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'3 Design: General ™

L Esteca . . : '

11 MATURE AND OBJECTIVES OF EARTHQUAKE RESISTANT .

DESIGN

Engineering design is rooled oo tociely’s need 1o opumize Tt implics
considering allernale lines of action, pwcsing their cuntequences and
making the bett choice. In carthyuake enginecring, ¢very alicrmate bne of
actian includes 1he adopiinn of beth a structural syslem and a srismic desipn
criterian, while micssuing comscquences imphics estimaling struciural e
sponse and henee The expected cost of damage. The choice s based on
comparisen of initial, mainlendnee and repair cosds for the various
alierpelives, However ohvious theve cancepts niay appear 1o the authors of
designcodes, they afe often pet e plicit inhose codes and henee they are not

always present in e minds of Uwie who apply design preseriptions 0

practical prohicos. Equally eonceuled within the regulalions of seisTic
desien endes are the approaunativns inaplict in conventianal criteria far the
prediction of structuta] response: 1he aweudfacy of their prediciing is alten
strongly dependent on the 1ype of strucluanl s3alem considered. Hase shcaf
cocMicients wid design response spoctea are (ke as meusores of response
i rameters, us the Giter are uswally eapresact i ber s of geeeferutions and
cquiralent Tateral frrces acling wn hoear eystems, flut these variables are ng
more than imdirect measurcy of system performunce during carthyuakes:
they sere 10 contrel the valucy of mare sigrificunt variubles, tuch s lulcral
Jellections of sctwat nonfinear systems. ghobad and locul ductilitics, and safily
marging with respect W instibilily failuee Bsecond-arder elficis] Begause the
relations of control variables 1o setwal tesponse are alleeted by the 1ype and
features of the struclural system, betier designs will be vhiained if these
relations afe undersiood and accountcd for, in contrast with blindly applying
conlilicd recammendations. In scismic design more than in any ather field of
cngincering, it is casy 1o fall on 2 atrict — bt blnd — application of the most
advanced repulations and e e preduce 3 uructure bound 1o perlarm

poorly. This chapier docs nol intend 13 summatize modern design specifi- -

cations; il abms, inslead, at diswsaing the main concepls onowhich 1hey are
based, analyzing thair virlues and thew weakneocs, and stating Lhe
condilions for which acccptable resulls are 1o be eapected. |

Codified values of Jdesign imensilies and of allowable values of re-!
5 pons.;lkuntml variables stem fram formal of informal cost-benefit siudies. As
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imphici in these studics, the gereral goal of aptimization can be eapressed in

terms of direet, particwlas objectives: scismic dosipn aim: A reotiding
adequte safety levels with respeet 1@ collapse in the face of :xccm:unutly
imense carthguakes, as well s with respect o damage (o adjicent
COTS I TUETians, il 18t sechy E0 Prolecl sireciures apainsd chuessive materisl
damage under 1he action of moderae intensily carthgquakbes, 1o easore
simphicity of 1he required repair, feconstruction or sircagihening works in
casg diniape Lihes place, amd Weprenids provection dgainsl the aceumulinion
of siruciural damage dering serivs of cartbquakes. Finally, safory and
comforl of actupants and of public in generalis i be preserve by ensuring
that stroctutal feaponse during modvrite intensity carthquates will not
exceed given telernee levels and Lthat panic will net oocar dacing carth-
quubes of moderate and high intensiny, particubarly in buitdings where
frequent pathering af people is expecled.

Achisscmment of the Torepoing obpectives reguires much more Lhan
dimensioning structurl membyrs for ginen internal farces, Thimplecs e prlici)

. considvration of thos ahjectives and of 1he problems reluled with nonlinear

structural reapomsg and with the belusior of materials, memburs, and
connections w hen subpecred (e several eycles ol high-boad reversals. 1 fanplies
a4 wolf lentlying serviccabiliny conditions and Tormulaling acceplance
critetia with respeet 1o them !

12 STRUCTURAL RESPONSE AND CONTROL YARIABLES

4 3z OQuciility

L s mm _'i_“"ﬂi'-'!- A structural system is said 1o be doctile i it is
capable of undergoing swbstantial defarmalions at nearly conviunl load,
wilhout sufTering excessive dumuge or loss of sirengih in face of subsequeni
hrud applications. Corves T oand 200 Figure L1 show iypical lead @ vi.
deflection y relatians for first load application in dectile and brivtle syatemes,
respectively, Curve ) carresponds 1o the response under laleral 9ad of an
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ey g R | A8 pot “gh hm curve 2is 1ypical of weakly reinforced hollow block masoary,
e WO - Dt en the cffect of several loading oycles has 1o e considersd, ductile
\\\: §_ ] Ic- :;lilrmru:laln::lnl.hclnl'n:rrcd from louking only ut curses soch as 1hese foe irst
N 5 \ I o Jppllcalmn: damage produced during 1k firsl eycles may bnpair the
i Ii :I}slll::; § energy absorphion capacity for Eubuequen cyeles, znd oiffnes can
N 4 . r.lgrr c, as in Figure 3.2{1:-1; |}mculpl phaw masenry sheas walls conlined by
e 3‘_‘_1_““* _ 3 rein wreed conerele [iames "'_, In Lhis case, s1iMfness degradation is associaled
. :H?,___ wilh diagonal 1enston eravking of the fnfllhng wall panel and e enseing
— L I = — - r:;u!ulu:ll straine, Pri:clls:_utly- sahle hysierelic cyetes found for strulural stecl
i . R " ; jyeunint ¥ as sI:mwn in Figure 3. 2(a}arc vy nony mous wilh neehgible damage.
§__h_ - = B \ 4 As shown in Section 122 ihe abilily of sirceturs] sysfems {0 (ospond 1o
. ~I “.:“ , ]}:umm excitations according 1 faad defleciion curees similar 10 Fipure
o ; [a) provides support o conventional s i designocriteria, which require
. l sLruciures Lo susiain anly a fracuon of the Lateial farces they shauld have 1o
— 2 J :::ﬂ.l would they be demanded 10 rerwin within Their linear ranpge of
e —— —— - havior during streng curihyuakes, Thus, salely against callipse can be
: . T provided by m.|,L||]h,.1 structure sIFong, by muking ¥ duetile, or by Jesigning
5 . L it for an cconamic combinulion of both properies. Far some 1ypes of
L ) mlu.::uls and stirectural members, ductihty 13 dilicull 1o achicve, and
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ccanamy diciales designing for relatively high tareral lorces; for others, -

