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T ANALYSIS AND BEHAVIOUR OF COUPLED
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B - : : NON LINE}AR SHEAR‘WALLS‘ . . Lo 3
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This'study formulates. an approximaée'method and pre§ents\A S

.results of an 1nvest1gatlon of coupled non- llnear ‘shear

walls. Symmetrlc T—sectlon shear wall structures are
oy - | !

subjected to lateral loading 1ncrea51ng monotonlcally up
‘to overall collapse. ' . o — R

’ N -

s K xlNon—limeaf‘bepaviouf-is,assessed by thé‘iqtroducticn‘of\an‘"
elasto—plastfc continpum to ﬁodel coﬁnecting beams: flastlc
. hlpgcs are permltted to develop progfes51VQly up to and " -

’ “ indluding overallﬁogllapse. “The 1atter ma§ include base : -

. hinges in the walls as‘well as tétél or partial yielding\of

P
. - 1
-

“the connecting medium. Attention”is directed toward identi-
fying'pioperties of geometry add strength for the coupled - .

B . . . » .
N <. . ’ ) ?

at.pverall collapse. ) o . ' )

3oz

|

|

| .

%‘ I : system, as well as beam and system dpctlllty requlréments
|

|

. . [ ' ) : N o .g
- ) ’ ) \'\ %
‘. Addltlonal parameters have also been 1nvcst1qated . These . k{
e ‘ - % N ] S . to @ : 'i‘
T ~1nclude moment-ax1al force lntefactlon Ln the %alls and 3
B . . .
L ., .o effect of the loadlng pattern. The latter consxsts of a L

"

‘trlangularly—dlstrlbuted load togqpher w1§f\a concentrated

\J .

“load at the top of the structure. A
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7 - .. ANALYSE ET TOMPORTEMENT DES-MURS
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o Cette étude déve]oppe une mé(hnde approx1mat1ve d ana1yse pour 1e§ murs -

e

S ~ de.refend non—]1néa1res Les s%rUCtures des murs ‘de refend symétr1ques

L

e de sect1on en T sont, chargées de forces latérales augmentant de. fa- \
z * ‘) \ , v R N -
~gon uniforme, Jusqu “la rupture tpta]e. : '"..“ R

<
-

., - - . . N B -
. hd - e

Le comportement non- ]1néa1re est par Ia su]te Gtudié-en 1htrodu1sant

‘
- -

N ‘ o " dans e mode]e mathémat1que du systeme, un m1]1eu é]astpr}asthue con- °

ae . t1pu et homogéne. . Le dévéloppement progress1f des.rotu]es p]aﬁtnques

est ensuite permis -jusqu'a ‘Ta rypture3fota1e. "Ce dernier peut inclure,

~ .
. . - . te -

S la'rupture totale ou partielle du milieu de liaison. Une attention spé- =

¢ , ciale est po;tée eur l'idenpificatﬁbn de 1a Fofrélation‘des prepriétées ‘de
‘ . -géémétrie, de résistance; eF de ]a.QUEfilfté aés poutre§.etfé£s hues'de‘
) & refend. | ' | D
{ L'étude détaillée d'autres paramatres a aussi &fé effectuée. Ceci '
' N “'; _— inc]ut ;: ction réc1proque des’ moments forces axxa]es dans les murs ‘et ;f

1 1nf1uence de la- manlére de chargement Ce derh1er‘c0n51ste d'un char-

<. ™. gement, croyssant unwformément de facon triangulaire avec une force con-
s o a

\

N
centrée au sommet de 1a structure - -

. ) . . . . - —_— - * ‘
. non seulément des rotules dans le bas des murs de refend, mais aussi - . .
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< * . oo ~
elastlc wall rotatlon . )
g ‘ RS ' T

. . A .
L .

. i oo

N f
* -

cpeff1c1ent related to stlffness parameter

rotatlon dubtlllty factor of cohnectlné beams,/

LY

system displacement ductlllty factor- .’
.
| . , o ) .
nonvdlmens1onal dlstance from top of struc-\*’
ture = x/H y -
. ' ("

.

=‘position of the critically situited’ lamina

- “ v -
. . g -
‘o

dumimy variable T e T .

. « . . &

ratioc between the horizontal point load .ap-
plied at the top and the -lateral trlangu-,
lar load . . ‘ . . e
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uake excrtatlon without collapse, even though a certain

~¢an be’

' requires knowledge of,the.nonqlinear behaViour of the

_strugture. L R

~

AL
) i
Y '
. oy .
" - - 7 » -
- tl . . e o,
) CHAPTER I. . - o
- , - * ,. . R 2 .
. L INTRODUCTION A B
b C e .0 . . s
N . N -, B “ ) . ) . e L ‘T ,
1.1 General o [ T

- e . «

The current phllos0phy of earthquake re51stant design hs

that a structure should be able to wiﬁystand maj ear thg-

- . -

amount of structural damage ii;incurred.

metiecohomically by'introducing shear'wall elements;~it

whlch,“if properlyldesignedf provide ductlle behaviput vi—‘

tal to such“aseismic.design; | ‘
: o -

However, to arrive at this

.

Very often, windows, doors and service ducts require open-

ings‘in exterior and interior'shear'wallsz\ These openings

. normally cccur an vertlcal rOwWS throughout the helght and

are separated by either connect&hg beams Whi'h form part

of the wall, or floor slabs.0 The terms often used to des-“

_cribe such walls are coupled shear walls, plerced shear

walls and shear walls with openlncq.

. 1]
i . - . \

\ ~

Theorles for the analyszs of shear walls were fully for-.‘

mulated beglnnlng 1n the 1960 s, and three basic. technlques
-8

‘exist: (a) contlnuum approach, (b} frame,analy51s, and (c).'{
finite element analy31s” o ;’ ~ .
. N ) ""r‘ ) ’ * ' )

t v

" This reduirement - B

. e




-3rﬁThe reehlte of carfief works on'elaetic‘analySLS of coupled ;

‘This technlqpe was flrst applled to the analy515 of coupled.

shear walls by Beck [2] but yas fully deyeloped by Rosman

‘MacLeod (4] and Cahdy [5], whlle several‘lnvestloators

‘[6 7,8] have solved the . problem us1ng the flnlte element -

solution(is based on ultimate strengthT A ST . -

Paulay [lO] presented an elasto- plastlc analy51s of" coupled =

&hen&plastic'hinges have developed at the ends of 95 percent

1.2 Previous Investigations . - o

R . . . v
- . i ' \“3‘*

4

_shear walls as’ well as future trends were revxewed in 196¢

- .

-[1] R where the empha51s is given’ on the continuum approach

~ 4

[1]. While 1t has many llmltatlons, thlS approach is suf- ’

f1c1entIy accurate to 1llustrate the. bq‘kc behav1our of

coupled wall. systens.. , - BN

S

A computer technique for the analysis of multistoiy shear - * -

-walls con51der1ng & frame w1th flnlte ]Olnts was used bv

3

»

method. ..’ L ‘ o s \

An early study by W1nokur and Gluck [9] ihtroduced‘lhelaseic cp

- ~

analy51s by assumlng a complete collapse mechanlsm,for .the

- t

structure where all coupllng beams have formed-hlnges at L

- . 3’ . .
their ends while the two walls yield at their base. The

4

%,

-

X
3,
C . oo 4
4
k]

sheat walls assiplng that the collapse mechanlsm is formed T

A

2 . ) . . . -

! ' ' L

» N -

7 — L

Numbers in square brackets refer to the list of referen—r )
ces given at the end of thls report o7

: - v T S - T e
L 4 Lo - ‘ . - ) R
3 : ) . - ¢ .




‘of all: COUpllng beams and one hlnge has deve10ped at the

<. base of each of the:two walls. stng the c0nt1nuous con-

'.- ‘ nectlon method he 1ncluded the effect of cracklnq of both . - \g .-

-

the connectang beams and plers by arbltrarllv reduc1ng thclr
y g A
.',stlffness, although\the manner of eracklpg is still not ac- ., ’

L. ' ) . A ! ' ) N o .
curately kpowga R ' .. - . -

- ~

e t

. 'Glﬁck's_[ll] elasto—plastic procedure; in‘which'plastic X 41; .-

g hlnges at the ends of the coupling - beams may develop over

S AN

-

.+ . only a part of the structure, assumed that the two walls ,”r N
Kbehave elastlcally He assumed the lateral ultlmate capac—

.+ ity to be govarned by yield llmltatlon of the coupllng : N

A} ¥ ¥

.- continuum in. the mlddle_zone of the strgeture. The qpper‘ o

' M . \ . ‘.c . 3 l - ! o
o - and lower zone'laminae in this continuum approach were B

o

taken'to behave elaSticafly and the shear distribution was - .,
obtalned from the governlng differential equatlon and the , A

compatlblllty condltlons at the boundary of three zones. -

.
! . .
' 0 ' . . . PR .
. . - , A . . .t
l . . « . -
or

- r T
Elveholy and Robinson [121 presented a finite dlfference A

- <

‘method ﬁor elastic and inelastic ana1y51s of coupled shear =~ . R

\

'walls\where the.effece of cracklng of the reinforced con- " L

crete elements and gravity load were included in the an-~

, " alysis. o . ' S . T oo

‘. The recent work:'by Nayor and Coull.[13] presented a step-r S
S w1se llnear elast?c plastlc ana1y51s based on the wide-column

frame analogy wheée the walls and/beams are represented by 7 ,

\ e - . .
s .- .




.
4 R . ¢ Y

1.3  Scope of Prcsent -Study

’ . -~
- . 4 N

~ -, The methédSNUSing the'continau appranh,[la, 11}, ma

v

. some cases.not be appllcable in-practice. Becauée a

¢ * . L 2%

topmost coupling beam may not reach its elastlc llml

‘one of ‘the walls yields{hhencei Paylay's analysis ma hoﬁ
: . e

; be yalfd in.some cases. The. latter analy51s, furtﬁerﬁore,

’ -fdees not examine structural bghaviour between the ocgurrenc

of the firet plagtic hinge and yield ng of the topnﬁéaml

S The analy31s u51ng the finite dlffere ce method 'or the

column ﬁrame analogy is connected w1th\€omputer work and S -
hand pnocedure is not feasible,. Thus these methods may ‘not

bE‘ﬁsefbl.for fast analysis important for office purposee.

. )
Ty B a

o ) . . P U
.The elasto-plastic analysis presented in thls.etudy uses ,
. ' . e '
- the continuum approach and attempts to follow the histery

of lateral load reéponsé considering all poséible cases ., , . '
' which may occur. Pverall collapse may 1nclude base hlnges

!.,. - in the walls as well\as total or partlal yleldlng of the

connecting cont1nuum.° The ‘assumed loading. pattern consxsts

P ) L

-}
bty
T




vy

P

i Al

N

v

® .
cedt

‘1

.
. . 4

.t

; re5ponse, deflnltlon of duCtlllty factors and an 111ustra—

“chapter? . v : ~ .

of an upper tﬁianéplar load with concentrated force.at the
top of\the strycture. Equation$°expressing‘sheaf<aistribu—
. " R ) e _ =

tion among *fhe .coupling beams, as well as.rotations, and L g
L : 1 * ‘o .

“the system lateral deflections arc derived. 'Beam and SYys~: -

v -

tem ductility‘reqdi;ements at oVerall fLailure are obtained

as, funétioqs of wall coupling shearﬁgtkength. The impor-

& \

' tance of system geometry on ductlllty requlrements and @& ;
‘o

~

- .

moment—aflal force 1nteractlon relatxons for th%?walls are - T

also'examlned. Elnagly, the effect of. concentrated 1lead -

\

at the top of the‘structure on connectlng beam and overall C .
. . & )

. - . .

ductility requlrements is exam;ned.

i

« [
-~ » s '

v ' 4

The aﬁalysis gnd invesiigatioﬁ repo;ted herejin is organized

Ll

in’ the follow1ng manner\
Seooo B ‘ g

is . + : 1 Y
- . *r -

The'elastic formulatiOn of the continuum method which forms

Q

v

the,bbsis for~ the proposed elastic- plast1c procedure em- T

* .,

ployednln this 1nvestlgatlon is presented in Chapter, II. ¢

.
' - : 4
?
°

- . .

o e & ’ L . Lo
The‘éssuﬁpbxons made for the‘non-llnear behaviour and the
deflvatlon of governlng equatlons are desdrlbed in Chapter Lo

III. Also a step—by step calculatlon of load dlsplacement

¢

tive example of non-linear analysxs are presented in this
. ) o .

\ . L ;

3 . R ~

The influence of the moment-axial force interaction in the
‘ ’

walls on overall behaviour is presented in Chapter IV. Here, ° -

: . ’ o ‘
T . . .
1

L Y
N

&
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! , o rectangukar and "T" SeCtJOn walls are examlned uﬁder noment
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|

LA . h X “ \
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s : SR 1 D
’ ' 3
‘ In Chapter V non® 11ne§r qtructural behaV1our accorégng to
- . T . Lo s \ °
e dlfferent stlffness parameters and coupllng baam stféng hs
- - el
; v e are%ﬁxscussed and results of a parame%rlc study-are pre"
1 ) ‘ ' ~ .' . L . \ « "
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! ELAGTIC A‘\M}SIS

»

2.1 ° Introduction .

L LT AR ) - | " /// "

. The ,analysis wthh is presented in this chapter is restric~

ted to elastlc behavxour of a coupled shear wall’ structwre.

L

The development is carrled out for a hOmogeneous, lsotroplc,

e
-

\ " -

llnearly elastic material. This analysxs ‘has received . ex— R /

: = .
tensive attention and 1s avalyable in the literature. ,
- P ) -
The elastic "formulation is pfovided here in order to make

clear the contlnuum method, slnce the 1atter provxdes the

a7 )

r

b551s for the proposgd elastlc—plastlc procedure employed //

~

1n the present anpst1gatlbn.

. . : S s . e '
2.2 Governing Equation . ' ' '
- § v ! B ! N 4
Flgure 1 shows ‘the’ structure and the assumed loading pattern.
” v fl

The latter approx1mates the pseudo—s£@t1c forces of current

.

o " . seismic building codes. The coupling beams formed by the
. Q - s . N

vertically arranged openings in the structure are replaceh;’ 3
) "~ . for purpose of amalysis,by a continuous cqnnection.' This “‘“ffim s
‘connection has the same sﬁiffpess from story to story, as N ° /“

provided by connecting beamS‘Which have moment of inertia

\ s . t . N ‘
Iy and occur at spacing h, the stery height. ‘This contin-
-uous connectlon can be lmaglned as lamlnae of height dx and

staffness Ib(Ei) extendlngnone after the other along: the

, whole height H, as shown in Figurer2(a). By consideration

=7-




A of equ:lxbrxuﬁ\;pd compatibility cowdﬂuons, the follow;nq

’\ - St
“ .
quernan dxffc -htlal efjuation of the seeond order. is
establlshed: . L ':‘ .
M_(£)
a’T() - I
- d{‘f“' C) 4 '-“‘ﬁ“_—' . . , (2 1)
' R 9P !fv':“"- ) )
. b -rf:u:'?* T . ' !
where: e 4 . -
\ Y220 00 1 en? '
. - Al .
L 2 17,1 2?2t T . ’
ol E (= b =) (2.2)
Y . A, A ‘ID. hs3 @ . ‘8
) 12 1, 2H? : T .
= b N ) N 1 b(z 3)‘
Y T hsvr e ~ .. =3
. I . ) I .
T ~and ¢ Ef%.'i = span between shear. wall centroidal lines,

: .. " ' \ . :
8 = clear .span of ¢onnecting, beams,;Ié ='sum of moments of
Vo . & . ~ -

. i@ertia {1, and 1;) of walls l and 2, T(C) ='axia1 force
at £, and M (E) cantllever moment produced by the exter-

nal 1atera1 load

PR
[

~ . - ° . -7 .
: ! - . . c i - .
3 . ' < N f

) Solv1ng Eq. (2.1) for Ehe ap Qgiape boundary"condiéioﬁs'at’

the top and bottom, the .gengral solption‘bebomeﬁ:

-"',‘2yw ' : r :
T(E) = [Csmnhag - coshu& - C +1 - '

4

~ DE)]

. ,‘_ . a ) R .
K L. ) L. o a “ A R . . . (‘2_4)\‘

T "7-@‘3—'5

-in which: w; = sum of (the dlstrlbuted load. p =‘rat10 of

¢ i ;o

. .. ! top point load to the sum of the trlangular lcad, and:

2 . - : ‘2 - a?(1 + p) ' | IS | :
,ﬁC tanha + 2a cosha o . L. .£2.5)

s

€ . . ) -
'+, Complete derlvatlon of dlffereptlal equatldn 1is alven in
Appendlx A. . .

143




)

A

'bnée the distribution‘of.the forcc T({) has been determined,

ql{%), the ‘shear force per unlt helqhtx i's defined by:

M o daT(£)
T 2
S ale) =

which éiveé:
N 1 l zw’w’
. e
qlg) = o~

® - D ) . N a - . * '

2.3 Laminar Rotation Co // :
L A | o
. o / e, .

~»The meanlng of lamznar rotatlon 6 ;s deflned in Flgure 3.

‘ It may be notéd that the angle betweem the axis of the beam,

LI . ‘

‘or lamxna; and the ‘axis of the wall do not remaxn at rlght

angles after loadzng Thls effect wquld be emphablzed furv

*thet by the contrlbution of shear dlstortlons durlng elastlc
. L 4
g ,performapce ag@ bY'hlnqe-rotatlons.after yleldlng of 1am1naer

)

N
-

By evalua@xng the elastlc wall rotation and ax1a1 deforma-

1

tion, 1t may ea511y be .shown that the laminar* rotatlon at

»any height is given by.‘- N s oL LT . a

"f*?;*:?bm' By - . S . L (2.8)

. . . e - .
.. - ~ > . . . . N
-t . . s . - 5
. ' . .
o .

whére’ @ =~tdta1‘iaminar rotatlcn,'eb = elaatlc ro;gtlon due
, .' R : N . I v [ 4
%tomwall-bending,.and Qt = elast1C'rotatioh due to wall axxaI

deformations, o V, S o LT

*

~

L

~
T kAl x




Rotatians 6, and 8, are obtained from siﬁple sffength of o

. . o S vy ' , N . . 3 )
materials; namely, Yo . s . ,
- ‘ L . < . .

LI . T
J M (8) - RT(E))dE (2.9)

’ ., \ ) ' s A . Lo -' - - - . . ) : . . . _ t
: : ~ i A | an
it RS T(F)di o L e (2100 .

