield displacement of the en-

, . . tire system. coluprising of a num ber of
strength. elem ents.

Element Stiffness
The stiffness of a lateral force-resisting
element. comprising a number of com -
ponents subiected to identical dis-
placenzents. such as sh own in Fig. 2 (a ) .
may be defined by the superposition of
t he b i-l inea 1* response of th e com p 0-

Structural Engineering International 1/2001

The sole purpose of the system nomi-
nal yield displacement- this being a ref-
erence valtle- is to quantify the systeln
displacen-lent ductility. Therefore. any
convenient value that is compatible
with overall behaviour under the ac-
tion of lateral forces. I'nal' be used. The
nominal system yield displacem ent.

Simitar Iimitations apply when the sys-
tenz displacenpent ductility is to be lim-
ited to ensure that the displacennent
ductflity capacity of the critical ele-
men: is not exceeded. H owever. in the
consideration of the displacenAents of
elelments of a systenn . torsional effect
need also to be accounted for-

Science and Technologx'



Allocation of Strength

I t was posttllated that. irrespective of
the way strengths were assigned to
colnponents. the sequence of yielding
wi 11 depend on ly on the yield displace-
l'nents of the com ponents. A' s previous-
ly stated. for given material properties
( 6., ). these are controlled by the geo-
nnetry rather than t he strength of

ln the first case the column shear
forces and hence rele: ant strenghts.
are assigned in accordance with con-
N'entional l,/hSj proportionality. In the
other case shear forces are made
inN'ersell' proportional to column
heights. For this case the bi-linear sim-
ulation of the fivc columns is also
shown in Fiz. 6. Svith the use of eq. (7).
the bi-linear sim ulation allows the ele-
ment yield displacem ents. A) u,. for each
case. i.e.. 1 .364 and 1.667 displacement
units. respectively- to be estim ated.
These are inversely proportional to el-
ennent stift-ness.

-  The adN'antages of arbitrary strength
allocation to components outNveigh
the disadq'antage associated Nvit h t he
somewhat reduced ene rgl' dissipa-
tion capacity' of the elel-ne nt . Nole
that post-l'ield stiffness. ineN'itably
present- has not been considered in
this con-lparison.

-  'Fhe exanl ples shou'' t 1) at an al-
lo'wance for a global displaceluent
ductility ca pacit y of 6. U hich lnaj'
haq'e been adopted for ductile
fral-nes. urould grossly tlnderestinlate
the ductility del-nand on the criticltl
col-nponent- i .e. col unl 1-1 ( 1 ) . ( For ex-
aluple p- ..î 1 ma . = 6 )<: 1 -66 7 = 1 ( ) -.-> > 6 ) .

-  The exanaple denxonstrates how the
elennent displ acen-lent duct i I i ty de-
ln an d sh 0 ul d be l ilm i t e d t o a pp- rox i -
I'nately 4. if the critical ctlnlponent is
t o be pro t ect e d aga i !'1 s t exces s i N'e
displacenlent dennands. As a corol-
lary. the st udl' of the exan-lpl e strtlc-
ture reveals that it is not ptlssible to
tlt ilize the d uct ility capaci t#' ol' con-l-
p onents U i t 1-1 larger l'ic ld displ ace-
nèen ts. For exan-lple la--ïj = (n?''4 =
1 .5% <6. Such coltln-lns Iz-lay thus be
designed and detailed according to
recomm endCttions 1-01- lin-litcd ductil-
i t (h.' d- e n'l a n d s .

-  Existing design procedures- based
on traditional definitions 01- conlpo-
nent stiffness- do not al low d isplace -
n-lent d uct ility demands on con-
stituent conlponents B'ith di fferent
geonAetric propërties to be related
to that innposed on the elen-ltlnt.

.4, Structure Supported /?J' Columns
with L'nequal D epth

This exam ple element . presented in
Fig. 7. i s sim i 1 ar to that se e n i n F tv. 5 .
However. in this symmetrical A'ariant
the columns are of equal heights but
haN'e different depth. hci. The conNven-
tional stiffness proportiona l allocation

=  X 1 VE EED EZZ

h1 N 2 
,i U/ #

* e (& +

the components. lt was- therefore. con-
cluded th at. within rati 011 al lil'n its.
strength to com ponents Inay be as-
signed in anq' arbitrary m ttnner. The
criterion to be satisfied is that the total
strength of the elen-lent . i .e. . the sum of
the strengths of ist colnponents. m ust
be n-laintai ned. Two exal-npl es are pre-
sented here to sln ow how arbitrary yet
astute. choices of strength allocation to
col-nponents l'nay lead to appealing
st ructural sol ut ions.

The critical conApollent is colunln ( l )
u'ith the snnallest relatiN'e ( unit ) yield
displacenlent. It is assul-ned that the
displacem ent d uctility deluand on ap-
p ropriately detailed columns should
be lin-lited to 6. Theref ore. the dis-
1-3 l a ce nAe nt d e m an d on t h e e l e m e nt a t
the ultinlate l i m it state naust be lilzlited
to the displacenAent iapacity of col-
ulun ( 1 ) . i.e.. .lu < 6 )<t l .() = 6.0. This
inlplies then t hat the elelnen t d isplace-
ment ducti lity' deluands. tlsing the tra-
ditional and arbitrary assignment of
column strengths. shoulcl be limited to
p-ac !G 6.0/ 1 .364 = 4.4t') and rtsa s;
6.().. 1 .667 = 3.6(). respectiN'ely'.