providing Juctility s much cheaper than providing lareral capacity, and
design e actice 1oflects this. But matedial ductibty docs not necessarily imply
aystem duetiliny, as I'-S effects (that is, inlcraclion berween Jateral defleglions
and inlernal forces produccd by gravity loads acling on the deformed
siructure) can bead to insiability Gailure when the effective lateral siilaess is
100 low he Fipure 131

Monhnesr ducile behasviar of comples sysiems useally stems as a

consequence of bt of Goacentrered ductile defurmations that 1ake place al
those purticular sections of a piven siruclurg where yielding sirains arc
reached IFigure 34y Mumerically, local duciluy <an be eaprosscd either as
the ratio ol 1o1ad 1o 2ield-lenat cursal ares 2t @ gisen seelaon of as the ratio of
fatal o piehd-lmit retitian a2 ngmber eind * 4, Globol or weerallduenlity isa
propenty of a load-deformation curse expressed ia Llerms of Lhe resultant af
extetnal loads acting on a Jarge portion of a gihven syslem. For invance,
hwikling frumcs are ofica deall with a5 shear ysiems for 1the purpose of
cetinaling Lheir dy hamic nonlicar response 10 sasmic eacilation. Glahal ar
averadl dugtibtics can 1hen be cwpressed inoteoms of 1he curves Lying sheae
forces with laterad distariions. Mumerical vabues of local duciililies de-
lermincd by the above akiernale crileria de st coincide among themsslves,
nar decy averal] ducrility at a given story idealized a3 2 segment of a shear
Bram coincide with 11 values of concentruted ductilitivs developed at the
corrcapanding locutions of the story, as overall ductiliy i 4 functian of the
ralio of . the contnibilions 16 slory diwertion of conceniraied ductile
deformatians and distribyied elasue sirains. Because beams are wsually
capable of developing larger ductilwios than columns subjecied to significant
compresive louds, many building frames are desigoed under Lhe 'sirong
column-weak girdes' crilerion, according 1o w hich dilferent load faciors are
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Fi.p !.-l Laral and prectal ductibl) pmder Sorrrol bowds, (o) il i 1% fuafore swy hoalve, kl
' . , wmwhiaaroul pilding, 14] segueanial j'lri.d'uw
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adopsed lor diferent inlernal forces 20 a5 o makc yiclding much more LiL ely
al beam- than at valumn-ends. Linder these condilions, signilicant couphng
is intreduced belween nonlinear deformanont of adpdcent stories, and the

shear-beam model may <ease 1o apply. Whether the mosdel in guetiion -«

slrictly applics or pol, nemind) siary ductilinies arc ondy imdcaloes of Lheir
acal \:qu. and lealures contnbuwimg W ductilny cnnceptranwony hasve Lo be
held in mind while designing.

The relavion between loeal and overall duetliny is illustrared for a simple
franw in Figure 34 Figore 3dib) shows 1the wdeal gasg whore momant-
curvature praphs al orivical sectisns are clastaslasti and §whding i reached
simuftateonisly an the four colump-cpdy, 1T e frambe b forced Le wedcrpo

v additional defarmanang g copatant laad, Twal cursdtunes al the yielding

locutiony will increase and the Laeral defleytion of 1 framye will prow from
¥, 10 o AFigure 13clk Local dutilng can be meanurad by whe ravio of the
Onal and pickling values of The curvitures mentivned, Ouveral! Juctibny is
piven by 1.0, and b Function of Lol dactibny umd of the lengilis of the
me b sepmends along which cararores will be groatet than their values al
yrelding. T bengths ure ungtions of thee 1y po of muienal, the ol details
and the relative saridion of beading momcnd ordinaies amd strociural
scclion streapih

Consides now a frume subjected 1o o consiant sssiem of vertical Joads €,
(Figure 350 vhat produce anininal siste of interaal forces, I a syoem @, of
Tareral keads is pradually applicd, the sedinates of berading ssonpent disptamsy
(B and jct will be adduinve at some locations and sutetraciise at glhers.
Yielding will occur seyuentially, say i the urder DL CL B A, piving place 1o
the boad-defection curve shown ik Figure 3. 0d] Local ductilnigy wil] diller
al the mentigned locstions, they will Jepend, among other things, on \be
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Fig. 13 dachui hrflnsww umder lrrhrl]' ond lurere! boads {a) fands, th] veniival- M
nm',m.uu, te) Lrserul fod ompimets, (41 cewwhing head deffeciion curie

arder in which they reached their vield maments, Where asial lands urg

imporant, ey can have a significant muence on Lhese maiments.