. ‘ * ) ‘ .
~,.Substituting the above expressions for 6  and eéﬁinto Eq. — ¥

/,/ . ‘ P . N
B (2.8) results in: Co ’ L N \
. . . \o . X ‘ , V . -
He 1 ce 1 . . \: .
_ 8= 1 { Cf Ma(ﬁ)dg -2 gJ' T(E)di} - Lo N
e _ o - 7 - - /R .
s . ' C . ' L - (2.11) C
\\ e . - " H 1 . A 1 T 1 . . s T * _,,‘._' s r,_n:_""-‘;%«‘:-
S S sE A e Tig{éﬁ-cisg?rCSﬁxzfrff"Af'A“ -
~ “ ° ! ' . . :‘ ‘. N ’ ‘ = -
. N : . . N - . . ’ - - . « .
) where, if appropriate load functions corresponding. to the . o
= . A ‘ ) C \ i c ) ’ o .
E . "triangular-and point loads of Figure 1 are substituted into '
~ .. ~ N N \ — . . N . -‘ \ ,_\/ .
Mé(g)‘and‘the integrals evaluated, the rotation becomes: ~°~  ° -
' - o \ , ) ' '.3 " . ; B \‘
V- Ao - _a’vl Bl B p T R T
. ﬁ_f;wexlf(xz A I A v AT ?,?1-_ ) :
. o : ’ : v . "».*_' e .
“ y,g(cosha -fboshq&) + %4sinhaﬂ~ sinhaf) - ,
' Al ~!. ® : PN - : B . ) ' PR (2.1'2) ‘ .' —
) . T 1% 2 ‘ . P .
- -2-(15 - 25 + 1)} -
B - - Ry - - Z:
[ P “. b
. where: . ’ L ~ i} é




) ) ‘It is of 1mportance, for furthor anatysis, _t}iat the maximum .-
. o value of laminar rotatlon, denoted by ~6ma , and the corres- \
< r L .
N 3
"4 - pondlng ordlnate, denoted by_ Eo' be determined. 4Differ»en— )
. - “. - - . N n v . - ’
L ', tiation of 8 with respect to {lgives: _— , . : \
| s : " : : LT ) . . <
|
. i ’ R
L s (2.14) B
. L e TN
- o 7 -
4 ) ' ‘w-hich", when set to zero at £ = 56:~'fesults’in: y . B -
W a ©el ‘:".  \ . M . . “ - T v " . .
mf ) . . : g ‘N‘«y:"r ) , . 3 (0\ . . . . v , _- C g \ . .
Y WK (K —'52-)159-524 'E;]+'Csinh£'— ’ 4 -
v s Rt 1lAR2 S5 IFT T b T PEGI T Lasinnug, ,
“« . - (. D Y e . . ) ' . -
. ‘“ Do ‘ .o I o . {2.15).
e oo . C- coshnE -E +1) = E)\‘ ) o, . Q
‘ i T A T~ . 7 o, - . . . . . N = -
e U | ; - | : SRR
AR : . BRI | . . e
‘ - . ’The s0 thl’l of the above equatlon dglnes the coordlnate, ) ot
| Je = N ) 3 +
‘ Y. . . * B " - - i
‘;ﬁ,}‘,'ﬂ . ‘or posn:llon, oﬁ the lamlna w1th maximum rotation. 'l"ﬁe - - : i
& Co T _Newton- &aphson method was used to evaluate £, By substi- 7
L% : : ]
L B
. : “P wtutlng the value of 5 into Eq. (2:12) the maximum rotation, « 7
o \ - ;
e ! 'emax’ of the 'Lcrltlcally sﬂ:uated lamina® [10] is obtal,ned S
o E ' ‘ . il T ‘ * . - -~ , . . . N
* - . - .t N ] N . ' .t
P /2.4 ' Lageral Deflection . » ) _ Q _ R
. . . N LA '
A ' : N "‘(T_)’ : . ) S . !
. " . Consgidering the.assumptions made «.i,'néjvthe derivation of . o
.\‘ 3 . "‘_ R . . B R . , ‘.r . e . . 3 \\ P4
’ e A - L
n \ ' IV ’
p & B - - ] "~
e o g v T
- - ? ‘r’ B .‘u. t N ~~ - *
i Ty LI L B . T } ;
L Ut A )




‘ B e . - ]

’ : .__12:: ‘ t ' '
v A . . ,
b " A
. " differential Eqg. (2.1) (see also Appendlx A}, the elastlc
NR T ;
. wall rotation, waﬁ). is: obtalned 1§:~\\\’— T
' CH P | L . ,
\ - 0, {E) = ET, e/ ‘MQ(E)f?E‘ iR RN 'lf(g?dgl_, . (2.36)
‘ o .
o Substit”tiﬂg the ébpropg}ate'forms for MO(E) and T(¢), cor-
respon@ing to—the ldad'pattern~of'Figurell, into .Eq. (2.16)
) » and integfating'with'reSpec£\$Q\§~the‘élaétic wall lateral
déflection,v6e, gbtained, from: . '
e ' . . S - . )
V_§e‘=‘ﬂ gf; @wté)dg Lo (2.17a).
,‘I ' o ﬂ:‘ l . 1
becomes : ) -
o Sy p“ ; + B 5 o E.a s t
ae._‘.'—': ‘quS{Kh (60 + '3' -_;.4 12 - '6_0'.._ 'i'(g T)] - -
e ' . | '
r’r LTS Ty ' ) fo] . o 1. . . :
- E[(l -u&)cosha - 3(51nha - s;nhag)] + ‘
. L ~ T <. (2.17b)
ULt %[(l - E)sinha -_%icoshd - coshaf)] - ‘
[ . ‘l»r _ 1 N — "
@ -,%cg-g—w:?-a)}
,‘. '.‘ - . . . ; . _ ?
» " 2yH%% .
' Ka-".Elqut T
. 3
. r ‘K .= H__..__.u'u ..‘.' 9_2_
. EANRERS/ 2] T .
" In partlcular, the deflectlon at the top of the s+ructuge e
- (4. e., E;= 0) is: /‘ ‘ ‘ v
’ v Q‘ o . . a "" T
! Y ) '\/} bl -
AL » e " , ~ Lo
. . SRR N - ’
L3 "‘ .‘: ) - )
: ) d ‘.o‘ .t 1 . : ’
- 5 o : :

. "
.
‘e
-
@
a
4
. v\
~
“
)
~
.
[ ?
. 0 ~
“ .
é
¢ a
=,
4 |
+
i
N
"
-
5 "
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.
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11 e, €y e 1 '

i W K3 {Ky [ + £] - =[cosha - Zsinhal] + .
eFoP e 60 3 o i “g.. .
. o © (2.18)

' co
+‘%[sinha - %;(cpsht’-— 1] -5

!

6

- . Lo -
<t

-

. A N
*  FQr rapid evaluation of deéflections, curves representing.'

* the above equations can be prcduced By analyein%lEqs."

{217y and (2 18),°1t can be concluded that such curves -

2

will hold for any shape of wall, so that cross wallsAactlng

asvflanges_may be lncorpcrated 1n~the analysi€. altick 11,

- as well éS\CShll and‘Choudhury\BA],-has pfovided charﬁs

.

“.for eValhatlon of top: deflectlon of: coupled shear wall sys—

4

‘tems. Both, upper trlangular as well as unlformly dlstrl-

. 2

buted lateral, %oads are conSLdered. .o . . A
v R D M "( \ . -
Theaprecedlng elastic ana1y51s, brlefly presented, prov1des.

% a necessary background for the non- llnear hnaly51s fcrmula—

<. ted in the fOllQWth chqpter.q
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' 3.1 Introduction o .

[ 4

¢ \

- Y

.o _In.many tall puildings shear walls willzprogﬁde the majority,”

.

Af not'all, of the'required:strength for latera;ﬂ%oadin@ re-

. 5

~sultlr‘fg from wind and earthquake effects.‘ For wind loading, ,

1

~'generally, the- governlng design_ crlterlbn is deflectlon.,“lt

is usually,found that the. strength requlrement lS not diffi-

cult to be satlsfled, usxng approprlate 1oad factons spec1—

v

fled by codes. Hence, for those areas where\w1nd load 1s
' the only scurce of lateral load on"a multlstory bulldlng
el?stlc analysis, d;scﬁssed.ynltbe precedlpg chapte:, Is
a ‘,adequéte to assess the’ﬁehavipur of theistrueture.‘

.
-~

-~ . . o *

- Only in exceptionél~case55Will it'be possible to resist -

-

.earthqhage;generated forces within the éiastic“raﬁge obee—

! B ) 1] -Ii - . ; ' * k] M - (3 ’ 1] -t * - =~ M
‘shavlbur. When large seismic excitations are er&cou‘ntered,

the coupling heams, as well as’ thé walls, are subjected to
s ' oL a < : <

'extensive'yielding. Hinge formation will depena’ugon‘relaf’
tlve st;ffness and strength .of the components. The éollapse
‘mechanism can lnclude partlal DJJ ‘or full plastlflcatlon of
. - the lamlnae*B 10}, -with 1arge ductlllty demand 1mposed apon -

1

‘the coupling, system. LT

~

8§ T . ®
" .The ultimate state of the structure may.consist of the fol-

1§Wih94f§§es‘0f failure: o N . - o c

.

N




‘: 1. Complete collap°e°mechanlsm, where. (a) almost all of

e the couplihg beams 1nclud1ng the tomeSt yleld before o L 1
‘ 4 i 1] .

vplastlc hinges are formed at the base of each of the two .3:

8 BN ' “1"‘“, ot . b ;
: .walls, or (h) a plastlc hinge is formed at the base of :

¥ : .o ‘,:one of the wa%}s before yleldlng of the topmost coupllng
. o :
oL , beam ang formatlon -0f a plastic hlnge at the base of the ‘
second wall; and, & LT - e ’
R L 2. Incomplete‘collapse mechanism where{ (a) failure is
N . . ' . b e ) e .
- . o governed by rotatlonal capacrty of the coupllng beams \

-

Sim whlch case plastlc hlnges in the coupllnq beams may .

v

' deVelop over only a part of\the structure while the two

‘walls behave élastically, or (b) plastic hinges are’

> - " formed -at the base ofﬁeach of the walls accompanled by

NE yielding of ‘coupling beams in: only the mlddle portion . . \’
. qf,the”strue;ure. . Coe , -,. e l& ) T

e . - 4 .
. » [

- ' & * > . , ' - '
Gliick's elasto-plastic procedu?e Y, in which plastic hin—:‘ﬂ,

ges at the ends oﬁ the coupllng beams may develop over qnly

’

a part of the structure, assumed that the two walls behave

L I

elastlcally. Here,-fa;lure-was govérhéd by yield limita- . . * :
- ) . i * . . » [} . ' s . .
tiom of the coupling ¢ontinuum in the middle zone. . The e

. . .laminae in the upper and lower zones behave elastically and

" the Shear distribution in these elastic zones was obtained -

from -the governlnq differential equatlon and compatlblllty

condltlon at fthe boundarles of these zones .-
& , - , .

4

- In some cases the above approach is not applicable. As’' the




)

\

' “results of this study Mill shOw, a ccupled shear wall, struc-

ture with relathely stiff walls and a strQng coupling - SYSﬁﬁ
tem’ forms a plastlc hlnge at the base of one of the walls
— 3

before the 11m1t oﬁ rotational- ductlllty of the crltlcally

51tuated.lam1na _is reached. To assume ultimate load capa-
4 A Y IS
c1ty of the system corresponding- to laminar ductility capa—

ok

ity may not exploit tha true 1oad capacxty of the’ structure.

Hence, Gliick's assumption limits his results to the class,oﬁ
structures With>relatiuely strong walls‘and a weak coupling

]
a

systemn. :
. . a J . '

<

Paulay g elasto plaSth step—by step procedure nﬁ] assumed
thaj’the coIlapse mechanlsm is formed when plastlc hlnges .
e

' ”;’have developed at ends of almost all of the coupllng beams.

-

and one’ hlnge exlsts at the base of each of the two walls.

He- assumed that 95'percent of the coupling beams are always
s *

ylelded before the ultlmate state of the structure is at—

v Yo,
'tained. ’ i

Y

TBecause the'topmost cOupling beam .may not reach its edastic

11m1t before oe of fhe walls ylelds, baulay s analysis mav

o -

not be valiad 1n—sOme bases. ‘ThlS llmitatlon is character— )

- . A 3

1st1c for relatlvely tall bulldlngs with slender shear walls.

<

“Also this analy cannot be used in examlnlng structural

~
‘

beH5v1our between time oﬁ occurrerice of the flrst plastic

beam hlnge and yleldlng of the top of the structure.

-

% - '
The purpose oj this chapter i%s to establlsh an elastic-

plastlc pgkcedure which attempts to ‘'examine the complete
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+ history of response, of the structure to lateral load. . For- ’ .
. -mation -of partial collapse  mechanisms at.various stages. of. .,
. . ‘-'-.‘,éﬁ"“ . ° , . - " - (
< incremental loadinglﬁs.permitted tintil ulkimate strength of :
. a R M o, - . N\ N
R - o &
- the structureis.reached. o - . ) : ;
- . ! - . ) . . v '
*3.2 General Assumptions ‘for Non-Linear Behaviour. L
. R \ ".6 . N . .' . > N

1 ’

- . . ’

. .
>, o

) ? . N - , . . X - . ) .
. .The basic.assumptions made in the analysis are:

2
£
o]

. R .Whileﬁfhg coupling beams have’ reached their ultimate .
. B ¢ B . A
’ .coupling gﬁearaéapaci§y Dy in'tﬁé.migdle'20ﬁe‘shoyﬁl
- i; F{édre 2(b) , the,sﬂéaQIAistiibuéion.in the’ remaining . ‘
. . . ¥ ' . ” ' , . N
“ . S elastic beams. (in thqﬁupper an§~the iOWer zones) follows
Cie the gaﬁé pattern as that obtaiﬁed'py‘eiéséic‘analysis;‘p
’ ;Thé}EOrresponding éxial_force.iﬁ the hallsjis ob tained N .

- t . -

' i : sy N ~ Ly ) g ) P . .
U ., from equilibrium for the assumed ;shear distributijion.

Over#11l equilibrium is maintained by adjusting the . ' .

h=4 . N
external load as explained .in Section .3.4.2, - . oo
N ' e T

. 1 .
- .
’ .

2." A plastic hinge at the base of one of the walls may occur) "

while coupling beams yield over only § portion of. the o . L

" height. This happens when one of the walls attains its - ») .o
. - - ‘ . . - .

mément—axial force}capacity. Thereafter, this wall con- .

0
. .

tinues to participate as part of the systém following its . |

™ \

N , - ' N \

moment-axial force interaction relationship. o\

N N .\’x.
M ”

’ r ‘3. One éil‘laminig'reach their

rorn

uﬁtimatedhapacity‘the wall

~

. . . N )
o N s U s * s N
2 . "o ¢
. . d . .



Al

limit. Thls 1load stage, deflned as Wy, termlnates the L e -

W

\\glng laminar rotation, Qy' represents a ductility factor' ‘ S

'ab;e-loss of stiffness in the affected'parts, causing a geo—

‘Further load increase will cause other coupling beams to

« . C - ’ - ,
with the plastic -hinge at its base is considered to be
‘an ineffective cantilever. ' Lo
. . . , : SR | |
4. - Overall collapse is defined in this analysis to occur .

- -

when the second wall hinge is Sormed, with total or par-

i Eial“yieldipg of the cbnnecting continuum. v -
w "‘ ‘ ' N ' s » ) )
.~ 3.3 Derivation of Governing EdJuations ‘ Co.
. 4 - \ ) T
¢

¢
While the structure carries a code prescrlbed equlvalenw

statlc desxgn load of the form shown in Flgure 1, the coup-

a -

ling beams and walh‘

'

e«assumed to have cracked " Cracking

kY

shear is- reSpon51ble for a con51der-‘ o

caused by EleXufe an

-

metrically symmetrical structure to become structurally . e .7

-

as?mmetrical. Such loss%of stiffness may be as much as 85

percent ﬂmi

N B - N
- .

The next increment of loading brings the critically situ- . £

ated lamina (at 5 obtained from Eqgq. (1‘15)) to’ 1ts‘elast1c

linear elastlc“ﬁehFV+our of the structure. ,Plastlc hlnéES

P

at both ends of the lamina are develoﬁedb and the correspon-

\

of unity. All. lamlnae below and above E possess rotatlons

less than'ey, therefore ductility factor Hy is lessrthan oneﬂ

\

. . A
. : ' a

<

enter the plastic range, -and the shear distribution is.

t+ For definition of ductility factor, see Section 3.5.. o .

\“ . ‘, R l_ . . - N ‘ ' \ ‘




asgumed as shown on Fidure 2(b).

+ a " N °
¢ N o . ) [y

: * - ‘ - M = v 0 L3 (3
The solutions* for bending moment and axial force ‘distribu-
. \ ! 3 3 v " v '

tion, as“well eE‘rotation and deflection,must’ be aeveloped’ A R
separately for the three zones of Figure 2(b). Boundary » s

¢ -

»coordlnates n and 4 deflne the plastlc reglon and Eogether -

»xith- the remalnlng elastlc zones, YIeld_the shear distri- ‘ . Coe

bution for non-linear action~ - ' = .« ., % .~ LY -

. B
- - N - “ . i

3.3.1 Upper Zoﬁe -= (0 < & < n) ) " ’ . : . e e

. s ) o~ . 5 oo
f > .

The coupllng beams behave elastxcally, therefore the dlf—”
ferehtlal equatlon deflned in the elastlc analy51s is as-
.sumed to be vale The general solutlon expre591ng Ehe~_- S

lamlnar she§§ drstrlbutlon is deflned by Eq~ (2 7) and .the ' . »

.

ax1a1 force by.Eq (2:4). Thus, the coupllng effect re- )

: # -
e, presented by lT(g) is known and M(g), the bending moment .of1.

. ' -

an arbltrary Cross- sectlon through both walls, 1s\qbta1ned . -
' ,: , " . . . o .

.

as: e e . S R
| o oo M(E) = M(8) = AT(&) - . S (3.1) 2T
’ . . ﬁ" . - - _ . o ., N - .§
B co ' where: | - . O ! oo ) %_
\ . o \ 7 . o . é.

" T(E) = axial force generated in walls. o
Tt * “9 ' —_—

Sihce both-walls must have the same deflection %hfo hout

-

to moments of.lnertlaf Therefpre, M,(g) and Mz(g), N
* Détalle\ior the derivation of expre531ons presented. in
final form in this chapter are contalned in Appendix B.

“ .




e . -t * - - ' ae .
- 1 , C s

B . o . . X .
3 [}

L& . ‘ . . ; ) . SR - ’
the bending moments in walls ong and two become, respect- -~

o

A - . ively: T o :' . AN T o -7

if

MyAE)

"M, (§)

]
X
=
v,
N
wr
(V5]
N
o
A

By substituting into Eé;s (3 1) ,and (3. 2) T(e;) from Eq (2.4)
| o and the follow:,ng external moment resultant for: the loadlng

' condltlon of Flgure 1l: o ok

) . ‘ -- 3 N ' N . .“ ) . « - )
M (5) = WHIE® - %&-+ 23 I P £

-
; ’ here W is the dlstributed load for non- lmear behaV1our, ) )
- o the moment on wall one is: - - . e '
v\. 1] _ .: 3 » N . ‘.‘ *h.‘ \.." . , ": . . . »
M| = W (6t - B+ o) - Py
Do I ~ 3 _ , R p s
., : 0 ) . ) : . , . - - - P : X
. = A4csinhag - coshag ~ £ lm, o (3.4)
L ' . R : .. 2 s ‘ . " e . '
Lo T - BT 2l e e
’ ‘ Ty B L et A0 B A e .
%‘ \ . ) . -~ » é . " 'n . -, ‘ B .
- . -, - s . K ‘\" o . '.:: . '"’. o -" . s "-‘;‘\’ \‘ .o . :‘g
with C defined by Eg.' (2.5). A similar egyation expresses Ty
_the moment acting on wall 2. ) [ ' ;
) . -The coupllng beam rotatlon, as well as wall deflectlon at )
;w‘any sectlon, 1s deflned qafﬂer evaluating wall rotatlons
ot and axial deformatlons, by: . S e
| X K ‘ .
- ~ v, - ' . -




J T

v

oy from &':‘.q_; (3 38). @

/" . . ‘ . . ) —21;; ’
N ‘ | y ' e ' - - .
oe) = g .y MEIMAL qpn o :
. s £T . E!Io . ] - o
_ L ., (3.5)
. .
| ClE L '
. . " SE .‘(A A_)gf T(E)P(E)d&: . \“
x;here m‘(E) and p{f) are virtunal -rhement and axial 'ferce,
. o - . . .. . " !;3* * . .
re;;pectively‘. SN . R, ' -

Substltﬁtlng correspondlng express:mns for M(E) . '1'(&;), m(g)

. and p(£) into Eq (3. S‘). leads to: ,
.'B(E) - B { f. M (E)dE - 2 'flTEé)dE}‘— i ¥
' )T BEI; g/ Tisldsl -
' . - C (3.6)
~ H 1 1 o _
. « . . - .S‘:E—I (RT + K'-') Ef T(E)dE - Té)
\ - ke v
" for which: - S
. . ) . . ' : N . ‘_ . - o,
- = n - . . - . ) ,
5{:‘T‘£)§§ e T(E{d& + Tn(I' MEL e N
- T R - ) - -
. o + Hqu[.f(c n?) ‘*:‘C TI] *‘ ‘ {3.7)
-1 ! ’ ‘-‘ . ‘ {f‘ ' L )
" + ;f" J(g)ydg -‘chl -Q) p

)

. where notation for axial force f.at boundary  points is:.