-1-'h e n'laj or poi n ts highligh ted by this
ex a m ple a re :

-  The arbi trary distribtltion of the
base shear force. Vs . am ong
coluluns. relying on equal tlexural
strengths. enables the sam e detailing
of the vertical reinforcement in a11
five colul-nns.

-  The extren-lely displ-oportionate
s hear d e 1u ?-1 n d . associate d u'i t h the
conventional allocation of compo-
nent strengths- is elim inated.

-  The reduction of the elen-lent stiff-
ness by a factor of 1.364/ l .667 = 0.82
is not likell' to affect adversely d)'-
nalnic response.
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Normalized Iateral displacements
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.4 M ructure Supported on C'tp/lzzna.&
with J/hr/f/:/c H eights

,As Fie -6' sh ows. a tw'o storey rigid
block structtlre is supported on five
coI uluns of N'ariable heigh ts. The re la-
tiN'e heigths of the colunnn s ( l ) to ( 5 ) -
hi. are l .00. 1 .25 . 1 .50. 1 .7j a nd 2 .00- re-
spectively. '-l-1-le inertia f orctt. Vu . need s
to be transluitted by the 5 colunAns
with identical cross sections. Because
of identical sectional di m ct nsi ons. the
yiel d curN'attlres at both ends of a1l
colul-nns. f-t)y . B'ill be practically identi-
cal. Small diff erences in the N'alues of
yield displaceluents result frona differ-
ent axial colupression loads on the
col unans. Conseq uentlq'. the yie ld dis-
placen-lents N5'i1 I be approxiluately -.î# i =
(i) .h/''6. i.e.. prop ortional to the squaret 

.
ot the colulmn heights. Therelore- irre-
spectiA'e 01- tlexural strength. the yield
displacement of colum IA ( 5 ) is approxi-
matelq' 4 times that of column ( l ) .

Com ponent strengths. yield displace-
m ents and hence stiffness. allow the
non-linear shear force - lateral dis-
placement relationships for tu'o differ-
en t e lem tl nts- considered aboN'e. to be
p lo tt e d . Th ese a re prese n ted in F i :. 6 .
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Normalized Iateral displacements
of shear strength would follow the
principles described in connection
with the model element slzown in
Fig. .?( a). Details of this are not given
here.

The relative de pths of columns f' l ) - (2 )
and ( 3 ) are 1 .()- 2.() and l .5. respective-
13.7. Correspondingly the relative yield
displacen-lents. being inversely propor-
t i on al to th e de p th of the sect ions ( e q .
(4) )- are 1).1 = l .()00. - .l).a = ().51-.)() and
-s.y .A = 0.667. respectively. The conven-
tional assignment of (shear) strengths.
in proportion to h?:. would result in
t hese 3 columns havi ng to resist 4.7 %' .
3 7 . 4 8'?,' a n d l 5 . 8 %' o f t h e t o t a l b a s e
shear. Vs. respectively. 'The lateral
t'orce-displacement response of the 5-
comp. onent elem ent so designed. is
sh own by the dashed line in Fig 8.

having q'ield displacements larger that
0.500 displacem ent units. cannot be
utilized.
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1. The recognition of the eriteria
performance-based seismic design
necessitates m ore attention to be
given to realistic estim ates of lateral
force-induced structural deforma-
tions.
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Nlaking use of the designer's freedom
in choosing any arbitrary assignm ent
of component strengths. it is decided
to make colum n base shear strengths
proportional to the square of the sec-
tion depths. This technique leads to a
well balanced design- whereby the ra-
tio of the vertical reinforcement is ap-
proximatell' the same in all columns.

2. lm proN'ed techniques for the esti-
mation of yield displacements are
postulated. The latter depend only
on matcrial properties. such as lim-
iting strains. and the geometry of
components of elements of the
structure. For design purposes gen-
erally yield displacements may be
considered to be independent of
the strength assigned to compo-
nents or elements.
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As the full lines in Fig. 8 shoNv. the
strengths of the three types of colum ns
wo u l d t h e n c o 1' re s p o n d t o 8 . 2 % . 32 . 6 9, ()
and 1 8 .4 g'o respecti vely. of the total
base shear. V n. The bi-linear idealiza-
tion for each co1 umn componen t so de-
signed is also sh own in Fig. 8. lt is seen
that the diffttrence between the oqeerall
responses. based on the conventional
and arbitrary assignment of compo-
nent strengths. is negligible. lt should
btt noted that the yield displacem ents
01' the columns are the sam e in b0th
cases. Assuming again that the dis-
placement capacity of the columns is 6.
t 11 e e 1 em en t di sp. l acem ent cap aci ty is
controlled b),' that of columns (2 ) and
(4 ) - i .e.. p-ai aly i = 6 X 0.5 = 3.0 displace-
l'nent units. Therefore. the displace-
ment ductility dem and on the 15 ve-col-
umn element shotlld be lim ited to p-ac
:G 6.0/0.572 = 5.2. 'The full displace-
n'lent ductilitl' capacity of the t'olumns
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3. Beca use the sequcnce of the onset
of yielding of components of a plas-
tic m echanism is independent of
their strength. wilhîn rational limits.
strengths mal' be assigned to com-
ponents in an),' way that suits the
designer's intentitlns.

4. Re-defined stiffness. relating freell'
chosk?n strengths to strength-inde-
pendent yield displacements. en-
ables 24 more real istie assessment of
the stiffness of elem ents or of a sys-
t e m t o be m ade .

5. Clearly defined yield displacennents
of conzponents en able displ acen-lent
and tlisplacel-nent ductility denAands
on the systelm to related to the dis-
placement ductilitl' capacity of the
crilical conlponents.
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