The fallawing sections describe (e yuantitative celaionships tying
duciility demands with sireogih and wilfnes in sunple siructaral B alems, 45
well as yorne problems found when trying 1o cairapolaic those relatianships
10 camplen syslems, repeesenlalive of those encauntered by engineers in 1beir
design praclice,

L i
D yapmic response uf simple monditenrs spstems A uswoal wlealization of
duclile strugtures by the efustopdutic syslem with laad - dellection curve as
shown in Tigwre J6b), with siilfiess & o the lingar range al behavior,
coelficient af viscous damprag o, o 1ap mass o When The syshem respomls
Lo a situng c_jrl]1|.|u.|kc the i men eebnve displacement Bwill esceed the
pio0d deformation r. whale i o vimuan Lieea | Toree will remain al e yichd
vatue i P4 effects are poploctal. b ulaic is said 1o occur if the ductility
Jdemand By, i preater than ihe avalable ductiliny g, Figure 3.7 s a plot of
yield deforinatiwns required 19 make deculily demands equal 1e avatable
dugtiliny for dilferent values af ihis parameter, for the range of paural periods
Ieommpmted in Lerms of Ve initia] tngept s1ilTiess of the clastaphiytic syslem)
mast sigmifeant in praciice, and forlamping ratio { =05 (hm) ™" voual o
W13, Pacwder-nccelerntions & B cien be read an e proper scale in the same
plot e pection af thesg curves shows 1L, provided the natoral period is nol
100 short, required yield Jdeformutions = and henee reguired bane shear
., cocMcicnls — vary inversely with ductilny, The sarw conclusion is reached if
. one reads along the s¢ale of spectral puendoaccelerutions. Bul this faverable
.inffuencc of ductility in reduciag (he required basc-shear coeicient is lew
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pronounced in 1he range of shorl paturg periods, say sharer than 2refe,
where roand o are peak volues of prownd velogity and occeleration,
respectively: A5 the system becomes sifler, T tewds 1o zeru und spectral
pueudo aveeleration lends ta g, regardiesy of g, vseming that ) has 10 remain
' bounded - Acidal values of lateral relative displucements are equal to py.
* which means that, for moderate and lome nataral periods, 1those displace-

» i ments are nearly nsensitive 1o p, whilz for secy shorl natural periasds they |
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" tend 19 be pmp-munna! 1a p. | The resulls just dmcnhtd can b= nl.'un!-td A

follows: if a simple clistoplastic 1ystem with inisiat atoral percd Tis 1o

develup a dugtdity factor p during an carthquube, the required hase shear
cocllicient can he obtained by applying 4 reduciion fagiag 10 the corrcspandd-
ing speciral walue for an clasiic sysem havipg equal nalusal period sad

damping, for moderare and. long walues df T, the reduction [aciar 5.’

approaimately equal o u” ", while for shorr paural pericds o0 will be
camprised betwesn p”* and 1. Relatnve diplacements will squal y times
those of 30 clagtic syatem subgeried o 1he reduceyd hase shtar; that is. they will
be approvimalely equal 1o those of 1he claslic sytiem subjecled 1o the aciual,
unreduced Sarhguake, if Tis nottoa sharl, o 1o Limes e Latier salues f T
is nearly zero, Thiy is shown by w culllpdrimn af the dashed and fall hiscs in
FEIELI-I'C LN i

Similar conclasont hare becn derived B oiher canhquak e tecords
shiained on firm ground. Although 1hese conclusions can be expodiod 10 be
quahumtly valld for solt sl condilions, corpesponding uppmum;lc
quaniialive rules are slifl 1o be derised.

The [aregoing conclusions buve 10 by mediicd when considening systems
wlhuse tespong: cannoed be wyulized as clasioplasic. Qiher wsaal idealiz-
ations are depictid in Figares 38e) 1T Laleral sirengily regquited for nol
cxcending given ductility demands in Thes 33 slom arg as a rube gpreater in 1Q
1o 507 than thase valid Jar the conventional clasapdastic system® 2.4 ", In
the asymmensic clastoplastic ¢awe, y icld strenpth v Julerent for cach dlm:llon
of load apphication. TLoccurs, far instance, us & consequence of gravity Toads
giviap pluve te incroased of decreised litcraleapacity of Lhe second siopy el
the sysicm shawnin Fipare 3B, depending onow et bes the vertical redction e
farce 4, ransminied 1o beam A B 2t O, is direcied upwards or downwards.
Slip-type cwrves (Fipore 391 uswally sicm 23 a result of Jaleral knads Ting
carricd by elements such 3y cress-beacos of Ue-cables, which can only carry
tensile slreuses, Yielding claslic cufves arg close approvimations 1e the
behaviar of wme prestressed concrale beams, suhjeed to anting mmetri
cnd momenty those cupes are aflen characigdfised by sory narrow
hysicretic foops. Deprading curves are lrequently Tound inosyslems where o
significant portion af Lhe Llueral rapacity 1 due Lo members buill with britile
malcrials and where no spodial precaution have Yeen 13kon 10 presend
cxeessive damage in cach cyche of load application. Such 1 the caws, fTor

A |
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» dnslance, in m.isnnry shear diaphragins or pum[) ¢Ic1.j|1cd1rcmrur:¢d

conereie frimes,

Unslable carves (Figure 3.{{1!5}“ produced by Lhe J|1['|lu.'l1|:r.'! af sipnaficant