T, =TE) L, Een T =TE, , g=¢g.

.and, as before, q, indicates ultimate laminar shear capacity

per unit height, and 'I' and TC are obtained from Eg. (2. 4),

. wlth\‘elastlc 10ad W replaced by inelastic load W obtained

P‘ T P . .. [

-‘ ‘.‘. ‘L. . . :, 1

-
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\ ‘ ' ’ ) 4 ' ' * R \
i After intégration beanm end rotations -are g‘iven.’by: ‘
Ay =y BL L EY B poo .o '_ | :
9(§),7W§'E-I:'o‘[‘a'+1—§ 3 "f'f(l_»_.i)]‘.

-

)]{2Yw{c(coshan - co.:huf;) -

[ ' ,
R SN

- han - sinhag) 7—4 (n - g") = (3.8) 1

'3 - n‘3~-_ Eg) - %(nz ‘__ Cz) ._‘_‘ n - E; - e . '&‘,3
| ' - 'i'(,ﬁ —‘525}‘ £Ch + Ca) - - o ' R
| . - 2‘ ) " I T 1 ‘2 . — K [ X
| " . e <, ® I° . L s =T S '
| R i ’ ' . . e om
; where: 0 )
o SN S G =T (1 =) 4+ 'Hqu“(c_ - ) [5le —-m) 4 (T - z)] - o

e T e T T T (3.9) ‘
. .'.\ ‘ r‘- Tc(l -z) .l | . ) : . - -
e D . . s (3 ‘ ’ . N ﬁ’? . N '

P SR Czt”=-' FAL {g-(cos'ha - cosha_l_:) - é-(sinhq_“- sinhartr) + L

: o Y | TR o . .
“ .- oo b 1 (B 4 p C2 . .
La RN - —— P - -
T S - 13 fz'* T3 -3 vl e+ (3.10) "
Y \‘ 1 - ) N N !
: : +30 407 - 20) N !
8 “ l)/,"‘ . \\' ._&' I
. . . C . - s‘%\% o
'E is concrete modulus of elasticity, and W = dlStrl uted N 3
_load for non-linear behaviour given;‘.;by Eq‘.‘ (3.38) - -
- \(\. - N . . N l‘
The deflectlon at any arbltrary sectlon can be found g?aar o -
| ' elementary strength bf materlals ~as: ‘ o & iy ;'- . } ‘k

'.a(zx = H ;I.ew(s)§g S 4 L §3.11)
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‘23“‘ ! ’ N
X i R
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Y
It is convenlent to trea;\the ‘solution of Eq. (3. ll) as a ot
c0mb1naﬂaon of external load and coupllng effects.°° i [\

. The load shown in Flgure 1’w111 préduce lateral deflectlon,: ‘

of the coupled shear wall system. The axial force aener—'

- -

~ated in the walls by this loaa w111 through- coupllng ef- = - .

*fegt expreﬁsed as ZT(é), tend “to oppose the latgral load
. _/‘IJ \
deflectionﬂ The effect of the elaste-plastlc shear dls—

LY

trlbutlon shown in Flgure 2(b)- can be consxdered as twa

LT
Yo

addltlonal and separate~contr1bu;10ns to aéfiection: (1)

-

a component; associated with the elastic sheat distribution

. : ]
"q(£) and, (2) a component due to m1551ng portlon (q - q )) o

indicated in Figure 5. Deflnlng deflecthn components as-’ '

-t 4 A

sociaféd with these three.force conditions,by §'(E), 81 (&) ]

_.anq ' (E), respectively; the deflection at any heighi of -
uthe structure is found to be; . ’ . T )

- S(E) = 8'(E) = 8''(E) ¢ 6'' () - . . (3.12)
‘ - e " . ) J . . R ’ X . | . ‘.
From strength of materials: - o , o !

.

' wa® ! , e ‘ ‘ ‘ < .
L8V (E) = ET &f, (e® - 3—— + DE) (e - E)dE - f (3.13) .
o . ) . ) - . - . :\\ ’
g < 2 10 v L ) L C
8U(E) = g TUB) (e S E)de R C R P)) E ¢
PN ' o ., a e - . . o M R
> - ' " . "' »‘; Nd\x ‘ : |
. h N \ .
1‘~" .: ' v ‘b.




¢, - e C " oo
. . TenT - . F N i I .
‘Hz’ﬁ . "C _‘ . T,
v - - - -
8110 (E) = (€< n) EIo’{ n{ ey - -
- t . A - - ‘ BRI

o - Hq (E - m)ldE + Ca(l -~ D)) 4
) - . ) {3.15) R
2 B2 g5 -1 - s T E
. EBI- . 0 n vt . ' ' b
. o - N . : 3
| - Hg (€ - MT(E - MAEE + C3(l - £) (5= = m)} 3
. 5 ! % :

-
o
n
1]

= - -~ H - 7 oL . 3. 1€ _ L
'c3’ T, =T, - _qu(f 6’”? L (3.16) ¥

Théiaifference, 5‘(5) - 5"(E)u actually expresses the-

elastic deflectlon of the §ystem (Eq. (2. 17)). Therefore,

N

the deflectlon ban be. wrltten in ‘the form:

. , L RN )
- T R B : = . . T .
CE(E) = 6 (E) 4 80 r(E) S (3 '
- -~ ‘—~ :! LY o - » N ' ,‘.
Substltutlng for T(E), T o ¢ and Tg,ih Eq. (3.15) &hd ipte-- b
R . ) ,,~ . .v 4 )
gratlng results in: ) ‘ '
. ¢

ES - ;: 2 <A N ‘e N .. . ] .
S ‘f(ﬁ) =-6g(8) + %T~.(Dx < Dz = Dy = Dy + 25) .. (3.18)\




har- ncoshan - %(éfﬁhqc.— sinhgﬁ)]

- 7

i o . 1 N . - » . o . ‘l. "‘ “ l " ‘. ,4-" ._’
A - a[cg;nhqg\f nS}qhgn ,\u(qf§h?F ‘ cogpgn)J. .

oA . e
¥ L. ) i . . . .
S o . ap, = ZYW £ - { (cgsha; - cos{xan\} - —-(51nha£ - 31nhan) -
\ < -.' o 4 . 1 oL, IS . ’ " T qz, l . -t e " . N ‘A 4
A ; - "; - n2Y 4 or - _ LTI o qby o L1 '
; N . RGN SIEEER 7,—[12’?1\\;\.; -+ (3.29m)
s o - ! 2 E . ~ e ) LU
e - %Cc’ - n%) = Slghe 0?1} L ' . '
. :‘.‘ Tl . ‘.': - . B . . A . k3 ;“/;‘l'

) C 1 2 2\.:.._,. Ce _ . . S ‘

o Dy = TLIFET AN B - Ml L, (3.199)
<\ o R (1 . 1 o " - 7\'\( ,.

3 Dy = (2L - ;f -1 (2 - o2y . B

' e, (50—t S 4 B (¢ o TR “ .

o ANy - T (3.19a). - .

‘l ' ) \ '/\\g/ . R . - -, Lo | .

+nE( =M1 L - LT
D= [T - 8y - Ha (2- M1 - et Gase -

! ' s oo e ‘_ L el L.
. 3.3.2 ."Middle Zone -- (n°< E-< T}, o . Y
[N . , R Lo ‘:b A
’ Crey, * a SV B : R ‘ : ?L_‘ .
In c€hls zone the coupllng beams;«have plastic hlnges. -The
L ’ —— . .
@ . ax1a1 force can be expressed as: T .-
TN . " . N

s 3 . .
3 - s - ¢ - R A s

. | )‘»-i'rn Prfz;uw N Lo (3.200

~5 « . -

- N re oo - : . L e Yl oot . N . . K
. " “-wfth total bending moment M(£) and moments M (£) and Ms(&Y, .
T NI R ) ' 2. , vt o w . . - ’

. . .
. . . A . ' . .
) . 3 . “/ P Y N LY . L A
4 Tl o . TN .
P ot - - K}
3 A .




. acting on wal®s 1.,and 2, respectively defined by Egs. (3.1) ~°
' and (3.2). . - ST 3 ‘ - - '
- . , ' - M - . . “!_. - Q
b ‘& , A . s ‘ - . , . . .
o Applying' Eq. <(3.5), coupling ‘beap end rotation is detérmined . 2 T
. ‘in .this zome byr' . " e
- : ‘. B "o ' . \/ . C Vv ” 3 .
. ey = BER Ol EY EY e Ry L IR
<> 9('E,) =W SEIO b7 * 33 - 3T + 5(1. - ¢ )? ) ‘ SRR
| . : o T T T, NN -
i '\\Hiz A . s - e o
= T {T (1 ~--g) + Hq [(E'=< n)(l.- E) + ) 2
k 1 ‘ | . n . o './_\ ) (3.21)
- E et et 4 BT 4 G- T~ )
ARG IR / R ' \ ,
where constant C; s aefi@ by\Eq. (3.10). - ,_“‘
At ény middle zone s;:ct“ion the lateral deflection is ob-- oL e
- . o .“‘ . ¢ .‘ b
.‘ _—tained. from.Eq. (3.17), with: I L ' ,
. ‘ )__‘q/\ , A ‘.
||'!‘l ' = Hz!" g
. ' 8" UE) =g U S [T(si - 'r - Hq (s: - mite - £)de + - .
- . . g
e | o ‘ ‘ o . ~ .
N : : . ~— N
. i : R (3..22),-
. st L [T, = - HG UL - (L - ) (e =) )
ry - . = N C N u- 3 -
N ¢ 1 .7 L. ®
. Substituting into Bq. (3.22) the corresponding éxpressigns
,‘. . ‘. . . "'. . - . ; - ) ‘ -~ -
‘\ for T(e), anénd T, and integrating,Egs. (3.22).and (3:17)
. ) o . ° e. \ . . R . . “ M‘ . .
’ yield: - ] ‘
4 '\"-‘..‘ I ‘, . o ) o M N
} ' Coal B(E) = 8 (E) 4 gI‘. (e Df-me = Ds #Ds)7, . (3.23) ;
. e (o} / . . . )
u""
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.—“27-—;.. !
"

I .
v - N ' c e .
RN . . .
] . ,
o . . ' L) . .

L 2yW-
= =

3

D¢ Sizcoshag - fcoshag - L(sinhaf .~ sinhaf)] -

. ‘ ‘7‘; - ~

2L )

. o}
o N

1, ¢ oo oL (3h242)
) R Y 1 _opzy _ 0l e _
\& 3(§‘ £') + -2-(‘(??\‘ £°) T[TS—(} . 55,') '

Loow _ puy P33 g
) '4—‘(? £") .§'(§ £°)11} - .

Dy = ZW g€ coshaE) — Msinhar - sinhaf). -
D7 = = E.{Q(cpsha;' pCOshat) , a(ss.nbaa ~_51nha€)

. . ‘ Y, *K _ '. '
S (g - g?) 4»% - S01loct <Y - (3.24b)
AL T2zttt e T (9.adb)

o (IR A SR UL L P

CDe,= T IR % EY) - Eg) (3.24¢)

e D =gt e - Rn et — g v (=

:# e : R ' Wy, (3.244)
ST 4 mEl -8 L

- N
e X

o

.Constant Ds-is .defined by Eq., {(3.19e). T

‘3;.3;3 " Lower Zo‘ne\i— (r _<_ € < l)//‘ . 4

- 3
~ i

In ‘this zone fhe éoupiing beams behave-,élastically, The N

. - ' . . ' 3 o, T
follow the same pattern as that found, for e:lésti%‘\an_alysis; -

l?m'in'ar ‘;hear distr'i‘bﬁti'on along ;he_ height is a.ssu'med to .

.
D

£), for the load shown 'in Figure 1, .

is: o oot . ’ R )

Axia’;L' force func‘tio_'_ﬁ_;'l‘(

[tsiRhal - E£siffhaf = Z(coshat ~ coshaf)] - o

L]
!
A

i
H
§
'
‘
3
H
i

A n € st s gy g R <




.as wall rotational and extensional-deformation,Eq.

S

t

‘wﬁére T

T(E) =:?n i

v

g .

+ HQ (g - m) + Ty - T

-28-

£ g

-

(3.;53_
S

"= axial force defined for .elastic behaviour and

‘using the iﬁéléstic lateral load of Eq. (3.38) in placé.of

.We‘in’Eq. (2.4).

Mi(ﬁ)"are defined by Egs.

h Y

(3.1). and (3.2).

'As.before, bending moments M(£),

“M}(é).*and
L :

Knowing bending moment M(gi‘ané'axial force T(g);_as well
\ , . v . .

gives: ™
é(é) - Q.HZQ fi.+ 3
o457 SEI_ 4T 1

‘ . - H%g

T

-

+ £y : %(1 - e )

'

(3,5)

S A - B g - M- D)

skEIX
o)

,,fgi- ' i ZYW {C(cosha - coshaE) L

C a2l

."u '3 Nt PR

Applying Ed;

2

:!:

" 5~"m {[T
: TR,

v

|
'

(3. zs) ¥

- 5(51nha‘- 51nha£) +

}.“lfufg; ¥){”deié}

. [N ' '.,"' .
VRS B
- Tpom Bag(e - mIA -6 G5Y

Y

v

&
¢

(3.17), with §''*(£) in this zone given by: .

(3.27)

Aand u51ng the expre581ons for T and '1'n leads to the Tlnal

- c

form for lower zone deflectlon.

5 . :
.
- ‘*Mm;w-..... -

o




‘:\givgn‘by Eg. (2.4). T - SR S o ': L R
S o ﬂ,f\““\ e _ L

ey o : - | a_ry 1=B .
6LE) = 8o 8) # g5 [T, - Ty = Hay (5 =m 1A= (52 )
' ' (3.28) - :
'3.3.4 ‘Speciai Cases -= 1, : - S, : o ,
- A — N - - .

z

In the caLe of relatlvely Stlff walls.thé plastlflcatlon of

coupllng beams m@y extend to the ‘top of’the structure.. Hence}.
e
only two zones remaln a plastlc one dn the. wupper part, .and ¥ .

an e{astlc oné inm the. 1ower _The lamlnar shear in the plas-

* A

tic zone is constant at Ay and Eq. (2.7) represents\the o
- assumed elastic,sheqr'diétribution in the lower zqne.

AN - ¢ < - . . -
-
.. , .. . Py}

Axial force at any section of. the upper plastic zone. i5:

) . *
. .
< E . - [ . . .o “

B T(E) -2 Rq & . . - | ' (3.29)
. - o S o -

‘while for the-lowér, or -elastic, zone: ‘
= t 4 T = : . ‘ , .
T(E) = Ao Ty - m .. L (3.30)

n

. M . - ) ,“..~ _‘ .‘ // . ‘ ’ ] .
-~ Wwhere Tg is the axial -force.for elastic behaviour at §

-t

‘ - ! t
) Wlth ax1a1 fqrce known, bendlng moments in the'wa;ls and .-

«

coupllng beams may‘be determlned by the procedure explained -
t“prev1ously. .o 7( - 7. . g oo . o

.

S Lol T ' ' " . . . -. P
Laminar' rotation, as well as'ooupled .wall 'deflepti/on, may be .
oo ~ . N . ' & ' L
found following previous procedures. : The laminar rotation, -

"in final form, for the upper. zone is: - : §
- . . + v B N ‘:_

t



6 (£)
~ - .
. , ‘_’sz . . . - _‘2 . ':
4 (\' ) SEI {Hq E(l - 5) ‘+ z __€ Le .+ P
B LA 5'2)>l\+t2. - T (A=)
A ' }' . ‘ N ‘"‘ ) '/
C heie e e epirs s i
| where conséang_%Q is defined Py Eq.‘(3.10)1-
. o AR '
The corresponding deflectlion is expressedrby:
’ . . . Hzi i ' - . " ’
§ (&) = 58(5) + BT (D¢ = D7 = Dyo '+ Diay)
< ot " © ' : ’
. oo .

~ -

_where D¢ ahd pg;ére constants defined by Eqgs. -

"y

“(3.24b), respectivély, and:

| Pio Hqu[§(c3k-'§’)'+\§ E(L? - £2)] .

L. gy

;/g}oii = [T, - Hay cl(l - c)(

(3.24a) and

(3.32)

¢

.

‘- (3.33a)

' (3.33b)

o
t Al

¢he\lower.zone'laminar ;otbtion and_.wall deflection are

2

obtained from Eqs;.(3u26)»aha (B.iﬁ) of, Section 3.3.3 for
¥ . . . o /}.‘ i ' ‘l‘

'-_TI = 0, Thus: ' . . . -,

o . ) CHIg 1 e - 5 p _ '
. P,(E) JY gﬁ; [z— tta -3 t3 l E/ )] T

2
. . ) coe e el
- N 2 5 - W
‘ o0 "géf—~{ﬂquc(l — 8t Zgg 5
R . O . . .
K4 .," C _ . ’ e
) cirhe . sinhad) s 8L g
o a(sxnha . sinhat) + 7 [T 17 °
. ! ' '
+ °(1 - £%)] + 7(1 - £2 -2 -y
- : 3 . \ y
Su N .fj
’ L
B / N

]

~

-

a(bosha - coshaf) = .

(3.34)

1w £)}

©
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. The equations of Sec. 3.3.4 for the case where laminar °

-

T "‘ded, or a hingé forms in the second‘hali, whicheyer"occurg(‘

first.

plastification, has spread.to the-top of the‘structurejagi

) o Z31- v
. s ) ~ .
1 ' . ~
and . )
: e, ‘ . e
S(E) =8, (E) + ” BT, | st (3.35)
, . . L, . ) , :
°‘-
3.3.5 . Special Case =~ 2. . - ' <.
‘ - -, . -

.

sdmed‘bptﬁ walls to behave elas&ically; ‘ : .
In case of a plastic hinge occurring at the base of one of

. N ‘
the walls, it’is assumed that this wall will continue to

part1c1pate as part of the.system following its moment-axial

fonce interaction relatlonshlp. This allows increase of

-

the axial force in the wall until all laminae have‘'yjgl-

11
.