DLSIGS. GENERAL &3

v ertica! Inads acting on 1he displacements ol the deformicd strugine, The
iflucnee of jpatatildy £fecls an ductildy demands amd on silery soainsl
callupse can be much more drastic Uan that aesogiated with e feaires of

o the curves previously discussed, and s wsually contabled imclesdgn practice
by the specification of ampliication Tictors Tar kieraltdelectiony and

| ernal forees that acoount for increments asociated w |'| I segund order

:JTL.CIS . o

Dueniti - dettignds fn cumplex spndvarns Looat) ductibiny |.1l.':l'ﬂ'.ll!iJ5. vary fraem
pointl 1o ping, Their disirhbation deperds on thal fal lacg] sirength
¢ Throuplnnd the sysiem, with significant imeraction laking place bviween
energy dissipation ot adiferent sections, The penceal padeens of ducility
sademunds in complex systemg have been studicd almosd cugjusively in
1 birilding frarmes, iWeatisod wither as sher Trams or as assemblipes of beams
andd eolumns where yrelding is resiricied teovcor al phostic hinges localed al
the bar ends, Some resulls are plonted m Figures 110 and 317 for shear
.-,,' bearmy and Trame syslems, respoctisely. Lach set of resnlis gorfespands 1o &
¥ diMeron seh affimalated carthguakes with frequency vanlent similar 1a that
ubseried voder notinal condiions on fiem growra in the weslern couast al the
CUnied Sates, Strucieres weds designed foar the average ordinates, wih
_respect Io cach se of mpfions, of the claslgplastic response specirum
corresponding to a ductilily facier of 4. The syslems in Figure 310 were
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devipied for the contribuwiien of the fundamental made of vibration alane,
while o Tigure L1 was desipgned for the superposition of il foer nateral
Ingwles, B0 accurdance with 1he ererion of siguire raon of sum of squares
alvuied i Bell 100 The Joud faetor was i wll cowey Liken as uaity,
Ductilinies were expresseel m Lerms GFstory 5w for Lhe shear beams and of
Togal curvature b hinges for 1he Tramed system; thus, their absolone yalacs
cappal by compired, Their sariabilny throuphoul Lhe bulkling is evident,
howewer, 25 I8 the occurrence of Lirpe ducnilities al the upmer porlion of
sysiems far which che response assoiated with hipher naneral moades was
meplected.

Mure prorounced variskality in guenlily demands has been observed in
some shedr systemy with Dombamenial pericds shorer than the dominant
pe o of the ground motion, snd in these whose salery Factars with T:ﬁ;u:cl.
ta desipn slory shears vary sipnifivantly throuph the building height
Such variakility may be a consequenee of architccieral requircments, w h::h
wlign load 10 10mMe s1orics posstsifg clements stronger Lthan they nood 10 be
in order 10 cemply with Lhe weismic cocflicicat adupied. When this bappens,
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! decbteh ‘ : e rt:l:ln: contribution n(rat}_l story 1o the hysterevic dissipalion n{kinﬂic
o catf “f ‘ .r'JI'f.S '?. encrgy chanpes, and 1hose storics possessing the smallest salety laciors are
L e .1--:/ e feo subyected 10 highet ductibity demands than of vhe salory factor were uniform
mufared ead ? tea Fedliroughout the structere. When these increased ductility demands cannoy be
et with adequate yiclling capacity, the lateral farce cocfficient has 1o be
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ruiscl, Becavse af the large displacements implicd, slemlerness effecis may
beeome specially significunt. -

"™ [

Struciural sliffness controls nalural period and hence seismic forees. The
huter are lower fog onger periods, 1hit is, Tor small sulfneswes, but then
displacements and deformunions may become eacessive, b addition ta *
ensuring adeguate salely Gdiors apuinsd collapae, seismic criltery showld aim
at controlhng deformations, beeawse they are dircelby responsible for damage |

-, 10 nonsiruciural elements, impact with sdjucenl éruciores, panic and
o, . T discomion.
SulTncs is nlsa 1he gain variable ml}g‘tmllml salcty sgaing) instahility.
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ductile struciures (Figure 3.3}

Laleral dinplacements and inlernal forcey swoduced by harirontal groumd
mation are amphlicd by inicraction beiween pravity Tuads and the displaces
ments mentiancd. The amphficawon funcuon varics in 2 nonhinear Lahion
Wwilh respoct 1o Lateral stilfmass and reaches very high salocs when the Lainer
variablc approaches 3 ceriain oritical value, In duenle diudtures, safery
Bpains Iml.l.hlhlj Lailwrc iy & Function of oTeetive stlfness, that is, af 1the slope
of ihe line joaning the origin of e forcedeflection praph with the point
representing the maaiam doftection and the correspoanding lacral farge un
chastoplaslic sysiems, this @5 the same ay the walue of the tangent initial -
stiffness divided by 1he doclibny Gictary, The increasing ratc of sariation of the '
omiplific.tion funclion mentioned willy iespost Lo bateral stifacss when the
laner is made Lo approwch s Critical value hinders vhe possibgny of
designing for very small Lucral farces ihrough 1he constenction of sery
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Ductile hysierctic response provides & manner of transforming and
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dissipating Lhe hinetic enetzy imparied 10 a struciure through its base, Such’

reypomse usnally implies some degree of damage, and possibly the de-
terioratinn ol the syagm 1o \\ilhsl.md fulare severe r:.n'lhi.p.lhn Ih:l‘l.rg
My sccumulate Ill.lrll'I; suykessive evens, andd the Syalem’s (‘Jp:lul} ntay
M"lmmlj‘ i, Precisions concerning the estent and besel ol damage that
it ks s ivable to oot i aeostly of a0 cepnomic nature, In general, the
degree of sicuvtural damape and als harnmlul effeets am fTulnee performance
can be comtidled al sore cesk throwgh sehection ol adegate matenpals and
cuairclivn dyimls, as deseribed in Chapter £ Dhomige 400 aunsb octaral
mgivters tan be presented Haough Mieie asulabion fom the defurmativns of
the structure. Yo eyer, soomy may diclote lakimg i vantape ol energy
disaipuiion assecinted withdamage. Areluecturaleloments ar ad how de viees
cun be e for (his puipose {Figure 3121 Inocither cose, consitderations onh
facility of repit ar replacement shold form past of design,