»

L4
. ’
-~ - .

. . ¢
- K , o , . fram
Thfe is a réiatively gross approximation:but the error in-

-

volved (from comparlng results with those obtalned by other

methods as done in Section 3.7) is. not 51gn1f1cant '

; .

. The equaﬁTons deﬁ&ved in previous section are employed fdr

\

1

v

calculatlon of moments and ax1al force at any sectlon for -

thls spec1a1 case, as Qell as lamlnar rotation and wall de-

flection. !

> 3

In the case of unsymmetrical .walls Lt‘is.hot mandatory to

have a plastﬁ@ hinge at the base of the wall exposed to

|~




-

bending and axial tension before a hinge occurs in the wall}

%ﬁposed to benaigg-and\axial compression. This will depend

on Me placemenézbf.réinﬁorcément, as well as on the
. ) . - N . N . . * .

strength of the concrete. - i Lo T
!) ) . . Yo N - . . ) !

Bending moment.M., ‘at the bagse of wall 2, which is still

" )
s

jéiastic after .a plastic.hinge occurs at the base of wall 1,

_of wall 1. - . -

2/,

-

> g ) . . N . - §

is: ~ o . ‘ ‘ . .

PR— . . N ~ °

My = M - M - ol L (3. '
“ ,Z R u 1 . " . i , [N . ( 3 6v)

where M is the moment at‘the_baée.defineé'by Eg. (3.1) and

. 4 Yoo
’ .\ . ° .L

13

- M_. is the moment resisted by the plastic hinge at the. base

3.4° Numerical Procedure

) o

o

Thls sectlon explalns the numerlcal procedUre used in the
computatlon of the non llnear behav1our bv ‘the proposed

method of ana1y51s. _ Evaluation-of the boundary coordlnatqp,

[N
.

<

<

.

\

determlnatlbn of external lcoad ‘and, step by—step calcuLatlon ~

§
.

of 1oad dlsplacement response are explalned

. . . ) ‘ oo ¥

3.4.1 . Evaluation of Boundary Coordinates
- _ ” . .

The boundapy coordlnates 'n.and g deflne the plastlc reglon

&
and yleld the. shear dlstrlbutlon for non—llnéar actlon shown
’ 4 "'\ .

in ?igure 2(b). . . ‘ o A

~

~




.coupling beams, conSlderlng QUIC elastlc behaviour¥. The

"W

librium with the externai 1oads.4 The external load W for

L =33-

- . - . . LA s

Each 1ncrement of the assoc1ated QlaSth Toad w (defined in‘ -
' % -

Section 2.2) leads to change ouf the shear dlstrlbutlon i the

»

?

shear force .fior any value of .£ is dcflncd by Eq. (2.7). Once. —

e

flrst yield has occurred there w1ll be, for every increase of

ot WO valucs_of E for which q(E) =q,- These- values of £

are the‘bbundary coordinates n and L. Hence, N and ¢ are .
- ’ . - \
evaluated from Eq. .(2.7) for the conditions= ' \ L ‘

g4 =g - ‘ L . (3,37a)
Y . . ' . [ y. }‘
LA =ay A N - (3.37p)

The determinatjon of N and E“fof'the numerical'work of this

study was accompllshed using an iterative blsectlon'method " o
[15). SRR Ty .

3.4.2 _ Determination ‘of External Load .

' o

The assumed inelastic shear distribution must be in equi-

¢

the three zones a@d Sp001a1 Case 2 of Section 3.3 (1 e., all{{/

cases-except Special Case 1) is obtalned from the condition
§

that the lamlnar rotatLOn at the boundary between the upper
£, ¢

and the mlddlc zones (deflned by n) is equal to yield laminar

v
”

rotatlon ey. After substltutlon of By 5hz;q. (3.8) and sol-

ving for W, Eq. (3.38) 15'obta1ned.

W= % . Lo I L (3.38a)




: ¢ o . \ . . . ‘
. -34-. AR AN -
with 2 { .
‘ RTCRY LA SRS | * v o
= n?ri_ . i _ I A S ’
‘ F=H [I'o'+ A x ][(C n) ,2(,.C‘ n.)]\qu;+-s.EQy )
L o S , v 7 (3.38b)
( N t . o L ‘* '. . . '
B _  H*2 " “ i
- Hl&i fl o lyFoa a4 f1 ”T‘(E)dt: - . (3.38c)
I‘o Ay Az n L .
P : ' 1 )
. - -
Tg.(l ‘ )1 .,
and g
i‘. =)T.—n. 49 i ’
“Tne W ’ ,
e o: ' ‘ f"_[." - ' ) -
*s . T £ & . -
L W . -
= Ny . . L e
/_ T(E) = '-r-wg—)— L . Lo L '
. Here, W represents the sum' of the distri‘byuted'pdr"c,ion'of‘
. ) ) s, ¢ . .
the total load 'for-the non-lfnear .state of the.structure _.
defined' by coordinates n and . ' _
) ' N BRI . T N ; -
) The total extern—al lateral load,  expressed by base shedr
- r‘ N -e
"V for the non-llnear state spec:Lfled by boundary ’ -
coordlnates n and g, has the final forn « )
V=W o+ S T (3.38d)
- ' * ' * ’ ' : ' : --" : : e .1‘ v
: 0 Al o ‘




'~ments'of‘the‘associated elastic load Wy for fixed value of
.ot “. § .

1 '

§.4.3 Step—by—Step'Calculation of lLoad Displacement —- .

. Response = . D . :

) R 3 . . 1A
4 C

It. was found convenient toscalculate the 1oad—d@splacement

<

-

history of the non-linear structure by proceeding in incre-

N, ¢

t

p. The computation of response data, to be presented in - 7

v

'the;followinQ'parts of this rebort, involved the above. non-

‘lihear,enalysis applied in the following steps:

- »
a

; —— ' e
1. Determine the associated elastic load we by proceeding

in increments AW_ .- .. . ‘ ) .

2. Evaiuate—plastic boundary coordinates n and r from Eé:
(2.7) £0r the conditions expressed by Egs. (3.36a) and

(3.36b)._ - .o ‘ e

‘N
- N
- .
- A

.
A

3. Obtain the true external 1oed.w\90rresponding to the assumed

sheér distribution for ﬁon—lineer behaviour:using Eq53(3.38).

iy

. ’ . . ]
4. Calculate non:- 11near dlsplacement.and force response.
2 ¥
for walls and beams usxng formulations developed 1n
, Sectlon 3.3.5 o o - ‘ ': o
, . . T

‘5. Proceed w‘th nextfancrement of W .. For Spec1al Case 1

i .

 0£ Section 3.3.4, axial force T(C) and coupling effect . s,
i zr(g) rema;n constant after yleldlng of the topmost

llamlna. Hence, walls act as 51mp1epcant11evers for ad-’

dition in load and the loading. process con51sts of in-

gfements of W. .-

r

.
[ R el




®©

. ‘ Suitable value of load increment was selected from an exam-
.ination'of the' rate of convergence of response data with . :

. -

' : . . * . -

- variation in Awe. o fa
\ 3.5 pDefinition of buctility Factors

’ . \
B N .

" - The emphasis on plastic action as the key to optimal seismic
performance leads to the need of a concrete structure (By

e . careful detalllng and proportlonlng of the components) to. - . Y
S R ‘
fa11 formlng a ductile fallure meehanlsm. Therefore, 1t is -+ =
1mportant to, treat the ductllltx,requlrements, partlcularly
H ?. -

- in the coupling beams, as a cr1t1ca1 factor for the ulti-

-

mate strength of a shear wall structure. The elasto.plastlc

1nvest1gat10n reported here. attempts to, expose the ductlllty o

et [y

P ‘ demand of the coupllng beams, as well as of‘the overall

R \ .
\ .

shear wall system.

‘ The total lamlnar rotatlon, e, for dlfferent loadlng staqes,

can be obtalned ﬁrom prev;ously derlved equatlons, and the.

- rotatldhal ductlllty factor at the support of the lamlnae . h( :
can be -expressed as: T 7. : . ‘
. -0 " .‘ 'O - . . - . A ‘ .
—_— ' y B ) ' ) ’ 1'. ) - L
Q \- / . Ty g 4

P

. P / T .
. 8- . |
e u = E “‘! © 4 -~
: b. eyr »r " . 1]

e

| e ettt ¥ vt = 2& Vb



s, ’ - - <37-

—_ "

~ ) ‘\6' - ¢
,‘Where‘bb represents ductility factor for coupling beams,

~ . { ’ - o

émex max1mum Lamlnar rotation at overall collapse, and 6§ "=

2

'yleld rotation of coupflng beams.

ot

'Slmllarly, the ductlllty°factor for the structure as a whole,

»
’

obtalned from the load deflection relatlonshlp once known, ‘

Y

llS deflned as:

\ Spop © A o
M T3 ) : , . : - (3.40) -
* Yqop ’ : N 4 ’ ce s

there-u wil? be referred to as the system ductlllty factor,

'6fOP‘= deflectlon at top of the structure at ultlmate 1dad

[

wu correspondlng to collapse,'and éy - top deflectlon for

'Load Wy, "the load at first, yield. -

N N . ' . ~

3.6 Illustrative-Exampfe_of.Non#Linear_Analysis T ’ "

°

- ‘ ~ i

4 \

?he\elasto—plastlc behav1our of a coupled shear wall struc*

Y —

‘ture may_be easily followéd through stages of 1ncrementa1

loa@1ng.‘ A numerical example, employlng the proposed»method,

is presentedjin this section.

o l,.

Each stage of behav1our W1th correspondlng load 1nten$1ty
1s examlned 1n‘§eta11. The ’ structure CODSLStS of the "shear ’

P

core" of @ ip-story bu@lding and‘is subjected to lateral ' ;
L. s , ' ) .y R

1pad'shown'in F{%ure 1 with constant valué of u‘= 13 per~ . b

cent. ~A summary of the properties of this structure is con-

Ztéinedain Table I. F{gure 6 as well as ‘Table 11 shows ele-

vation and cross-section dimeénsions. * - ~ ‘ '

“
. N - N o f v -
/ . . . - ~ .
. N * - . -
- i N

. . ' . Y - -

N . ‘ - 0 M - -
. M . . P B 0
: -, . . - .

™




P . : v
. . ™

| The oompﬁtét?program‘u;ilized in this investigation is com-
: .. o '

posed of 21 sub-routines and function sgbiprograms.; Compu-~

tations were carried out 6n thencoc-6400 at Concordia Uni-

versity Computer Centre. fﬁroughout the iﬂvestigationﬁ '

effort was concentrated on developlng an operatlng program.

,Consequentiy, no exten51ve effort was devoted~to optlmlze N

- mamerical compgtat;ons. For thls reason a llstlng of the

. program is not given.

+
o~
N -

., Considering different load stages the-énalys}s, with results
depicfeo in Figure 7, proceeds as-follows: * -~ * ~' ’

- N N . B = ! <&,
. .

. . 2 _
S Stage 1: The load-characterizihg;this stage corresponds. to

condition the structure responds elastlcaﬁly The usual as-

Y sumed to be valld‘k
. . & .

"In the gresence of low intensity grav1ty loadlng the lateral

load correspondlng to thls stage ,may be 1arge'enough to cause

- -

cracklng. The effects of cracklng\have been obServed=u631ﬂ

R . . . . . . N N N . .
and are introduced by a.reduction iﬁ stiffness of coupled
éheaxﬂwall members by: . (a) 70 percent loss of laminar stiff—

-
<

. ness' as a coh§equence of diagonal and flexural cracking, and

. stiffness of wall 1 is lost because of axq_ten,sion armen-.

-
, v

dlng moment cracks. R _ ' ) o

the equ1valent statlc design code‘loading. Uﬁ\er tRis load {'
[

(b) 30 peroent of the axiél and SO‘percent of the'fleiural o

FREPCSURERIL UV DR




-

Fl

'v{finar duckility (i.e., Iy = 6/8,) -aloMg the height’ of ‘the
. b

» .

\\

“is propd tional tQ the-.lami 1egeaihf. . The requiredflah~ o

“\

v / -

o he Newton Raphson method was used to calculate

N » & . l

the pos'tion of ‘¥¢he crltlcally 51tuated lamina aton. For .

. . =
its elastic llmlt is the -yield load Wy , whith can

beaobt ned using Eq. (2 7) w1th qg = d,- Thuss
4

. ‘ - "" . . . " N s
\ r

27W ‘.: ' . " . - Ce e . -
T 9 = . Has _[Cacosaago - qs;nhago.— 1.~ . .

PN . . . .
-~ . ’ . -» o
. .

- :_ éi(gf - 28 - p)) o ‘ o T
© 2 Po .o, P . . W
A . . ‘ I . : SRS Y '
The yleld lo d and correspondlng top deflectlon, for thlS
s L7 s,

,examp1e, a;e:\\w§ ~,617 klge_(wy/wu —-0.6) and " § = 4 56 -

' this étructure, &y = 0.73.. Théﬁload wﬁibh‘b:ings pﬁe lamina

g TNy T w0 Ypop - !
D . . . .o - e .. i .

. ) Co T A I
.in. (= H/460), as,se®en in Pigure~6. - ' S
‘ ‘ : AN ' ’ '

.
. . P . .. .
° N \ . . . . .
. . \ - N .
. ‘
- : » B . K

(e o .
The crltlcaﬁﬁy situated lamlna rotatlon, from Eq (2.12)”fpt”

- '\k

‘W ; wy and 5 Eo' prov1des the yield. lamlnar rotatlon ey"

LEY

‘ I
‘ Y D o

corresponds to a ductlllty factor Ub = 1. Cf
’;" - : IR .
 Stage 2: Fusther load increase will cause other ‘coupling

. ¢ . . .\‘ s
‘beams to enxer the.plaisfc radge.. The bdundary. 'coordinates

v

/;/;4<,‘A , 'Tﬁﬁs lamlnar rotatLOn, just prlor to the onset of’ yleldlng
. _ ‘

n- and c,.deflnlng the'plastlc reglon, are obtalned u51ng
Eq; (2 7) and (3. 36) The total triangular load W, is ~

‘obtained from Eq. (3.38).. § - * & .

¥
.-,
by

. .
e Dt AN e RN S . . -

\ -
s
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'.I‘hi's' stag‘e\.og behavio‘ur 't’erm.inate‘s -at load’ whj;ch ,bri‘ngs"-.a‘
s~ the topmost I‘ag’x.inat to its elastic limit. It is possible, L .
j hov}lver, that no élastlc la'}minar fotation can occur in | ,
N 'the'upper stories~of ‘the ’strocture.. !I;his'will be a case | ot ‘
when the walls ‘are relaﬁlvely slender w:.th res-pec't ta the a

coupllng beams." Hence, the load whlch will cause one of

», \Z the walls' to at‘taln its elastic’ 11m1t .before the topmost /_J

| ~.lam1na ylelds will terminate this load stage. This occur- .

red 1ﬁ the presgnt 20-story shear core, with® @0 percent ' R

-, ? of all lamlnae unylelded when wall l‘attalned its elastlc R ‘\
llmlt The termlnatlon of this stﬁe is spec1f ed in . e .
Figure 6 with:. W = 900 kipd (w/m = 0. 87) and Seop = ™

7 . 8.9’_in. (= H/236) . o ._"\ e i -

- PR . <
14 . . 4

v o . ) . .
.+ It igsignificant to note that Paulay's assumpti’on that éll Lot

. . LRI

" T 1amih§q1eld before hlnglng of . wall 1 was not valld for < :e.
\thls structur;é e . : . " - -
T Sta'ge‘ 3: -Thi.gxstaqe d’escri,b’es the‘ behéviour from yielding ' : N

P ' of wall*l up to formatlon oﬁ plast’k hlnges at“ the epds of | ' e

the topmost coupllng b;eam.. It'QlS to be noted that the .

. \ @ . [

~ pOSSlblllty exists of" formlng a plastlc hinge at the base ' R
;_ . “ * l, x D

. of wall 2-before the \opmost lamina yields. If thlS hap—
- <
- Py

R pens the ultimate state (or effectlve overall collapse) ‘of S

- N .

“Q:he structure is assumed to have been reaqhed even though

‘ ' », . " & ‘ ) ‘ S

\w e«complete collap.se mechanlsm has~not formed. - ,, . " . ER

o
P R
'

ST . G




- FOr the 20-story shear core'analyscd here ﬁheqplgsiification
IS . 4 -~ A - . '

of all laminae is achieved before wall 2 attains .its elastic

limit.

i

"The load which defines the end of. this stage:is ¥ = 992:kips

W/W_ = 0.96). ' ‘ - " :

(‘/ u -1 — . SN i &

:{ K | ‘ . ' e -
Assum1n!~that, after a plastlc h;nge lS formea at- the base

(

of wall 1, the ylelaed sectlon can ’ontinue ta carry- addi-

tlonal axmal forcg, lamlnar rotatlon and the’ wall deflec-
+ $e .
tion are deflned by the same, equatlons used in ‘the previous

.

stage. The validity of thls assumptlon will be dlgqussed\
. ° . L, " *
in the next chapter.’ L

FigufeTB shows the distrlbutlon of rotatlonal ductllltg My o

as well as wall top deflectlon at the end of this stageh

N

The‘top deflectlon is GTOP =.10,86 in. {= H/193).

Stage '4: This stage is characterized by plastic hinges fpf- \X\\ :

med at the ends of 311 connectiﬁg.1ahinae~andj6p the base

L -

LS

of’oné of”the walls (in this‘pése, wall 1).

]
» . , R . ’

+ . R N ° '
Any" additional load will be ‘taken by wall 2 acting as a

simple cantilever while the'wall 1 behaves as an ineffec- 0"

tive memberx oL . : o '. e ..

T L e v e S b D) S8

. . .
*The 1 ad respon51ble for wall 2 yleldlng is W= 1032 kips

(w/w fg), with- concentrated forceé. at the top of the

\

structure of 134 klps.. ThlS load together w1th deflectxon '




“a

of'éTOP = 13.6 in. -{= H/150) defines—overell collaése,\as.‘

shown on Figure 6.

" The presence e{‘a plastic hinge at the base of wall 2 de-

.

fines a‘$omplete collapse mechanism with wall 1 and all _.

laminae yielded. The.correspoudiﬁg overall dUctifity fac-
- . . N

tor u_ = 3.0 characterizes the attainment of the'ultimate

. . . ) v . ‘
+ load in this case. ‘Figure 7 indicates,«however,.thag the - .
ffﬁ critically situated coubling beam, at. about midheight of
s the structure, undergoes much Iarger plastic action, cor~

respondlng to a ductlllty factor of 9.75. .For earthquake~

re51stant structures an overall ductlllty factor of at least

4 is consxdered to be. essentlal In the example structurel

£ Aoy 3

this would correspond w1th 18.5 in. deflectlon of the top,

&

and the crltlcally sxtuated coupllng beam wouId need to

Y2

possess a dUCtlllty capacity of more than 20.
, p‘y
2

- 3.7 . Comparison with the Results from Other Methods
. 4 : — -
F6r- the purpose og'examining_ﬁhe abproximatidns of the an-

‘alysis proﬁosed'in this study comperisons'Bf“results with
numerical examples provided by ¢liick (1 and Paulay [1d were

made and these are. discussed in this ‘section. = - NN

-

- The example of an 18-story shear corg, reported by Glick 01’

o 'is used as the first.comparison with the method of this*stqu.‘

‘. ) N
. Top deflection vs. lateral load (upper trlangular pattern
' N

-

: = ohly) diagram as oBtalned in this study 1s shown in Figure 8.

Also shown are solutlons obtained by Gliick' s\method upzto

s v
0

RPFUPRRa

ST N A

St s



A

i

1n01p1ent yleldlng of wall 1 where&Gluck s method termlnates.
The agreement of .the results is very, good. Numerlcal valuesr
-of this comparison, for wall axial-force as well as beam duc—

tility factor, aﬁ% available in Table III. Overall failure

of thi‘LFtructure was obtained by the present anal&sis and

-.found to consist of ‘a complete cdollapse mechanism with hinges

in both walls and yielding of all gonnecting elements.

v

Since Glick's analysis~defines failure as limitation én the’
] . . . . '
ductility factor of the connéecting laminae, with vertical

’ walls completely elastic, results cannot ‘be compared after’

-

¢

S ¢

wall one yields.
. +

o Y ¢

r N— -
To demonstrate ‘the accuracy of the analysis developed in this

study for stages of behaviour when._ all lamlnae yield and a

\

plastlc hinge is formed at thehbase Of oné of the walls, a
) . .

comparison wds made with Paulay's elasto-plastic analysis {101.

The ‘compared results are shown in Figure 92, where it can be

'seen that the difference between them is minimal. . ) Yy
\ .

Table IV contains numerical values for other response parax-
meters, considered in this comparisoh, which 'show eqpallg
good agreement. ‘ ' - ‘ ’

- .

fhus, it may be cancluded that the method of analy51s of thls
study agrees closely w1th exlstlng methods over ranges of be-
hav1our where the latter are applicable. ' Unfortunately, in-

adequate experlmental data on the elasto—plastic oehavioui of

coupled shear walls are available. Hence, the appllcahlllty

and the accuracy of the proposed ana1y51s cannot be verified

by experlmental behaV1our. ‘ o

B
Y

. -

g me s i R s
v
.




CHAPTER IV

A A MOMENT-AXIAL FORCE _INTERACTION IN WALLS ‘
. . . ’u . \ .
B - . 4.1, Introduction ' N \ T, ‘ P
. L _ T - N ' . ) .

The‘interreiationshig:between the effects of axial lvad and

T : applied moment on a reinforced concrete cross-section is
. ' . 2 ¢ .
N N .

best shown by means of interaction diagraﬁgi These diagrams

.~ . ) .

-are graphical depictions of material failure. envelopes for
. ) N 3 ~ [ 3 . ' . . ) ' y
relnfdrced concrete sectlons under various combinatiorns of

axlal loag a d bendlng moment.
\ ‘ : . ﬁ\ .
¢, ' ° - . “

* ' The walls ofwa coupled shear wall structure re51st1ng seis~

mic forces behave as beam-column eleﬁentS‘subjected to ben-

~ ding moments from lateral loads and axial tension or-com-

»

pression resulting from the shear'force in the coupling
o ' system. « The magnltude of the ax1a1 force generated tp,thé/

walls from efficient shear transfer between them can be

-
. . .

large. Because axial force on shear walls increases W1th

increasing load, ultimate moment cepacity'is simultaneously

affected.' - - o, '

N [y

1}

The 1mportance of analy21ng the 1nteract10n between applled,

v as well as. re51st1ng capac1ty, ax1a1 load and bendlng moment -
. A

for the Crltlcal sections of the walls ls therefore ev1dent..

»~ . . 1
Y L
.

‘The“ipvestigation (or design) of.square and rectangular“

. axxions'subjected to akial compression in combination with
.t R - . B L. ‘ -

bending‘ﬁoﬁeqr'has received considerable attention. Several

N R S
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. . -

et

~

me thods of analysls are avallable [18] and much experlmental

3 ¢

data has been reported. However, little attention has been

-

givén to the behaviour of rectangular or square sections sub-

jected to axlal tens1on comblned w1th\Pend1ng moment. Sim-
1larly “T sections subjected to bendlng and —axial compres—

L3

sion have not been 1nVest1gated to a meanlngful extent.

.
v

The ‘combination of axial.force"and bending moment is char-

acteristic for ‘the walls of a coupled shear wall structure

“

‘which carrles low intensity grav1ty load Common examples

. Therefore, attention should be given in the analysis of the

are "shear cores" of tall bulldlngs whlch accommodate ele—.

v

vator‘shafts, stairwells and service ducts having "T", "U"

{

"or "|" cross sections. , : o,

.
- . ¢

N -
[y

walls. of a coupled shear wall structure to thé interaction
w

of axial compresslon in combination with bend&ng moment, as .
well as axlal tension and bending moment, for various shapes

of cross section. . : /ﬁ\
In this chapter ultimate strength andlysis is examined&form

rectangular sections exposed to bending and axial tension

and also "T" section® under bending moment and axial com-,

pression.

.
P ~
- N

4.2 Interaction Diadrams i . R .

- R
]
v - [y

Combined bending and tension for reétangular sections as,
wel\&as‘bénding and compression for "T" sections will be

. . %

S e - . . [

et
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<

dlscussed ln thls sectlon considering cases" of small and

"

large edcentricity of the axial force. ' S ’
» - &’ ' o
o ( , 4.2.1, combined Bending and Tension --} Rectandular Section
N . i N oL

-— % . -

.~

In general, the combination ‘of bending“aﬁd large axial ten-

"sile force im reinforced concrete is an unhdésirable situa-

s

tién. The Eroblem will be treated‘froh tbe viewpoint of -

(

ultlmate strength\bf a sectlon by satlsfylng force and ro-

tational eqULllbrlum condltlons. ’ S -
L - v . I . e ) o 7 ', a
— ¢ . . .

When combined axial tension.and bending act on a section, . = f

3

dependlng on eccentr1c1ty e, (expressed as the ‘ratio of M.

-

to T), two cases arlge. . Co. :

- . A a C .
. Co T .-
. A . * .

1.0 Small»eccentricity -~ tension over the enpire section

such that the tensile stress in the steel reaches the

1
< P

yield stress, ~and ) : .
N LY . v

-

2. Large eccentricity -- tension over most. of the section

. such that the tension steel ylelds béfore the compres= .

sive strain reaches 0.003 in the concrete.

-~ . . ‘ » -
s ' ¢ N -

**  In the flrst case, where eccentr1c1§y Ag small and ere 7 .

the tensile force is applled between the centr01ds of the . ° -

prlmarlly ten51on and compre551on steel A and’ A' respec— L.~

N

P—

thely (see Flgure Cl(a)), the concrete w111 Grack shortly

2 after loadlng beglns. Therefore, by’ dlstrlbutlng it ac- o ol

" eordlng to the principle of a 1ever; i.e., in inverse pro- ...
« ' 4 N o : \ v . *

portion to distances from force T, failure will set in

.
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S

. e

[

~§tressjblock. ' L

e pression and pggt will ‘be i ension. ‘This is a condition

-

'hhen ultimate stresses ‘are achieved in the.steel. ' The deri-"

vation «0f the equgtioﬁs which govern the distribution of .

axial force T between A_ and Al is pxesented in-'Sectien

C2.1 of Appendix C. Co i *
! ' . o o ®
The second case,. the case of large eccentricity, occurs -«

. = - Vv \
when the tensile fgrgé acts beyond the centroids of A  and
. o7 .. ¢ ) <
Aéﬂ(see Figure C2(a))4' Part of the section will be in com-
- * N (

similar to large eccentricity cohﬁres;ion. Fai%ure will
. K : ~

_ occur’ due to yielding .of the tension steel i;, or due to

\ P TR ' .

+ crushing of the concrete. The analysis of-tqis case, shown

N
a

“in~Figu;e‘C2(i>,;is formulated in Section €2.2 of ﬁpbendix C. .
' . : ‘A

\ o . . - '
The derivatiog of the ultimateQSapacity is dccomplished by .

direct application of statics, using coefficients for rect-

angular sections, and assuming a rectangular compressive

Y

a \

- ©

. Figure 10 illustrates results fpr_a—?Eclahgu}ar‘section sub-

. , . -
= jected to combined bending.and axial tension. . This inter-°

v

action dimgram applies to the section of the base of wall 1 E
. 2 . o\

(Figure 6) of shear core of the 20-story building examined
in Section 3.6 ° . S

4.2.2° Combined ‘Bending and Compression -- "J" Section.

'
-

~ Similarly, when combined axial compression and bénding‘
moment act, ultimate strehgih of®a section also involves

[

two cases:

BT
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o . . . « B e X

. 2

1. Small eccentr1c1ty - compre551onuover most or all of

the section such that the compressive strain in the con-

\

crete' reaches 0.003 before tension steel yields, known

. \ - +
S N . «

as the "cohpressiqn control" condition, and

- - v

2. Large eccentrioity - tension in a 1arge portion of the

«section such that the. ten51on steel has yielded when the

compreSsxve straln in the-conorete reaches Or¢ 003 known

as the “tension control™ cohdltlon.

AN

. ' ) . L3
The analysis of a *|" section, where ultimate strength lies

'

A . ) - -~ 0\ . N e ‘. 2 * . ) - ’ { ' *
- “at various points on the interaction diagram, is treated in “J

R détail_iﬁfSectioq);l of Aopendix C. . .. - - //F\
. . _ \ .
e The critical sectlon, at the base Qvfyall 2, was examlned
for: comblned bending moment and ax1a1 compre551on. Thé re-
. sultlng 1ntoroct10n diagram is shown in Figure 11. The g
. i - .
N broperties of this section are documented iu'Figure‘Gaand

- - v e -

Tables I and II.

' .

4.3 . Effect of Moment-Axial‘bece'Interéction'on Coqpied

“

. Shear Wall Behaviour . | C } RN

-

. | R o . K3

The effect of the interaction between axial 1oad.3nd-bending,

N

¢ moment ornr the beheav1our of a coupled shear wall structure

K -
.

is. examlned‘for the 20—story structure descrlbed }n Sectlon

o ‘ , v . s

3.6. - - . 5.

Four possiblé assumption§ forhwall ultimate capacity‘ha§e‘
~ . 0 ' N ‘ , —

. been investigated: -, A




PR

-

~l.' Ineffective Cantilever (Case 1)\—5/;;::}“a plastic hinge,

2. . Complete Interaction (Case 2) -- Before a plastic hinge‘

.. walls is assumed to cohtinue. Therefore, additional

is formed at the base of wall 1, eccordin? to the moment- '
4 - c o

"axial tension caoacity of Figure ‘10, the section cannot

. .
L ' ~

‘ ‘resist additional bending moment nor increase in axial - —

‘ foree._ In this case wall 1 becomes an fneffective can-~ ‘
, N ‘ . . s [
tilever and thé‘additioné} applied load is resisted by- ¢

Qéia 2 acting alone. Tﬁe growth, with,increasing exter-

oal_load, pg moment and axd¢al force in walls 1 and 2 is N
,shown;in Fioures 12 and 15 }Case ik: The teng}le forqe G
and bending moment for the critical seetionlof well %‘
remain constaot\after yielding ) Fhrthef load”increaee

wfII\ﬁause add1t10na1 bendlng moment at every sectlon : .

\
of wall two, whlle the axial compre551on force remalns .

-

conistant because of the termination of the coupllng ac-

<™ tion between wells. The collapse mechanism is'fofmed : 'h

- when the base Sectlon of wall 2 reaches its ultimate

-
v .

state for bendlng moment capacxty in the présence of

’

axial oompression force Pu (Frgorej12 and Figure_iS\(b),a

Case (l))( . .

- )
-

-

is formed at the base of wall 1, the behaviour of the

coupled-shear wall system is the same as for the previous

e sy 4 S A I ST

case. After wall i\forms a hinge, according to the inter-

action diagram of Figure 1Q,. coupling action between the.

— load w111 increase the ax1a1 force in the walls. Tﬁe' T .‘ﬁ

relation between bendlng moment 'and the axial force

fo




. . - , . ' °
o . So- . :
. ¢ ot . s K_ - h -
: .

e a . - \

—_ — g %

-

~ . -
. N

capacity after formation of a hinge in Wali 1 follows

the moment-axial tension strength’ diagram as shown- in

Figuré 13. . - ° e, -

The hi‘sltory{‘ up to overall coilapse, of axial compres-
' sion at the critical section’of wall 2 is shown' in

Figure 14. The overall collapse mechanism is formed- -

2 N - N

when the loading path on the base section of wall 2

?eﬁes the failure envelope for this éécatioﬁ_.
. ' - P .-.—kd - X L : “ 3 *
3. 'Partial Interaction (Case 3/ =-- This is ‘the case when, ,
! ' . ’ Al - ’ - -‘ “—'_//
after yielding .of wall 1, coupling: action between the

walls is not te?%nated but where it is assumed that

‘.the axial tensi e force'may‘_ continue to incfease while '
N L] G A ARY -~ . . R
) Y
‘the bending momen't capacity at the base of wall 1 re~

‘ malns constant (at M = 115j000 in.ﬁk‘is; from Figure
) . 10) 'The bqndlng‘momer;t at* the base of wall 2, ‘after
T every load increase, is: ' _ , ‘ " :
M,=M-M_ . - B )
‘ . 2 pr, \ \

where M2 is the bendlng moment at the base ‘of wall 2,

“ Mis the total base moment on bot:h walls, and M\ls the.-

plLSth hlnge moment at’ the base of wall 1. ', .
L3 ' A

. . "\ ‘ §

4. . No Interaction (Case.4) --' After the moment—axlal force

LI

ultlmate capacn:y is reached at the base of wall 1

Py

L hmge actlon is 1gnored and © this wall is assumed to N

. conthue to behave elastlcally untJ.l yield in pure

-

l

p .
> .
v el L prv e o S
)




' wall-? attains its ultimate capacity.

b v

Sy

bending or pure tension occurs.
’ \

'Collap§é~occurs when -

N
wall 2 attains its moment-axial force capacity accor<*

ding to Figure 1l1. Case 4°of figure 15 shows the moment-

‘axial force‘loqdiﬁg history for walls 1'ahd 2 for this

.
o,
.

‘ . case.

Tﬁe\momentfaxlal force loading.histéry for ali’four cases is

summarized jin Figure-15. For all. cases collapse occurs when

. % . - N N

The effect of wall l
behav1our on wall 2 loading hlstoryfcan—b"éxamxned in Flgure

lS(b) Approx1mately the _same ultlmate bendlng moment at

A}

fallure is characteristic for all case whlle the maxlmum

varlatlon in ultimate ax1a1 compre551on’force is apprgx;ma—

t

tely 10 percent (between ‘Cases 1 and 4).

t . .
R - -~ “ - . . -
. .. N
¢

‘}mhe,pltimaie lqad_gapaéiﬁy of~the syétem.and appropriate -

diagrams are shown in Figqure 16. A maximum

top deflectidn

'difference in w of"lgfpercent, 5etween Cases nd+1, is

fbund. The duct'llty requlred of. the system to reach~the

\ 1 )
e can be obtalned from th1s dlagram.f The\

.

ultlmate load st

(2 Case’ 3, ug =,

(1)‘, Casg l"_“-s = 3.3; Mg

(2), Casé 2, u_ = ,2;

= 2.4,

2.2; and (4) Case 4, ug

Tbe;efore, the maxlmum dlf’

. ference in the system ductility factor is foundcbetween v

bases l ana 2: -

Fors AR Rdis R




a -

7=

4

s’

”

11.7,

"c

-52.

S
¢

The corresponding beam rcotational ductility factors Wy

5.6,

. * v ., 3 e 3 N »
the minimum beam rotational ductility requirement is
v .

Thus,

~

#pbtained for Case 2, whe;o‘wail one- participates in

_overall behaviour by'following ipé momgn£~axial force in-

teraction relationship. . *
AR .

* .
0 .
- " “ PR -

) Pa&&ay s method nm LSrbased on a collapse mechanlsm sxmllar

,”

to. that of Cgse,l. As the data above Show ¢ * both beam as .

v

well as'éfstem ductility factors are considérably overesti-

mated for this structure by hlS methoq .

x »

"

LN
»

“ . . .
In -case of coupled shear’ wali structures some moment axlal

v

force 1n$eract10n for the critléal sectlons of the walls

takes plaCe.

1 and 2. »For- this reason,;n the lnvestlgatlons répe(ted in

" '
this study 1nteract10n is consxdered accordlqg to Case 2-

namely complet¢ moment—ax1a1 fonce 1nteractlon An both walls.

6.8 .and 8.5" for Cases 1 through 4, respectiyely. .

The,probable behav10ur Wlll fall bet'ween.Cases |

kN

R )

o

[T it

I




v 'GHAPTER V ~° . .

. PARAMETRIC “NVESTIGATION OF, NON<LINEAR BEHAVIOUR'

\ K N " ) ‘e : ’
U R Sa .
‘ )- ‘5‘. ‘. "":‘!ﬂ ) . \ h. ,\e .l
5.1 Introduction . . . o ‘
p" N . 1 . ,. > . N [}

G

Employing the el sto—p astlc analy51s dlscussed Ain Chapter T
8 |

© o III, the ljteral 1load response behavxour oﬁﬁa serles of .

'vcoupled Sshédar wall structures is presented in this chapﬁér.

o

Flrst, parameters related +to the geometrlc stlffness prop— »

.erties of the. coupled system are 1dent1f1ed ‘and the 1nflu—
A

éhce of certain building dimenzlons on typical'values are
ou

-

examina% ) Non-llnear*behavx \15 studled for varlatlons

] i. Yo R

. of these stlffness parame%ers, as well ‘as parameters relalﬁ,"
ted to strength and loading. 1In partlcu}ar, ductlllty re-

~ N

quxrements at overall collapse, in texms«aﬁ coupllng beaq

L

rotational ductlllty factor ub*and system dlsplacement

. ducﬁlllty Factor¢1‘ are examlneé in a parametric 1nvest1- .

gatlon Yhere prxnc1pa1 parametersuare. v

v .
N .
. . -

’ N . . . N
1. Coupling shear strength Ty’ -
.- ) ) 1 . ‘
" 2. system stiffness paraméters a, Y, ¥ apguz (defineéd in . .
the following section); and ST SR . t

3.* .Loading céndition as defined by p. - ' )

.
A . i > N

: Lo - S Lo , s
The séries of structures analyzed was generated by variation

- -~
0

. . ) . O
of a pa{Fic r parameter using the basic 20-story prototype < - ( ;

-

%tthtpxeideScribed in Section 3.6. . & v . , '

. oA .
. .
¢ , . . v N
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4
KT

’ dx,‘dz, I and_t, sxnce the wall centroldal dlstance & 1s

q -

- s - - M

5.2 Phyeical Interprétation of Stiffness Parameters .

..
- -

-

) ,The parameter o, deflned by Eq. 2.2, .can e‘wriftgn,aite%-

N
-

'nat1vely as: N~ - e S '
. ' ‘ ' ’ . ] é 1 N et}
Ty 2. . o v
a-—n(uli%)t By (2" 331/ ? g T (3.1) A
aj + 43 '

N . : . LY - - .
e
. o . . - '
e 4 \ ) o . ‘ - °
) v . PR ]

where t is the thickness when_rectangular cross-sections of
all members afe,cogsidered, other -terms were,ﬂefined pre- -

‘Viéusly (Figure 6), and: - Co .

. . _ Agly ' N o :T*.
s AR vy vy TR § : (5-2)f S
h .‘ _y . K ' i " : ) ' . \

~in whieg Ag = (A + Az), the sum of cross-section areas of " - -

.walls 1 and 2. L -

Parameter "\“may be rewritten in the form: =~ . . y
1,4, + d, ai +-43 . s . U
( ﬂ]dz )( ‘Ez )‘ . "_ ~ . ‘(5.3).