The uxe of metil bamids dround partitions as shownon Pigere 302000 may
servie (e purpoies of limiing the lateral forees bt dhe wiruclure will
iransmul 1o the p..nninns and an the same fime whing advaniage of the
capacity of 1he partilions (o resist such Jorces and making wvse of the energy
absorbing capacily of the bands™ '™ I'n ether cases, designing for significant
damage on parlitions may prove 1o be allraclive. . . ¢ o
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Anchor hols that sl duning severe proosd molion can privvide
profcclion 1o slender chimmey shiks apainsl locad bockhing or oserall
bendiing Fuilere® 'F, o the gy pense of ponrecinerable clanginions. Adegquate
perfurmance of anchor balts during sequences ol eanhguabes demands
.u]jul.'lin',_ s afler cach evenl aid n.|'l|.l1.'l4liI 1l bty For w b e L suom of
previons residial cloagitions is eaessive,

Laurpe concenl e defornwatrans e regnent an ypandreh beuams conncut-
ing coupted sheur-walls {Cigurs Y HOE or & e ends of Beams mecling
shear-wall cdges, and hence comlitale whguate locations fur encrg_-,r-
Abmarbing devices.

Partiulisalmion of building [nund.uu'lm Frum Lhe prownd mation has been
advocaled as @ means (o onaliol siruciursl response and ponsiructural
damape’ ' 72 lwaluting syslems may consist of pads of very feaibls
matenial, assemblapes of rollcte of the ke, Relative displacemeniy beiween
foundation and pround can be contrulled by means of passive enerpy
absorbing devices located al the ground. fuund.umn inerface (Figure

3. I;?ib]_l.
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3 Design reguircmenis and basic principles
L7

The arl al doipgning for canthguakes docs not conmist in producing
sruciures sapable al withstand ng piven weis of Jateral forces, alhouph thay
pability is pan of a sound Jesipn. [t imohves producing Systoms
- characierized by an oplimum combination of propertics such as sirengih,
suflncss, enerpyabsorpiion, and ductile-Jefarmation capaciues that will
tnable them to respond Lo freduent, maderate rarihquakes without suffering
sipnilicant damape, and 19 exgeptional. sovere carthguakes without co-
danpering 1heir own stability, ther conlents, o human life and limb

© Achicymenl of this purpose means much more than applicanon of codilied
riles; it demaneds wrderstanding of 1he basic faglors 1hat determine the
seiwmic response of struciures, as well as ingenuily 1o produce systems with
the required propertics,

Coalified requirements ser optimum devipn levels in agcordance wilh
implicil cost-benelit analyses thal bulance initial constrociion cosis wilk
eiperted cowts of Jamapge wnd Lolure. They also recommend eriferia and
alparithms dedted adeguale Tar the evalualiop of the dedign actions Lied to
the aptimum design lesels, These recommendaliony serve Lhe purpose of
implymgnting sulciently simple design ¢riveia al Ihe expense of narrowing
the rampe of conditions where Lthey give pl-uu ko lccurule predictions of
respuemse. TEis Lhe role ol the mrm-,cr o reevpnize 1he possible deviations and

to appl} basic principhes Befare teying 1o c:ll‘dpnhlc ;,u:lumljuqu:ru..ml:nlsia.

" the particubar probles al hand,

Siatie criteria of seismic design are stated in erma of 1he coelicienls by
which the masses af each strectune have 1o be pultiplicd in order 1o prodwes
the scl of Tateral fuices 1o be degigued for; bul in most cases those coelMcients
stem [rom the dymamic respdnse of lintar shear beums possessing appre-
ximulcly wnilotm distributiens of mass and s1ifiess. The meaning of the
mentioned Lilen gl fonces must be oearly undersiood: they aim at prosiding »
disgram af story shicars thal correspoand 18 conusient saloly lesel:; but they
(ail Lo predict anher sipnificant effg1a Thus, retluction factors for overlurning
mament are required 10 accouni far the Tacl That maximum sory shears do
nol poour situhancously, and apecial alpepthm have 19 be ned 12
determine Wcal efferts, such a4 response of appendapes and diaphragm
sresaes in Roar syvems, corrspondm g 1o salety kescls consisient with thase
intcnded for slocy shear.

Ixynamic criteria of design wsually require performing a modal analysis,
and henee variatlity in masacs amd shiffncsscs 18 accounted Tor in Lhe
computalion of [he lateral force cocicknia. Modal analysis however fails to
pecdict the influenee of raplincar behavior eacepl for 1ome virnple cases in
which hysteretic dissipation of energy it Jdisitibuted unsformly 1hraughous
Lhe system and i is uncapa bt alpeedcling ducilily-demand copcentralions
and nenlingar ipteractions for the simulanceous aciion of several ground
motion camponcnis. Whatever design Sriterion is adepied, depariueet pf
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actua] sondilions f1om these leading 1oy uaiform encrgy dissipationbaw W
be recapnized and i posable influcnce on behayior eoaluaol.