-

»:.)‘=,l+ﬁ"

3
'

"By considering tygiea{?dﬁhensionsi;9~be encoéuntered ‘for the .
. \ . ' . a3 .

v . N . - ¢ 1] . ’\ . .\
20-story prototype structure the range of variationof para-
o ~ . ‘ “ .

.

meters“a and A may be obtained. - .~
. . ~. .

. . : ' s \J ~ _ \Q
As- Eq. ) 1nd1cates, parameter A dis a- function of the ; '

wall cross-seewronal dlmensions only.’ The clear span of

’ % 1

the coupllng beams in thls 20-story sheer core was assumed v
constant at 6 ft. ‘The story helgh% h = 8.75 ft. is falrly

. IR
typxcal for modetn. apartment buildings.’ Withuthese values .

for s aﬁd h, paraméeters A and a depend only on varlables . e

t . 3

specified by:-' ‘ ,&‘ \

° . ‘ ¢ v
s .




‘height ‘range of 100 to 300 ft..will generally lie within

p=2L2s%a +af . e - (5.4)
. . ‘.c\ - w t .

- . . ' -t .
N N c, : . ol

for walls which are rectaﬁgular in cross-section. Slmllarly,\

the héight of the structure JH may also be treated as a known
t

parameter. The w1bth of bulldlngs con31der1ng a p0551b1e

A3

' . L -
the range 46 to 70 ft. Thus, (d) + d,) will }ie between 40
k] N . . . - -

and 64 ft.lfor walls exténding through the entire width of °

the building. On ‘the other hand, in the. case of shear cofes“

of tall gplldlngs whlch\accommodate elevator shafts, stair>.

wells. and seerce ducts, (dh + d,) may ramge from 18 to 38 {K

ft’:, ' " - ‘.

. S SN . -
T N \ .« ) e - .
Y - PO

For simplicity,'walls may be‘assuﬁed te have equal widths,

[y

L.e., d, = dzh This leads to values of X for the two pps¥

sible "’ extreme values for (d; + dz), i. e., 18 and 64 ft., of

Fl

1.12 and 1. 24 a m/glmhm varlatlon of 10 percent. As will

be ‘shown later, this variation in A may have a conslderable

@ - P

influence on the non-lipear response behaviour ¢f the coup-

1

ied shear wall system.

[y

Flnally, .with. flxed values of s and h thls range for A leads

to expeqteaPValues for stlffness parameter o given by

4
»

a = (0. 115 to 0. 046)( b y1/2 :

H o > (5.5)
." : »\j,‘

In buiidings with 6 to 8 in.-flpor slabs and panel widths

~

of; say,\zo,to<2 ft., the value of Ib‘gﬁy be expected to-




P

‘range from 0.21 to 0.59 ft'. On the other hand, where wall

v

couplihg‘ié‘due to' spandrel heams' 18 &o, 36 in. déep'ana usu-

- ally 12 in. wide, the va;Ue‘of I, may vary from 0.28 to 2.25
ft'. With shear wall thickness t from 12 to 24 in., the

A . ) - . . ﬁ . ’
* term (Ib/t)~l/2 varies between 0.32 and 1.5, with Ib and t
e ; N ( -
\‘ . ) . ‘
expressed: in ft.
. , - M o .4
Coe . o ' L , '
- ~ The preceding discussion of the expected variation of values

for o is summarized in Figure 17. The values of a expected

o to occur in préctibe‘fbr varYing‘connec£ing beam moment of
inertia Ib' wall thickness t, building height H; and wall

widths d: = dz, are thus expected to lie between 2'and 50,
Ay N A . .

" height H for .constant widthqu walls is accompanied by an
* ..y .increase in the value of a. ﬁsimilarly} as~theﬂcénhecting~,
L SN . B . 4 .
d "beam moment of inertia. increases, the va{ue of a increases.

This observation indicates that a is a geometric stiffness
] ’ -
parameter representing the ratio-of coupling beam to. wall .

o

_ . cross-sectional relative stiffness. C .
' e ' - [
T ‘ ‘ o . s

<

The parametér y of Eq. (2.3) can also be-rewriétén for .

- .

walls with rectangular ‘cross-sections as:

K I N v
- . 144 . N )
Y= [ X 12w , (5.6a)
hs?® (4] + d3)
.“ . - ‘ ) , ) . ’t -
For the variaﬁipns in typical building dimensions discussed
. . . ‘ ¢

above, the expected values of y for given oyérall height H,
\ . . .. . - : . :\E v

S ° ., -
-t The values of the parameters o, y, y and 2 for the - .
prototype structure are 12.3, 1094.6, 7.23 and 6.06 x 10-®" _

)
’

¢ - .
. 4 . . . -

: ¢
approximately. Figure 17 also indicates that increase:of .

Y »A‘r_‘h‘.-;s&},g.‘r N
' SOV

~d




\

A . R -~ v .,
coupling beam moment. of inertia'I , and wall thicknéss t - o

are provided by Figure 18. Forvany arbitrarily ‘chosen wall

. . . . L ] }
cross-sections parameter Yy can bE.presgnted as: ot

R Ib/s3 g : oo .

—_— _—_l . - .- g -~
Considering that the terms—'Ib/sa'and’Io/H3 represent the Y B

‘ielatiye~étiffne§se$‘of coupliné beams éhd'ﬁélls,'réSpec—

éively;"it is obvious (from Eqs. (5.6a) and (S.GbX)JtHat;

-

parameter Y:also‘represents the sysfem’s ratio of_Beam to

. . — N ‘» /( . 13
wall relative stiffness. Consequently, Yy incredses with in-

.
w0 oo B it R T N
.
Id

crease of the relative stiffness of connecting beams in a 7

.

‘mannet similar_ to that of a.
e 0 taat

LS
o
v

*To attempt to isolate the influence of wall width, thick-
ness, and height onp overall behaviour, a third stiffness

LN

parameter ¥ may be introduced as:

Y . R

-, ! _.Y N , ‘ ) :. ) .’
V=7 5 . ’ (5.7)

¥

Alternativély‘written, this -becomes: - .

“

- ’ N . . . .o i
= b= . H : " b N » 3
v = 1 ,d, + d,, ,di + d3 T . (5.8). . 1
[l ‘!' ﬁ'( d)dz )( 2'2 )]2‘ . e L
which may also be expreééed as: IS
.1 r T sy
V=5 - o (5.9)

3

a ' o . s::{l .:,A .
Employing the extreme values of )\ obtained previously, Fig- .
ure 19 shbws'thé,VariaEion of ¢ as a function' of H/%. Ig‘

k4 no

- : ' ) . L.




is apparent that the yalue of w depends’pr'marlly on coup-

11ng aspect ratio H/2. " The. 1nfluence of X is seen to be :
' <
negllglble for practlcal con51deratlon, thus, parameter Y

I " - may be treated as representlng the coupled system aspect // , ¢
ratio H/l. ) T

. - " .. v ! :;

'Finally, the ratio of~beam'td wall rotational stiffness may : f

_be erEESeed directly by parameter Z, defined by: ’ oL %

V ‘l. ' P N qﬂlb//:“ o ‘ - C ’ ).l ¢ "

N o -’Z.='TTS7§T o o . o ) “‘5.10) .

Coupled:shear Qall structures often have walls.with np sec— '

3

) . tions.” As noted previotsly, this is the case %hen‘elevatgr : v

éhafts, stairwells, etc., need-to be accommodated +The

[

parameters dlscussed above apply equally to such walls as
"

: Pt 4,
‘ to rectangular ones. The size of flanges OfJP¥ sectlons ' R

°

affect the stlffness of the overall system and the values of

'

o, Y, w, and z will correspond to those obtalned for struc-: .

- v

- tures with Stlff rectangqlar walls. \

o » . . . ) $ i _ . ~\4

5.3 Results and Discussion ) ' "'i;~ o co- .

”»
»

5.3.1 Rarametric‘Scheme - .

M I

The parametric investigation discussed in Section.5.1 was

- . _ ) ) .
' . meters: : . )

: : . : v , . o
, conducted according to the following variatign of para- S \g
‘ | " - !
|
|

. ] 1;. Ultimate coupling shear capaé{tx q, (expressed in ﬁips

: . IS
. V-

per inch of height) for the example structure was var- - : Ce

' ' _ < s . N . :
T Jded from—qu = 0.5 kips/in. whjch corresponds to the




<1

-

shear capac1ty of coupllng beams with tensxle relnfotcej
‘ment p = 0.125 Py, to 9,. 4.0 Kips/in. which cor;esponds

to balanced tensile relnforcement P = Py The struc-
-.tural geometry and stlffness as well as th& ultlmate

capac1ty of walls (Tables I and II) remain unchanged.

The value of geometric, stiffness parameter a was varied

from 9 to 14. _This range corresponds -to the geometry
.of frequently utilized coupled shear walls. Variation

'of o was accompllshed for the prototype structure by

modlfylng wall w1dths d, and 4., which is automatically

accompanied by a change in.f% , the distance between ﬁall

centroidal lines. All other guantities remained unchan- -

ged from ualues listed in Tables I and II. The Yalue

a =9 cor;eSpouds to d;, = l§~ft:} d, = 18 ft., and |
L= 28;1 ft., while' a = 14 correspoﬁds.to~d1\% 10‘ft.,
d, = 10 ft » and & = 19.30 ft. It is to be noted that
;maller values of a are aSSOClated w1th relatlvely stlff

walls and larger values relate to slender walls.

. £ - .
3. Variation in the loauing condition consisted bf'ua;ying
the top point lbéad pW.of Figure 1 over the range p = 0
to p = O.ls.kwitﬁ W representiug-the resultant of the
dist}ibuted lateral loao.' The conceﬁtrateu force "pW -
. applied to the top of the structure iauspecified by
seismic codes to include. the effect of higher modes., °
. The 1975 National Building Code of Canaoailhl9] sbec::k'>

fies values of p from 0 to a maximum of 0.15 of the
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'

. ‘_«" .. i . s )
.base shear, depending on the "slenderness ratio of the
'latéral load resisting system. All Bafa obfained for

other parameter varlatlons were obtalned for p = 0\$Q+ )

]

The above parahetric scheme involving. a and éd result in.
R C . - \
four différént'types of structures which may be defined as. .

¥

‘follows; . o -
1.  Stiff walls (a = 9) combined with a strong coupling’
. system (g, = 4.0 kips/in.). . )
.8 \ N : .
— - . . s ; N )
-2, Stiff walls (a ='9) combined with weak coupling system °

(g = 0.5 kips/tn.) .- o T

3. Slender walls (a = 14) combined with strong coupl%ng

x

. system_(qu = 4 0 klps/ln ). ‘ )

4. Slefider walls (a = 14) combirned with weak coupling sys-
' tem (qﬁ = 0.5 kips/in.). ‘

- ' « - * . 8

" . The data obtained from analysis of the noh-linear behaviocur

3 [

of these four typeé offstrucﬁures,are discussed below.

.5.3.2- Load-Displacement Behaviour ,4'\ ’ _

The‘pegponse of a pantibu%ar structu:g.go horiiontal load-
ing'can/be characterized in terms of load-displacement Hié: "
grams. The effect of sérénath of the coupling beamé
‘expressed in terms of dy pﬁ‘the 1dad—displapemedt behaviour

'
' ) .. > . .4

- ¥

slender structures where the base overturning momeént is

equal to 0 8 WH. - . o . -

The. value of‘p = 0.13 was selected to represent'relatively'

o

B N i




K

. . ‘
‘for the example-structure (Section 3%6; Figure 6 and Tables

. 'I’and II) is illustyaﬁed in detail in Figure 20(a).

\ . > . . \b ' .‘. . A T 4 !
D «  The behaviour for a, = 0.5 kips/in. and 9, = 4 0 klps/ln
| ’ . . ~ - v . l/
| may be considered -limiting.cases. The ‘value of q = 0.5

3 mire

kips/in. corresponds‘£0’strepgth of'the coupllng'bgam$‘re—

<

|
|

} ' . inforced slightly less thah'the minirum required for any B
‘ ' .

|

- a9 cL ' h 'l'

flexural member and q = 4,0 kips/in, representé coupling

beams relnforced to preduce balanced cond1t10n as noted

~
-~ ! -

-earlier. The value q, = 2.5 kips/in} corresponds to re~- ’ N .

rete R g

- xnforcement ratlo p= 0.5 pb, the max1mum perm1s51b1e ratio - ) §

for ductlle de51gn [ 19] ’ Lo

.

jmﬁe;following observations cénéerning tne.effécﬁ d}'coup;ing

capacity q;,are indicated by -the ioad—diQplqcehent beﬁayiéur N
. - .;-,_hm&n in Figure 20(a): : . i -
) v (i) " For the coupled shear wall with Aormal level of c&tp—‘
; . ling acﬁiqn'(qu = 2.5"kips/in.) between the walls, ‘
‘ _ the ultimgte load '(wu = 1170 kips) may be up to 18
tf\ ' itimés bféatéi than'ﬂor corresponding uncéupled cdn-
) ':,_‘ L *l;il;éver wills (g, = 0; W '='112 kips). ]
o, : \ : C, \
-!ii) ‘The‘introducﬁiﬁd égchupling action (i.e., g, > 0) "" .
. .is'accompanied‘by ductile'systeﬁ péﬁaviouf: However, . ; kK
aé‘strehgth q, is increased to values beyond the ori- -

13

"ginal désign (i.e., g > 2.5 kips/in.) the behaviour

»

= . _— -
7 Bgn = 20076, [19). ~ .




: . ) ” ) ‘- : Lo « \ . .
becomes increasingly less ductile. ‘For example, the

system ductility factor W_ is 1.75 when éu = 4.0
. kips/in,’ and 9.9 when q; = 0.5 kips/in. The value

=-2.4is obtained'whén,qu = 2.5 kips/in. (proto-
. b . - -
type design). ' The failure envelope, shown as the

. 'us

o

- dashed line ;n\F}gure 20(b(, indicates the varia-

I -
\

tion in auctile\pehaviour\Witﬁ differing q,-
r“\‘. , ‘\

SR ~ L e :
(iii) Weak coupling beams (qu = 0.5 kips/in.) lead to the.

i

?

formation. of a ctile collapse«mechanism where al-

mbst all pf he\ co pling beams yieldl(98% for this l

‘ -
example)- and plastic hinges form.at the base of "the

-

- lead to an incomplete collapse mechénism where a por-
tion of the beams (13% at the top and 4% at ;heubet—

tom) dd‘not.yield prior to formation df the wall

" hinges.: - =, , o -
.

Y

°
[

.. - The effect of séiffness parameter o on the lcad displacement

-

behaviour is sgown.ih Figure 20 (b). The data was obtained

for coupling beams wiph‘p = O.S_pb (éu = 2.5 Kips/in.) and
the following observations are indicated: '

(i). A small value of a (9.0) implies rela‘gvely stiff

walls and behaviour is éharacterized.by small ulti-

mate £op deflection (8 = 4.0 in.) and small
- . . . Upop X -

v . _ .

walls, while Strong coupling beams (q = 4.0 kips/in.)

Rttt

i LT TSP e
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. .
* )
) . .- " - N ?
. P . - N

A

_ductility factor‘?uS 5:1.Qa}ﬁ This means br}ttle
behavidur.- )
- R . ‘ I . ﬂ‘; \
.(iif A large value 'of o (ll)'corresponds_to*slen&er»walle

- and large deflectioh (8, - = 23.0 in.)gan® ductility
, ‘ N e TOP ' %~ - L i
~ factoe‘(p‘ = 3. 575 First and last beam yleldnmg is f{
«!f,“..xf - . | followed by a large dlsplacement re/g thus pre- b Hﬂ g‘
. .~Q duc1nglductlle overall behavxour.--FQr-the example ‘ ‘ g
. with a = 14 first yield occurred*at the crltlcally - 3

y

P

: % .
____ﬁ____“ﬁﬁ—ﬁ—*e~——wsttuated beam (Eo = 0. 74)‘for load Wyf= 620 kibs: ool

-

.
L - o T

Ty . ) S (6 = 6 46 in.). Thﬁs was'folldwed by yielding '
: Yepop . T _ | ‘
"v . _ - first of wall 1 (W = 828 kips, §,... = 10.67 in.), and
.y ' ) . ’ ? v ) . ’_ N * P
“then of the topmost beamijw = 1019 kips, Spop = 16-94 ° L I

1 -
. .

» o

, '~: " in.) before a plastlc hlnge was formed at the base of

; o . iwalbmz W, = 1069 klpS) - ﬂv_ }. .e {
C : - _ . | . |

“(iii) f@é ﬁltimate load W is not s1gn1f1cantly affected
- ‘ by the change in «¢. A maximum dlfférence of ll 7 o _ ,

" percent (AW = 125 kips) was found, between the ulti-~ ' \

Y ' mate load (W = 1069 kips) for a =.14 and that for : » ]
_, » o, ) 1‘ . o -
) ) o = loll(wu ="1194 kips). . ) <. . ‘
. . , . ' .
' Based on the above observations, cor espondihg energy capa- ]

S : . cities of.lateral coilapee may be expecded tdZfollow simi- ,

lar trends. ‘For a system with given distribution of

structural strength, large valdes of a indicate ductlle

g :
behav1our and, hence, good energy capac1ty., . . ,




..5.3.3 .Effect of Stiffnéss.-Parameters on Ductili&y Requi;e-'~
. , - : S

} 4 coupling beams) the percentage of- beams st111 elas-

L]
. . n ‘ ~N - . :
ments ' » . . .

£

»
. . - " i a
gt o :

_'The variation .of ductility demand with cpupling,bgam”stﬁfngth‘

for different values of a are shown in'Figures 21 and 22. ) o
The following observations are nétedx b : S, ' '
K " . N v 1.3! ) & . -
) : , . 4 -, . «:\, LN - -
(i) The classification of the structures into four dif- .
© ferent groups (Sectlon 5.3.1) cdn be employed ea51ly \ ; '
to examlgé the- behav1our represented by . these dla- ce :
' ' e . . [
. . \, . : 1.
grams. | o e i
. ; o . . ~" . §"

Y e

{id) The curves for a = 9 to 14° incidate that increasing
of strength qu:of the. coupling beams reduces “ducti-

- \'a
- . L . .
"'\ lity requirements for given stiffness parameter a. o .
- mhis is particularly evident for stiff walls where

values of @ are small (9 and 10). = - ¢ « -

N . S~
.

-

.. Here, collapse dccurs \when plastic ﬁinges aré formed

at the bases of both walls while up io'45% of all . . -

gpupllng beams remaln elastlc (e.ge, a =9, q = 3, A

4.0 klps/ln., stiff walls combxned with a strong ' .

coupllng bea . JFor values of a = 12.3 and 14 and

q, = 4.0 klps/ln. (slender wale cdmblned w1th strong -

4 * t

.

tic when collapse ocauns‘za 17% and 7%, respectlv-

31y.. : A .o PR ’ ‘ - \ ) °

.
e -




t

s (1id) Weak coupling beams, whefeAva{ues of,q are small,

, o C 'fequire‘large,ductiliby capacities. ‘Tﬁzgkimp}ies

) :uductiie_failﬁfé\beha%iour~pr9vided beam ductility

. ’ ‘ fcapaciiy is available to allow ﬂormatiop'ef the col=
lapse mecﬁanisml For exehpie, it,Wes found that for

. S :u =-14 and Qﬁ = 0.5 kips/in: (3 sfructure withﬁslen; . -

) der wal}s'cembined with weak beams) the beam‘ddcti- " i

> . . - o

B “lity requlrement is ub)~ 70 and the system duqtlllty‘ o ~
N ﬁactor/ﬁg =+13.6. If the stlffness of walls is in- oot
, - »oan ac creased (so as to reduch the Av'alue of a to 9), the o - @

o - . . ~
(%Y ’ L4 - . . . .
. B i < corresponding ductility factor decreases to more ac- - Lo

- ceptable values of . Ad. 6 and 4'6 reSpéctiver. The -

) ‘
col apse mechanlsm for all tases of" structures when .