Given a st of desipn reyuitements 2w] repwnag comtpol vanahble, 8
crivesion of siruciugal analysis capabkt of predicting with sollicical agcuracy
Thares 3 ariabiles musl Be appead 10 deicrming internal foroey and defarmed
conliguraion. Simutiancous some of the sgndfican! conipencals of pround
mation has 1o be comidsral, inciuding a waling Lacinr appled 1o gash’
componenl i arder 16 gcceunt for iy protable value when Uk mavimem
aboluie s slue of vhwiz combinatian Libkes place (e Chaper 23 The critenion
of siruciural analysis adopled musl be such s 10 evagnise the posuble
concenifations of nonlincar dwhavkar sod 1o allain o sulliciently low
probability 1hat 1hey occur at wedesirable bocalions, as a consquence of
inaccuracics of thal critcrion. This means thal prediction af deplaccmenis
and infernal forees must gucawnd Tar siffness and continuity. imloding all
cgnificant deformationy; in partcolar, P8 ofocns must B comiderad at
least by means of an approvmate analysis imeadod v deline the desirability
of more refined studics Sorne buildimode pepulationy siate simple rules lor
decisting when P = A effccts can b diseegarded * ', The coninbution of the
so-called nonsiructuoral clemaenis o sliflpesy shiald pot b neglevtal, unlovs
those elements ane propely isalaied from the situciurg of il i slawn that
they cam ol be harmlul 1o ity behasiar.

Anteniion should be piven to inertin forces associged with all ul,mm;nl
camponenls of Joca] agccleralion, ndmely enpular geockeration [ratatienal
inertiag- of wmbrella:like canonics or wpments of slacks and sertical
acceleratjons of long-span pirders i bridpes or indusipial bents. Bmbors pes
of acccleravon are produced by horipenial, terncd), or rotations] ground
RIGIICN.

Advyuaie stress paths mast be provided inarder W guaraniee Lhar deipn
forces can be trunsmingd down 10 1hy lounduivn. Defurmabibiny of the
subslrociure amd of 1he prownd underlying i mws be eotmlernd when
defining the stiltness motia of 1he whole sy viem or The suppaarl conditions of
the supersiruciure on the foundanion, Dideibulion of conlagh presores
belween pround and substructure showld Be cormpuled oo the hassy thal no
tenstle shreises <an be Iranwminted an The interfage, wnless spwcial prosisons
are taken, such 33 the consliuction af anchors or tepsinn hedring piles.

Saltty of steuclural apd neasiiuciurul clements 18 withsaml the eecrs of
local aceelerations should be stwdwed: in paricular, overturning of watls and
parapets produced by forces normal 10 their planss musl be provented by

- m aEEE g, m - ammmwtt - aw omwet

132 Framing 33Mema

Decitions cancerning the seksuan of a framing sysicm are inflluenced by

many faclor. Baik erieria are best jllustraied by discusving some Lypical
problemy, a3 done in whay follows
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Fig 11 Siffeming riewami) T
Stitheaimg elemenrs  Continuaos frames can usually resisi wismic forces by
derveloping rather uniform stress paths. Their main aswel ik thal they can
craily B desfpred and buill 10 25 10 withyland large duchility Jemands.
However, theie efficiency, based on the bending capaciy of beams and
ciurnine, is lewer than That of systems that basg their sercngth on Lthay of
clements subfectod to simple shear o awial lorees. Desides permitning the
deschopment of larger ateral capacities withoul excessive costs, stifening
sysiemis can be decisive in the contrel of Jamage assiated with falerad
distortians. Bul econamic and archilectiural consideralions may preculds the
wic of these clements in spme instances, and they may show significant
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tevhnical disadiantages in others. In 1all buildings, enhanaad sullpess is
walfy peonvided by diaphragms and cross braces; the former buih in
ienfarced cancrele & masanry, the Liner in reinfuiced concrete ar sicel
(Figure Y131 Use of cross bracing is vsaally wo be preferred over thar of
diaphragms in lgw beildings and indusirial bents, cvcept i ihose intandes
where the diaphragme are required for archnectugal reavens Tniniermediate
and 1ull buddings 1the reversd is wrtally (1ue, moinly on accoum of the large

crass-sectianal dinemiom thal would be required for the bracing members”

and of the wrious problems posed by their ancharape, particularky in
reinforced concreic alructurey

The eMicienty of crosi-braced bayy and shear walls is reduced as their
aspect ratio (heighi-to-width fanio} indteases The reason Tor this can be
undersiood from Figure 114, which compares the deflected shapes of a
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continuous rame aciing essentially as 3 shear beam w h:n both are sul:r;u:lbd
1o a syuiem of latera] forces. For equal top defleciions, near the bottom 1he
shapes ol the Neveral beam will be much smaller than Lhose of the shear beam,
bt near the 1ap the reverse wall Be rrue. The greater the aspect ratio of 1he
Aexurat beam, the mare smportani widl be this dfect. 1 Tollows that, whena
system of [ateral farces is resisted by 1he combination al a conlinucus [rame
and g slender wall, ihe Lagter will 1ake o significent portion of the Lotal story
shear imthe Tower stpries, bt will il toodo so i the upper ones, as there the
wall will end Lo lcan an the frame, instead of lelpiig if 1o = nhsiand the 1012}
story shear. The eccureence of large roLativns of the wall horizomal seciians
piv s place 1o excessive lncal deformatiogy ynd ductibty deningds a) the ends
ol beams connected 10 e wadl cdpes. These problems can be apprivared by
the occurrence of signilicant displuce ments aaacited with the flesibility of
Hse Townd anign 21 Lhe bise ol The wall. Adeption of cross seclions as shown in
Figure 115 can signifcantly enhange the elficieney of 1lender shear walls by
mgreasing their Neswral stdTros: bul the mast eflatiinve manncr of rnducing
asvcrall tending defloclions is 10 pel a3 wide & poriian of & given bay to
caninbute 1o overall bending aiffpess. Ip braced gytlems, (his can be
sccamplished by adnplmgmnﬁgunmm agThawn in Figure 31802} Where -
archileciural requiremenis foree the adoption of 2 aumber af separatc walls
in 1he same planc, onc selution consisia in couping stveral of 1hem and
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baams (Figure L1 ab) Then stems e problem of attaiming dusidke behas jor
in 1these heams see Chapler 3}

the ol shilfening elements may bring abaut alher problems: the Revbilily
of the Toundation and 1hat of the Mens dizphragms may b signdficant ia
comparison with thaeal the stilTening chemenis and hai ¢ 10 be accaunted foe
when obtaiping the distribotion of imernal furees Jneplane delormabnlity of
hutitonial draphicagms may becnme ety impartant in baikdings long in plag
where Lueral forces arg resisted by shear wally hwcaled near the ends of 1he
hnldang plan, Not only wilfness. but abo siten gl of the Naof diaphragamsin
their wwn plane becomes ther 3 relevanl variable. ‘