. \

- 1s small (0 5:to 1.0 klps/ln 7 cccurs when = 98%

‘_ ' .- ) of all laminae hﬁyffylekﬁed before plastic hlnges ‘ é '
‘ - .are formed at the bases of both walls. = . . D~

H
~

B \' R . R B ]
. o ) Increasing q, > 2.5 kips/in. (i.e., stﬁfnger than the .
. . prototype desién) does not resuli/in'significant ‘
P : - b 3 »~

. . changes  in My and Vg unless walls ar€°very slender ..
% N . ' [ .

(i e.ra = 14).. For example, a change 1n a, from

2 5 klps/Ln. to 4.0 klps/ln. for a = 9 changea.ub o Nt

<

e ?
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' e

Figure 21 shows the coupliflg keam dﬁCtility associ-
: : ‘ £ :
ated with failure at y = 4. Hence, to utilize a

. ' N .

system ductility capacity of 4 requires a beam duc-

tile capac1ty “b from 12 to l7t' Thls implies that

.in most cases Q}gpllng ‘beam ductlllty ub will deflne

N

. the ultimate state. _q ) : tos
\ ) ’ ' 3 @ 4 ‘ ;
" \\' . . . . . .
ngure 23 shows the effect'of varlathps'of d,, dz2 and;f

- : *

expressed in terms of geometric stiffness paxameter « onn_a\\\;\.

'the ductility factors ub'and u at fallure, plotted for

‘different strengths Q- Obsé‘tlons similar to those noted

for ?1gares 21 and 22 are evid , Since thlS‘lS‘the same

- s
R ) . - .

data replotted.' . ' g ' ™~
.The influence—of stiffness parameter ¢+ on ductility re-

quirements is shown in Figure‘24, where ﬁb and‘us are re-

plotted- as functions of . —The data’presented_in F%gnres

24 (a) and 24 (b)° show that the ductility démand depends on
. PR .

Y in a~manher similar to that of a (Figure 23), regardless’

L3

) ) . ot . v \ -
.of the fact that ¢ depend§ on the 5tiffne§s of wallsfonly.

Small values of ¥ (5.5 and 6.0) correspond to relatlvelv

. (ﬂﬂv stiff walls (1 e., & = d, = 18 to 16 or expredsed by o as

>

"9 to 10) whlle larger w (7 5 and 8) represent Jelatively

slender’ walls (d) = d2 = 12 to-10, where's = 12.3 to 14)."

v
\

By analyzing plotted data} the following observationsnaze'

KL : \‘ ‘ ’ L‘ v :::
S - s ‘

Parameters Yy and Z wefe hot varled 1ndependentlJ 1nstead,
they were evaluated from values of d1, d, and 4 generated
for varkatlon of a. .

7

\

<::




1

o ,
Inérea51ng ,the coupllng beaw strength

qu leads to

\ A
- T more brittle fallure for any\value of
- ’ n '\'

meter,w.l This is more dharacterlstlc when the value
. of ¥ is fsmall li.e., Stiff wallsi\ = 5:5). This
ﬂs type‘ofﬁstructure was'chdracterize"eerlier as\sttff
*walisaﬁgmbinea with 'strong couplin heams. : .
4 . . ;
(o

(i1)”

R,

NS (qu g 0.5 to 1, 0) . 'In this-dase the coupllng beam!

l , a
ducfllqu capa01ty has to,be ensured to allow forma&
t

[}

tr{n of,a ductlle failure mechanlsm. Lo

SR / . ‘ . - _,\ N
. ~© w,f* 4
(iii) Cbmoarlson of Flgures 24(a) and 24%) shows that the

*

ystem ductility factor us is con51derably more -sen-—

. / sitive to changes of y.than is the beam ductility -
“v f ﬁ.\ . .
. - f fad%ofwﬁk.\ o . - ~
§ s ' X P " ' \
I : . y
F'guré)25‘shows ductility factoxs ub'i?d LR
- ) t ’L o _’ ke T
function of‘stiffness pérameter 2.

plotted'as:é

"me stiffness parameter

= L

‘~f5$\~? expresses the'ratio oﬁ}beam rotational stlffness Ib/s to

}\_
-‘)

oggglgngall story stlffness T /h where the change of thé

latter only leads to change in g for th
e

.;'

\\
0.25 and 0.3) correspond

studx. Small values of 2 (1 e.,
tb relatlvely stiff céhpled systéms-(i e., d,; = dz = 16 to .,
. 1 A18) Whll? for slender walls correspondipg values of 2 are -
p‘}.' : . "'/v . B . [ o ~. - ’ . ' 4 s R L
. Co Y ’ VR ' ' ) \ :
.‘ 4 1 ¢ o
'-"’A L )
N )
. AR
" ’ : ¢ ™
‘ . :

stlffness\para—

structures of thls,

DuctlLe fallure w111 correspond to large values of C_ -

4 % 5
N2 (a ve RP5) in comblnatlon with weak coupl1ng be?ms




&, : ‘ - -68- C .

- . M - ' - ‘\’
. .. ‘ 1arger (0 8 to 0.7) whlch correspond t0'wa11 yidths of 10
-to 12'feet; It is eV1dent that- varlatlons of Z have simi-

- . 1ar ‘effects on ductlllty factors Mg and 5 asjprev1ously .

descrlbed parameters o and Vs namely, smd ll values of Z

. (0., 25 to 0. 3) lead to brittle fallure char.- eristic of

B2 RO

(l a
staﬁf Structures and large values of” z (0 7 to 0.8) lead to ~ 3
."\' hd ' N . 14 '
more ductile behaviour. . o .. )
. "; ) . ~ =

. ' It ;s clear from the‘above discussion'that parameters o, °

» e
1 <

w and 2 can bg applied equally to represent fne system stlff—

ness characterlstlcs 1n studylng\ductlllty demand. ~ Ty

»

> - v . . ) o ) 2 ’

7 / ' ‘

T - \ : \ . .
In summary, the above observations,and the data presented in
4 - . ‘ . " .

o

1 Figures 21 thrqugn 25 allow the following general yconclu-

sions&concerning the effeétrof the‘geometric stiffness para-

. — ‘ . . N
. o meters: - ) L . . )
| 9 7 n . : . ~ - -
‘ v ' < , . ) e
} . 1. Shear walls that are’flexible re¥jative to the stiffness . N
- . . . R » ) . . <
- ) ) & of c‘:onnect'ing beams ge‘rally require l’arge dﬁc.tilityn .
-/ R : ’ \ i .
v ‘! . capa01t1es for_ both the beams (pb) as well as for the ) o
0. ,/) "o overall system (ug ), AE .G, F&gures 23, 24 and 25 for Lo
- ' , . . A
N a = 14 az=1.47 : . ’ f
L - L .
,‘ . \\‘ . ' g \ .o .
5 N 2. An increase in th flexlblllty of watis rdsults ina b 1
- . E"l e . e
.o " more rapid 1ncrease of dictility demand for ‘weak beﬁms . .

than for strong beams (e.g., Flgure 25&for q = 1.0 |
N . ' . / " : , i
\

- klps/ln. and 4 0 klps/ln ).

3

"%
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4,

ﬁleﬁiblenwalls anB;wéak beams usually exhibit a failume

’ Q‘ I\\

state involvihg yielding of = 98% of all beams and plas-

l

tic hlnges at the ‘base of both walls an rébulre large’

ductllﬁty.factors (e.qg., Flgure 23 for ‘a = 14, q, = 1.0

_gﬁxkips/iﬁt, where My = 38 and ES = 8.l5).‘ ot

\

L4 . \

-

Flexible walls in combination with 'strong beams exhibit
x - #

«

a lateral failume state involving plastic hinges

‘#zﬁe base dﬁ.bo%h walls while 5 to 15 percent of the

ifStiff walls and weak beams usually exhibit a;failuré

peams at the top and 2 to 4 percenl of those at the "

base behave\elastically (e.g., Figure 23, for a = 14

‘aqd q, = 470 kips[lﬁ . Where n = 0.05 and £ = Q;ggi-L

~and for o = 12.3, q, = 4.0 k&ps/ln , where n = 0.13

7

and % = 0.96). The crltlcally 51tuated beam in the

ﬁiddie zone of the struceg;zfge well as the overall 7 Ay
. kY {

structure do not Tave large ductility requlrements i

(e.g., Flgure 23 for a = 14 and q = 4.0 klps/ln., . .

where ys’? 2.3 and‘ub =.8.0l:

A

state involving yielding of = 98 pefcemt of all beams N
Pt . .
with plastic hinges at the ‘base of both'%alls with not

large ductiliéy requirements (e.g., Figure 23 .for a = 9,

'9h =4.0 klps/l9%, where My = 6f6 and Hg = 2.4Y).

- o

—

Stlﬁf walls and strong beams usually exhlblt a fallure

w !

state 1nvolv1ng plastic hinges at the base of both walls

I} L ‘ + . $
- P ’ " . ol o
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' - 3 ‘ oo a ‘

‘whilé,up to 45 percent of the coﬁpling beams' remain."

a

\ ' . R

. “;elastic (e.g., Figure 23, ﬁor‘a §19 and q, = 4.0 kips
inﬁ). It is evideﬁt-ghat brittle faflﬁre occurs and | ~
- the ducq%lity_rquiﬁemegfé are very éé:li ‘(e.g., Figure ’ é
‘< .23,‘for a = 9 and qu‘='4.b féps/in«, where ug = i.é? ; ’ _ “%
and u$,§,1.,3). | . _ h - §
'5.3.4 Effect of Loadiné Conditions _ -
The requirements of many codes as well as theée 1975 National ) oy

builéing Code of Cgnada | 19 ] requiié a concentrated load

o

at the top of the stfucture; Figure 26’éhowq;thg variation

of the beam ductilifx fgctor hb and system ductility factor s

3

. as functions of p, varied from 0 to 15 percent of the;

Mg

total base shear force for the exahplé structure. The fol-

-~ v
>

. . \
-lowing observations are indicated:

-’

- | o ‘ .
ﬂi) Top forge,reducég the calculated beam ductility factor -
" . “ - ] \ ’ ‘ 't‘\

at collapse by = 3 percent and system dugtility by =5 . e

percent (i.e., Figure 26 for p ='15% the beam ductility I }

- . -~ factor u£‘= 4.7 - and the system ductility %actof Mg =

3

1.82 and for p = 0% u,.= 4.84 and u_ = 1.91). e Hence,

. a . PN . i . . . ) s
more brittle (or less ductile) behaviour characterizes

A an increase of the top force. . !
. @ B
(ii) Invéstigations wﬁére only triahgulgr loadiﬁ; is.gsépﬁea - \,;*°q
) ' willxproducescoﬁservative;ductilitf feén?remeﬁtss This .' |
- suéggsfs_that &niform‘loéding will ﬁejmoreAc;nservativé : ;

s, .

S TsEilll 7 . ‘ . Tl A
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o " (iii) The ‘cdlla'p.se,mec(hanism\ for -both p.= 0% and o = 15% in- . ‘

. .. cludes plastic hinges in both walls and 98 p‘er.cent of -
= "* . ) - * . . T B . Vv .
e all lamina yielded with variation of the ultimate load

~ A}
: Ed

; of 3.7 ‘pexcent.”™ - . : . _ _
. N By .
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CHAPTER VI-

\
‘ ~ N \ . N “ + . v
R . SUMMARY AND CONCLUSIONS * ‘

v

An elasto—plastic analysis has been preéented for the
¥
behav1our of coupled shear wall structures under 1ncre—‘

3

e mental lateral loadlng increasing monotonlcally up to

overall cofiapse.

~ * .

. connecting beamﬁ were replaced by a continuum of lamidae.”

loadlng COnSlSted of a trlangular dlstrlbuted

Al L

cQmponen t to&étﬁer with a concentrated top~force, a

‘The laterw

condition which approximates the pseudo~static forces of

d ‘
- N S

k J

current seismic building codes. "

Equations-exg&egsihg the lateral deflections of the .system
Vi . * . ’

3

- and the rotations of the coupling beams were ebtained,

based'on“the followin a-suﬁptionsk © (a)

\
is expressed by ‘the ultimate’ shear capac1ty q,’ while the

-

the same pattern as ‘that obtalned frog\elastlc analysis;

(b) A-plastic hlng at.the base oﬁ one of the walls may
> occur before‘the tjimost~beam becomes plastlc.' The wall
w1th the plastlc hlngeuat lts base 1s considere to ‘.~f
part1c1pate ag part of the system fdllow1hg 1ts?homegt-

. axial force interactlon relatlonship, (c)

*

For this method)°the‘rnd1v1dual -

The shear distri-.

bhtioﬁ\over the centm&t eightdwhere beams‘are fi?st yield%d ‘,

shear dlstvlbution over the f%malnddr of the helght follows

One the topmost

~ 4

l'

P . 1
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Y oo ‘\ T

hlnge is formed, with total or partlal yleldlng of the

connecting continuum.

dasr

<

. ‘%To examine the’ accuracy of the aneiysis developed in this

o _" "studyq comparisons with” numerical examples ptovided by

. Glﬁcﬁ‘[ll] and Paulay [10] were made. Good agreement was

[N

‘obtained in both cases. The .approximation in Paulay's

. method that 95 percent of all-laminae at dltimate load have

formed plastlc hlnges at. thelr ends, was found satlsfactory

& . "+ for structures w1th a reiatlvely weak coupllng system.

- hinge at its base is considered to be-an ineffective canti- °

.lever, (d) Overall collapse 1s defined when the second wall

- This approx1mat10n may not be valid in cases when relatlvely

> A

¥ . o st;ff walls and coupling beéams with large ultimate shear

o \ N

‘ - ' strength are combined. Gluck's deflnltlon of fallure,

namely that .of rotatlonal fallure of the couollng beams ,

was found to be the probable limit on overall capac1ty for

p. B - 1

structures where the coupled walls are relatively slender.

— ' .

.

On the other hand, when relatively stiff walls were combined

{ -
with strong coupling beams failure W§s governed by the .

4 . .
2

k.;

ultimate &trength of the walls. . R

Four p0551ble assumptlons for the. effect of moment-axlal

A

1oqd lnteractlon of the wall which ylelds flrst weré

-

ittt A, o wimens e o et =
(| .
. - M .
- N . .. .
\
v
'
£
¥

Investlgated. In all cases where coupling beqms provide

adequate coupling of walls (whibh'is'tﬁe case usually to -

ny‘

beam reaches its ultimate capacity, the wall with the plastic

4




t

o

. 1 .
be expected of reinforced concrete shear’walls),,wall 1 e

N

‘was found to yleld first. Therefore, the'influence-of
the post~elastic behaVLOur of wall 1l on the loadlng path .
of wall 2 was examined assuming that-.-wall'l: (a) acts "

as an ineffective cantilever; {b) follows completely its -
~moment-eixial force interaction diagram; (c) follows a

’ # . . ’ .
simplified moment-axial force intere%tion, where the moment ° :

.

has constant value while axial force increases; and (d) .

-
il

€

does not follow any interaction. Approximately the same .

s

o AL A b A Ny i . ol

ultimate bending moment at failure is characteristic of .

o

’wal%_zlfor all four cases with a maximum variation of 10

(=

.

‘percent in ultimate axial coﬁpression,force_in wall -2,

v

and 15 pergent in ultimate load The minimum beam -

ey

«rotatlonal ductlllty requlrenent as well as system | . .
fductlllty was obtalned when wall 1 followed completely | \
_ltS moment*ax1al force interaction. The expected

behaV1our og a coupled shear wall structure falls between . ) «
‘cases where wall l,acts as an l;eﬁfective cantilevet and :_ o
where it follees completely its moment—axial‘fdrce inter-

action diagram,'after a plastic hinge is formed at its base-

The parametric.studyjof the effect of_eoupling beam strength - v ’
‘shoﬁed that the ultimate 1ate;dl load cépacity:oﬁ’l coupled' - ‘
system may easily‘exceeg the capacity of uﬁcoupled.walls by

a factor of 1036r more. On the other hand, large ultimate

Ccap301ty of .coupling beams, decreases the system ductllxty

" 7and ‘prodyces non-ductile ‘or brittle overell collapse. Weak ‘ .




@
o

.
-~

:
L 34

" The pérametriC'stqdy of the effect Gf the beam to wall

coupling beams léﬁa'to'fbrmatidh of a.duétile collapse
mechanism where almosb‘éll*of the cddpling beams'y%ela,

but, also decreases the.ultimate lateral load

-

cagacity.,

of course,

However, because the coupling beams have. limited

rotational capacity, the required ductilities may not be

supplied to enable formation of ductile,collapse mechanismi
'
In some cases, to utlllze a system ductlllty factor of say

IS

4, required large beam ductlllty capac1ty of up to 17.
This imﬁii%s that coupling beam ductility will define the -

ultimate state in most cases. ' .
. ) 2

~

’

stifiness/xatio expfessed'by the stiffness parémeter a
showed that small values of « (relatlvely Stlff walls) were

characterlzed by reduch ultlmate top deflectlon. However,

x

the ultlmate ‘lateral load- was found not significantly

affected by ¢hanges‘in this st@ﬁfnéssfpa;am@ﬁér.- Flexible

walls (1arge value of a) combined Withﬁweak copnécting bea@s
(‘\
require 1arge beam ductility capac1t1es. ThlS suggg@ts that,

AN

to avoid beaﬁlrotatlonal failure, one should av01d designs

which ¥pvolvé flexible wall ‘in comblnatlon with weak con—““

necting beams. o o / .

v

The parametric study of the effect of the 1atera1 loadlng l,

condltloa showed that the point loaq at the top:requlred

-

o

ny codes for tall structures reduces the‘computed beam

by it

Ly




~

of the walls.,

" well as walls with Neight should be considered. Additional

.
“~

loadlng is assumed w111 produce conservatlve estlmate
r. . '
ductlllty requlrements. - o 3 !

2
.
Y

. The analyses performed for_tne barametric.investigation‘

.. _ X
summarized above have allowed the failure mechanism under

incremental loading to be 1dent1fled as a functlon of

- ’

relatlve beam to wall propertles of stlffness and strength
Dependlnq upon the particular design, four basic types\bf

d T . .
behaviour were obse;hed: (a) Flexible walls and weak beans
“ B

usually exhibited a lateral failure process where 98 per-
cent of all beams yielded with plastic,hinges at the base
LI * \ 4

of both walls; (b) élexibie walls and strong beams exhibited

Ll

_a lateral failure process invojlving p}astic hinges at the

base of both walls with 7.to 19 percent of all beams still

elastic; (c) Stiff walls and weak beams 1nvolved vielding .

of up"toﬂ percent of all beams w:.th ‘plastic hinges at the

[y

base of the walls; ;nd-(d) Stiff walls and.strong beams °

produced brlttle failure where up to 45 percent of all .beams

.
- %

remained elastic when plastic hinges had formed at the base

E— - ' L4 »

.
*a

. —

) .
s /

Further studi%s are needed in both analytical and experimental

. dreas to supplement present knowledge. hn investigation of~

.

the effect of var:atlon of the stiffness of both beams ag@

Y

M *




'. The extent of the yleldt/g/reglon needs to be 1nvest1qﬁted

.