Fyamytey Tl disteessing influence of asynuneiry in siractural behasior
has been recognized, amd porhaps ower-cmphosired. Pl 4o aveid its
effeuts have concentrated an the prohlem of adjuwsiing stnencs so At Lo
avaid lorsional eceemtricities; but even i compuied eveemriciller are
nephigible, important 1arques candevelop, far inaance, »hen high siTneases
ol Lenlain wli wtural members onone cnd of ihe bmldm; rlamare balanced by
wery dissimitan efemnenis an the other, as ihe relative values af the conpuled
Willueswes may e Inde reliable. In addiion, cocemiecmies of variable
magrnude may aceur as a consequence of nenlinezr hehasiar, even'in thowe
cascs where conventional lincar anadysiz predichh no wondonal sirevses. For
Lhi% r£230n, it i3 desirable that siteciozey be sy mmenric not only wath respect
o !.l.llTnnu:s. bul also to 1ypes of structural mcmbers,

" Vaifwaniy  Adoption of very dilerent spans in a given fiame gives plice 1o
high thears and bending moments in the pirders cosenng the shortest spany,
These internal forces may reach crcesaive values in 1l buildings, and cven
give place 1o ahectuonable wuriabions on the avial wads of the adjacent
columny these sariations cat in tuen alfect foumdaion desipn. In low rise
buildings these e¢ffests may be insipmificant: the Jdegrec of wadaimity which
may b desirable in1all buildings may thos be abyectionable o ihe hower
oncs, il prevents taking udsantage of the irregubarly lostaled poinis pu
forward by the archinegr, For'instance, in {1l tenforeed vongrele Irame
slruclure whone Moor plan is shown in Figure 310a0 the arranpenicnt of
service wabls permity focating €olomns al paings A, B C, D Sch columns
would reduce beam spans, and hence they would be devrable ina twos o
five-slofy building: prahably, 1hey would he abyectionable inoa budding
having morc than cight of wen storios, Nevertheless, it may in onw casds be
advaniagrous to lacare columns al poands Lhat imphy Marked dicrepanciey
bernoen the spans of a 1t building v is then advisable 1o decrease 1he
slilfncsses of 1he girders connecting those cqumns, mainly by reducing their
depeh, a3 shown in Figurs LINDY | £

At a comsequence of vertical displacements wodueed by Jenpihening and
“thortening of columns, problems derived fram cacoasise stilfncu of short
Lpafs beamns tend 10 auprent. StTrRcis reductan called lor by a pood darign
for latersl loads might then be inconvenicnt because of imitations related
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wilh serticad boad deflectivns 11 s then advisable Lo project plastis bhinges at
the ends of 11ic clements under consideration. )

Hualdings hasing integular plans (hat inclode Lwe or more main scclions
Hnercontected by nataw corridors (Fipure L1%) posc special problems of
analyshy and Jesipns €vecdsine siresses o the coaridor diapkragms and
significant ve isting ferces in the building sections gan revult 2s 3 consequence
vl itieraction among those seetions Evaluation of these ¢lTeg1s 35 in peneral o
dIMicull pask including explich considyration al diaphragm deformabilig,
Loddat u‘-:”“f“'lli __fr_-éuf;glr_ﬁ!:wrl il G ian poims.

Snnnpered nes of defiree A Lorge number of buiddings base their lnteral
shicnphon e comd Pl u o ol Brinle ge mentls thal ¢rack whike thoy wbserh

' * enwrpy daring 1he sirorgeal phases of a shock, Design of woch Bufldings is
oflen done avaming o rediclivn in the clastic spectrel ondinates on acceunt
1 ef Juctiluy, as crackimg may by pantameont lecollapee, i porlormance is

preatly improsed, amd the dodipn forces Ffor o given relianbilily sharply

reduced, howeyer, iF the sysiem is provided wilh o second ling of defense,

cupabte aldeveloping o friction ol the latersl strengih of Lhe brittle elerments

vand of showing duclile belavior afier cracking of 1he irs, sironger wnd

. wtbully stifer system. This property has been recopnised by some building
. codei! 141, which apecify mearly equal duclilitics for morment resialing

v

1te prablem cun b stveessally hardled by maeans of praperly localed

DLSIGN. GE~ERAL 37
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! Fig V1% Bulduly brtlons interconnerted By narrum coreldort

structutal frames as for dual syviems thal resist lateral forecs by x
cambmalian of vertical bra¢ing trusacs, reinfoned concrete or renforeed
masunry shear walls wnd dueble moment resisting frames, prosided the
frammes take al least 25%7 of 1w preswnibed sesinic forces,

-
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322 Dwesign Tor ductiliey and enerpy alsorpritn

Menther locul nor glabal duclilvios can be enswred by wse of a ductile
material both praperiies depend as well on the types of potential [ilure
modes aml on ihe relative valucs of the salery fzetors with respect 1o cach af
them. Thus, anscl of insabidny precluded abing foll sdvapage of the
duciility inhereatin the materialuwsl in the siroctore of Pigare 1.3 Wil the
stress-steain law for the material can be represented by Figure 3.6(h), the
relationship Berween Lngral foree and displacement s betier descritsd by
Figure Yé{d), and 1his mor-ducide curve will doninale spaem behavior
unless Vhe Bterul sdiflmess is iicrgased of 1he vertical Inod decreased: oaly the
finst af these actions i ardsparnly feasible. Likewtse, premannrg logal buckling
of a beam-llange may prevent the development of a dueiile plasaic hinge at
the same €Toss saclion.,

In arder 1o atain ductile ehavior, one mou idennfy poacpiial failure
mader. determine those chataciorized by duetily behaior, and adopi @ set af
salety factors leading o sullivicaaly low probabifiny for the cvenn than himi
stotes with respect 10 hrtale mosdes of belenioe will be reached hefore those
associaled with Jucile mowbas. Far insance, reduction fictors Tar fateral
forces specificd by Menicn City huilding code™ '™ fur ordinary moment
resisling Feinforced conercie frumes correspond 19 an Sswmed ductiliny of 4,
butl the code pormits that pacamaier o be taken oy & 0 some spocial

« -requirerients are salisficd. Amang thase requirements, Joad laciers of 1.4 are
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speciliog Fae britkbe-Tadlure lonin siies, such as 1hose assacinied with shear
force, Lorsiom and Ywckling, for the superpesition of pefimanent kuds and
carthyugie, instead of |1 applicable 1o doctule Timin statesy.

Detaily und commertions Boeause plobal ductility of tsual structures’ de-
pends as a rube on lacol doclilnics of snall regivns, careful design and
detabing ol those regions is mandatary, In building lrames, yivlding isusaally

spestriceed 1o ocour il plastic Binges locared wn the weclions where e ratios of

) Dol y of awenthers aad sub:;-slrrms

CAPACIty (o aclion are lowesl. As arule, i 1y kaabk andcomenient o have
those sections 2l the member ends. Chapiers 4 apd 5 deal winh the apocilic
design criteria imended 1o crsare that sulficiently ductile plagtic hinges will
form at predetermined Tocations.

Nrinde modes of belasior are wlien he comsequence of eaceedance af
structyral capacity a1 some puiliodlar pepinns where-drastic chunges in
meehanical properiics of the struciural members 1ake place. As a rule,
brinkness of hehavior can in thase ¢aywes be ascribed 1o local nonlinear
buckling ar 10 stfedt concenlralians usually wndevounted for in ordinaty
design. Typical among the vulnerable repions ore conaections belween
strudhura] members In sieel struclires, logal braltle bebasvior wsually resubls
fruomy bowal buckbing or welding fatlure, whale in reinforeed conerete, problecns
of bond, diagonal tengion, and $iress pransfer between reinfercement of
dilferent members deminate. On account of the conpleaily of the stzesg
putterps wwally involsed, the problem is in general not only one of
brillencss but wlse one ol ignorince or carelodsacss in the evaluation of the
sbeugturad capaci p ol Hhe jownt, 1'ractcal pecammendations for evaloalion al
this capagity are provided in Chaplers 4 and 5 The condition 1hat the
profubiliy of britte failure s suliciently smalicr than that of Jwchile failure 1
aurained by adeping larper salcty faclors with fespect 1o Capaciny of the joing
than 1o 1hat of the members it connects, bul ofien 1he didference in salely
Cavions is insulficient tooverride the wide uncerluin ics 2ssech.ued with joint
behavior. ‘

safcly Tactors with respeci 1o briltle and duchile modes depend oo The
capattivs oTeritic.l secuions with respect 1o various combinalions of inerna)
furces and on the rafies between thase internal forees when the member or
subsyuem deforms beyond the Tailure limil states af the crivical secriong.
Thut_ s reinforced concreie beam acied on its cods by maments M, and M,
produced by permanent loads ard by seismic couples 4§, and AF; which
grow from sora de their fing walues, will anain i bending capaciny 1f either
AL AL or M+ My peach the correnponding sitonpth,. Falure will be
ductile if Lhe Bem is wnder-eeimfuiced, ig, i ensile eoding Tallure governs,
Brintle Failure will vake plice of the member is over-reinforced or
development of 1he be ding capacny is precluded by premature failure ip
diagonal tension. As coupks M and M3 grow, end shears vary as (V=¥
i, + ML), where ¥, i the effect of permanent foads and Lis Lhe
member span, and the member fails prematarely in diagonal 1ension if the

In members and subsysiems, ratios of )
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I Fig 119 La~ ductdity Ursclier

|
shear a1 either end reaches the beam capacily befare moments M, + M) lnd
Ay + ALy reagh The corfepuding bending sieenpihs

Lm,c values ul FAinply sinall values of 1he shear Foree for ghen values ol‘
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yiand bending Tolure is likely 10 dominate; duciile tehasior w u.i-'H
;uu.:i,:l{ e /oC

¢ al opdinary undcr-remnforoed members. For small vatues of

.H; ? ppposite will be 1he case: Britile 1y pe disgonal ienyon [ailure will be re athod

before hending failure, unless special precautions are 1aken 1o enswure Thal the
salely factor with respect 1o the former mode s preater than that applcable,
1o the latter, .

The cordision is often encountered in buildings with reepular plan, as
shownin Figure 3.1 3ak adoplion of a smaller beam Jepsh can ad 10 a ratia’
of shear 1a bending sirengubs capa ble ol ensunng ductile behavior. The same
problem is characteristic of the siructural sysiem show