1 . . . : .0

“work by experimental testing is needed-to determine, rein-

A}

v - . - - 2 . .
fbrcing'details which will assure optimum strength, . - !

stlffness, and ductility of‘coupled shear walls.

L

and more reallstlc definitions of ductlllty factors must be ’ -

\/

obtalned Also

,.the P—A_effect ‘has to be studied’ o -

'particularly/;gf tall coupled shear walls structures.

o

Finally,‘it is of ‘interest to attempt a simple function for
‘the shear d%stribuéion in the;eiastic regions, such as a
‘linear variation for example. This would greatiy slnm}ify

' ' v
the solution,which if shown to be sufficiently accurate,

could allow easy evaluation of non-linear shear wall sys tems.

. . s
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] ;\ i -
= . \ - Walls R i ,
A, - A I I, T
ll -t 1, . 2 1\' S
o T : . ‘
Case . 10%in.? 10%n.2? .10%n," 1021}1. " lO"in. 4
‘. ! - —
e - (m?) (m?) (m*) \ (10" -
S (1) (2) ~ (3) (4),° (5) “(6) L
! oo > " : . 4 -
h’(\ L . - * , LN ' a
)Uncracked - % 2,996  2.996 _6.285  6.285 _ . 5.225
. o Q Sections (1.%35) - (1.935)~ (2.616) ;,n(z'.slﬁi (2. 170) -
h : ‘: ~ i .
" s _ ';,.: R ' © 4 R
- -~ ~ - ! ‘
4 Beams and '2.097 - 2.996 3. 142 6.285  1.567.
wall 1 g S ' . o
‘Cracked (1:354) (1.935) (1.308) (2.%616) (0.652) L
s 1 * ) - i 2 °
1 x N \ ’
- Note: (1) Ultlmate capaclty of walls in pure bendlng,
o AN
D - 1\n 1n. =~ kips (m - KkN): )
‘1 «© .' . ! .
\ ) L - ;.‘ i )
*Mul = 4,85 x 10° (5.48 x 10%)- - b
v e )
: - &7 -
. .= l 8 "10% "(2.14 1 be T
}‘ | ) M-uz 9 x 0 ( l x 10%) \ /
. | e C R @5" /
. ; g (2) Ultlmate capac:.ty of walls for pure @.g\l load ’ -
: .1n klpS(kN) T * oy >
L\ Teo- ‘ : * o y ! -
i T - - N “ ’ .' "l * ﬁ; ( ) 1
. 5 - . : , 3 \ : 4y, % ‘.
| < : * . =5,78x 10°(2.57 x 10") v
. ' ““-\)ul : - - s v " . r’). -
} ¢ - ) ~ . v ; K v .
- . . L A
o .o . TP = 15.44 x 10° (6.87 x.10"): L B2
. - - v “2 A . ”, A
s ’ . . " . . ",
’ \\\ ¢l - ~ '
. -y " r




5§

am e .
.

>

L4

. A Y . i
o 5O bt NG P A i i

- e 0 3 — L
. T . R "3“,_ ) - N
) . - . . N hd . \:‘ 3 - N :" . o - e
- g \ * [} - o - . : .
. T N7 . -81- N AN T
) - ) ™ - & v - ) hd v
; TABLE II - Dlmensxons for 20'—Story Prototype S{Lructure - -
' \‘ — A = . — "
R ‘ ' \ o e , R
C o Dimené‘i,dﬂ' - | - Value' -
k3 . ‘\ ~ , . ’ /
v Overall helght,\ﬁ, <1r1 ft (m) 175. ( 53.34) T
s, . B .
Wldth of walls,: d‘ = dp, in ft (m) ~ . 12 & ( 3 66) ~
q LI .
Story height, h; "ft (my - - " T 8,75 ( 2.679 5 X
ey 5 - ' . i PR (_un
:Cormectlng beam spany, .s, in ft<(m) » "6 ( -83)
Connectlnq beam depth, 4, in ft’ (m) D ov 3 ( .91)
. v
) Wall flange width, b, xt £t (m) LT ( 2.14)
o i B LR T
. y hlckness éf Walls, t, in' in. -o(mm) ; 14 { 356. ) .
> Q
Thickness of flanges, tg. in in. tmm) Qijq ( 356. )
Reinfor\ciwng steel in walls, , " A
ot : . . ' .. ‘
y tTemA_ in in.? (mm?) - .8 (50310. . ). .
~ s
S oan in 2 2
. , - A§2 in ‘1n. (mm*) 30:’ (1{75
Reinforcing steel in beams, ST _
. A_, in in.? (mm*) - 6.8 ( 4385, ) .
- - A,,.in in.? (mm?) T 6.8 ( 4386. ) .
- ' " 2 ' o :
~ \ . N . D N
. 2 ) - e -
_ y > :’ ¢ o - t'.
t ’ ’ B - ’ ! ‘ g '
. \” & ® P s
, d oo - . ’ V < - -
N . /—{a 3 - ° - . ! -
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/

W (5—1) qop T Mp (MAX) - .
‘ kips - klpS in. v Notes N
. Analysis - S - i ’ - ; _
CtD) (2) (3)- (4) o (5) (6) -3
Glick. .. oo 4883 ' 3.18 1.39 qp/qmax = 0.9 ‘ ' §
.Ptoposed.- L e'ag27 3.23 1.47 7 _ 3
Glack - 5074 " 3.46 1.92 ‘ 1-
939 ' e S e i
Broposed 5043 3.51 1.92 oL b0
. ' . o . - L
"Glack - ' 5289 3.78 r2. 45 .
) o T997 4 T : ‘ ;
Proposed, - 5268 3.85 2‘. 52
. [y
@lick . 5340 3.97 2.86 " Wall 1
. 1025 . '
Proposed 7 5372 , 4.02 2.84 Yields = -
Gluck ,  n.a. n.a. n.a. .
: 1140 A .
Proposed ' 5753 4.80 . 4.33. ;
. -
Gluck “ - ‘n.a. n.a. n.a. o= o
' 1228 - . .
Proposed .o 6022 5.46 5.63 .
Gluck’ ' n.a. . n.a. n.a. - i {
: 1330 N\ - ' ¢
Proposed ( 6292 . 6.26. 7. 19 !
» — . . i'
Gluek - - n.a. n.a n,a. Wall 2 N
' 1398 . M - L. . > Y
Proposed 6469 6.85 8.35 Yields )
1‘ : / ) ) ' 3 |
Note:  n:a. denotes no? available from the correspondlng . ! ‘
method of analysis . ) . RRN
§ - ' ,
2 Comparlsans in the table above -are for case C of\ 1‘
. Ref.” [11] and additional gata are obtalned by o I
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- .. . APPENDIX A

v B . : - .. r . “a . \
e DERIVATION OF THE DIFFERENTIAL EQUATION
N . . GOVERNING ELASTIC BEHAVIOUR ‘ ‘
. R ;\ : A ‘ - '} <. . - ln . o, .
"fho beams (Flgure 1) are roplaced by lamlnae.(Flgure 2(a)) ' ,E
. qaoh of thoh-has moment of inertia Eﬁiﬁ . The upper beam 1'%/
* ’ ; g . I
; ‘ at :fq§é one~half t?e cross—oéction and one-half £he moment of lg
T inertia of an interior connecting beam in-ofder to have a \6 v '%’
’ » . ° . .
; contlnuous set of lgmlnae over the full hElght. The pointsl 3
¥

of contraflexure are assumed to be at th$ mldspan of the ‘ ' -

connecting beams, which have rectangular c oss-sectlons and ’ v

° .

are considered absolutely rigid in their 1oﬁgitudinal di- T

' rection! Under an applied- load the walls deflect and shear . Tim

|
b
3
i
!
!
:

forces are induced-in the laminae. By cutting the laminae

through their points of contraflexure the gap shown in ‘Nf

- o
’ Figure Al (Ref. [3]) ‘can be found from the follow1ng ele-
- M <
» .. .
- mentary formulae from strength of materlals: L .
. . _ , ¢ [== N
: ) ~ oy L 7 ‘ ) '
(a) ‘due to moment rotation of the walls: , ' ' {
. Y .Ey ) ~ ) C
- ; S o
. fp = EI . fo Mod* . R
- \‘ - ‘
where: ~- . . S . -

N * -
N °

.

M§ Jé cantilever moment produced by -external load

- . ‘ v .

~— L4

§ 1s dlsplacement of the-cut ends of the continuous .. o h

) 'lamina due to the bendihg moment produced by ex-
;?g~“ferna}%h§1fr‘ B :
e -road. ¢ A o
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Al

.. (b)...due,to Bending*nf;he laminae "'= ' L L
. , e ‘5 =‘;E—§j_.q(x;'+ .22 fh,( fx'q(e)de)d¥ . (A2)
CL b - 12.EI, . pfo x, Yo o .

N 74 |
« b ~

K
o ‘ where ¢ is dummy vériqglé.ofdintegration . -
- | ', . ) . ‘ ’ | . . ‘ ' B
. .(g?‘ﬁdue tQ'axial d?formation of. the walls:
o "“ 6= L+ %;)#fh(bff q(e)ae)dx .. (A3)
. oo '. . . o
- . ‘. > . The qoméafibiaity~;onditién requf;és: . - ‘ -

** . .

or,'ising Egs. (Al), (A2), and (A3),

h53 : 122 1 1, u x - - ‘—
_ oo 12 EIB q(X) + E(I—o‘ + E— + E)\XI (OI ( q‘;)dgzax = E
. - ’ '_‘ ? # - Ty N - ) : oy P ’ ) o‘—' (&s)‘.
- ' ' . ! s, B ) ‘
T - . '&' -\ o B 5\ ’ \ ‘ ‘ﬂ- ' ‘

A T L N .
5' Differentiating with respect to x gives; et
X3 B M ~ ) -
¥ ' . . - ' *
" " hs® dq(x) _18%,.1 .1 '.x o s
127 BT “dx. BTt AT Y R adx = "
. ‘ o : : . A
\ . , s e l(AG)
. A
- . fThe axial fbrcq in the walls is given by: s {‘
- - . . ‘ R S
‘ T(x) =*_/* q(x)dx 7 . SURRRSIE T ¢-v ) N
_ . o . . * - '
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- viations into Eqé. (A6) and (A7):

g ” C,
2 22 1 1., 12 IH
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~ oy o . A i}
' * * . .l ’~ . T - -
* . yields, the diﬁf%rential eguation

'

R G (03 NPT SN S
dEZH~ : ?T(g) ) .ﬁ Mo

[

, P . . - 2
N Al i} - “ e 3
R ~
-« o ’ i
- . A
-~ ~
. -
B
o
-~ .
. "l
hd ~
, P .
- - - - Tk
i M -~ o -t
? L + v 3
. -~ A
1N ‘
. . \
IR M '
>, R
- o \ . -
o . . R
< ~ .
* - * ‘
-~ P ~7
e . N
. o
’ r
R
.
« . .
. . - 9
i
o .
.
q ? -
v
- .
. ‘e L3
. ES
o b <"
- -
o - R
N P I
.
0
° . .
ALY t ' « v
3 .
¢
E
. ‘. - * . v
- e - ~ L4
L . " « 8
v N . N Lo
. / PR v
. ; - ,
v ] . . PR )
'y b g . ~ 4 e .
. R L] w
MR LT .
. 4 . . w g on
e, " o v
5 * A ' w' !
o [ v \
N IS
. ' v .
~ - > "‘ .
. - .
4 . . an
, . .
, 4 x * _ «
. K ¢
. e i
. ~et ", N “ n ¥
i » -
* - v
L. . - 4
. . N 3
. Lo
v “ . >, "
“ -
a
. - - 4 . % -
. R
, -
P "~ o ¥
-
¢ - Pia * -
7/ o
. - . ,
L .
) Ny
B
<o . -
+ 8 ’ . -,
. T e e e
- ~ . I M

By Substitution x = tH-and introducing;tba

-

governing

N ot Lo
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elastic behaviour:

- o

£ N

4 .
. (a10) .o




‘ §

, o ) APPENDIXB ‘ . -
. oy , . . .

DERIVATION OF EQUATIONS GOVERNING NON LINEAR BEHAVIOUR ‘

-t AN

. . . -, ‘ " . N ( _‘7'\
,:"" - B.l MOMENT AND AXIAL FORCE ACTING .AT DIFFERENT SECTIONS OF -

v, PR *

THE CQUPLED SHEAR WALL .

’

oadrew ~

- kS ‘ ° . . «
. E

- According to Figures i, 2:{a) and 2(b), the following eqdaf'

e

‘tions for bendiqg mqménts and axial forces 4in the walls for

. . . v«
the three zones specified in.Figure 2(b) can be derived.

.

< y v

”a

. b . ' .
The moment Mo(x) due to lateral load shown in Figure 1 at

any section-at distance x from t?g top of the structure is:

N : ' "

Ve . 3 . e . . -
_ wx2 _ Wx - . ]
- - 'MO(F) = pr + 5 T - (B1)

. , . ‘ .

(98

_ ~.
Substituting x = EH into Eg. (Bl1) and,rearranging lead o

to: . . °

Ay . . : - K
p N . . B -

\ NN WH[EZ'L§—+DE] o _ (B2

/Q N ‘ ‘ ' i -
‘The distribution of the connecting shear force for elastic

- - ‘- . ! -

behaviour is obtained by splving the differential équatiqn

* ‘ * A , «

- derived inkAppendix A and is: . ‘ ~3 , :

B # ‘ ZYW ) ' e o .
o ‘ Q(E)“ [(Cacosha& - a51nh$g R .w

v

: ~ o®3

U.z 3‘ A . ' ! D .
- 5-(€2 - 25 - o)) N P
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.

S 2% a?@ o+ p) T I . - o ,
= tanha + : - o e _ .
¢ = tank 2acosha . ) ’ L .

and thé coéfficients o and Y are defined in .Appendix A. 'V - L

"The axial force in the wal1é" for the three zones aré q;e'ri—_" -
- N . ’ T . . .
ved separately, as. follows:

\ - .
» .
Y - . .

1. Upper zome (0.< £ < 1) \ B . L

& - N

£

N , N - . -

e . .__.g T ' ' - R ' C N n“
T = gt aga T, o ’

~ 2. Middle Zone (n < E <) ‘ o ) | ' ;

” . R (S

n e .
~‘If(E) = of q(g)dg + Hq (& - n)

- e [
0y

‘.Indicating by Tri the force at £ = 1 and integ‘raﬁihg:

LN -t [ _ ~

= SN a)as

vl
;oM
>3

i}

o Ty -z—z—v.,![c 51nhan - coshan = n +1 < :
. ' . ' g . .. :

“

]
L1}

“.'., aZ

3 ' .
= S-(3—=-n*-pem) o~
1-;' : \

M v “
« L , : :

R

G me = moaEq - T T ee) O

R ”‘;'4‘ :
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R . ce R
LA . °
7 - v P b -
. - & . . - » - .
° L. -116+ - .
! ! PO ) - - ' [ ’- . :', ©
. ' * N . ] - —
3. Lower Zone (g < § < 1) R )

“ . . . . )
' ° ~ ’ »

. ' . C : \ A . .
© T = 0..f“ q{£)ag™+ Hq, (¢ - n)'+;°I€.q(§)dE = o e

. . ' . - . N -
v .Y L . o . . -
. . . R \ e " [
v . ) . .
\ g\ M ~ .
N - s -
. - ‘f q(g)dg . ) i N . N
. . . . 1
. o0 . , \ ) S .
- 4 .
Y , . ‘ o=
- .t ’ R l - :

=
]

g5 awar e

‘TC } 0f~ q‘(g)zdg . * . .\ "‘ '\‘ o . :7. 3

R where Té is defined by Eq. (B4)Tand: ., . S o

. ) .
~ _ . v oo
. . .

‘coshatg, ' =.¢ +L - - : T .
ro . ‘ . . B

. < L e ABT) R
) &2?,r3 . \ s 0. : : o
@ _a” .t _ 2 _ t o .- . . _ . .- o
R & ¢ L )pc)] o T e T }
.~’,‘)d; . . . = 4‘ : ) "’ * * - L
This:, - [ . : . . )

. | . - ' ) B . ‘.

N =. ~ + - _ 3 +.~ : X - . —.-” L . P .
DT(E) T Hqufg; n) Tg‘ T, T o (B8Y ‘ ;
-7 - . [ ;

. A general relatlonshlp applicable to all three zones prbv;— r -

des wall bendlng moment M(E)‘actlng on the crass-section of < ;

- « .
both walls- :” , ,: g C ] - ' iw
M(E) = M_(E) = RT(E) - SRR D
. , Iy R s _— O )
. . : - Lo et

~

kﬁubstituting Eq. (BZ) and. correspdndxng values of T(E) for k L

the three zones (Eqs. (B4), (BG), anq (B8)) 1nto Eq. (BQ),- .

the expreﬁsxons for the moments Zijgny £ can be easily faund.

L 3 ° .
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A3
-, L RN , 3
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" N - N -
. ¢ . . . ° . PR . .
»'. ' The two walls will-asSume moment according. to their moments.
»* ' of inertia.- . . . — J
- - T - . s )
N F % “‘ ? - 4
2 . Bv2 BEAM ROTATION EQUATIONS . . '
N - . \

Q.

Total lamlnar rotatlon.e(ﬁ) at any helght is given by the

-

>,

S

®

dlfference between the bendlng moment rotatlon e (E) and the‘

L
a - . -
v‘ -

rotation 9 (E) due to wall axial deformatlons as: ,

.e(E)\= B, () - 8, (E)s : ' L .
. i N . ~ ‘ =~ Y R . ) N . ( g
From strength of material this can be’ expressed as; - 3
‘ 1 s - . 3
e =2 g;“ (f;)de - 3 - -
P , , L,
° ,.g Lo . . -
- [ , (Blo) N
) % ’ H :l 1 . ! - .o ’ - .‘ ' )
- EE(K? X;{Ef T(E)p(E)dE ‘ . .
where M(L) is expressed by Eq. (B9) and m(&) ‘and p(E) are
virtual moment ahd‘éxial force at ¢ reépectively. . i .
; Substituting Eg.” (B9) into Eq. (B10) and replacing of m(£) :
N " . - b N . . - . .‘
and p({) by unity for any section give: .. . \ T
. .- . 1 M_(E) , o 1'1‘ . i‘ - : S
. e = (s Z—ar- g s ommagy - ;
- 7 . . g o h o g . ? ' '.
. c ~ (Bl1) :
) - S - SIS A I . ‘ ¥
. : S TsEGT A )Ef T(E)dE Do .
. R . o
) . Y - . ..‘ _4 » :,
Integration of T(&)'from £ to 1 for three zones: . - :
- ‘ . . L A ! . \ T
3 ' . Y .
. - & D
. B 4 '
- ‘ ‘ B \ ) .
Y .
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1. Upper Zone . - A R
-”’5 . . - . .\ . e, .

4 >
B . N 4

N S a2 «
_J oTiEYaE = fn,TEdE + T (L =n)
E e S e
i T N

AN Hqul'%(czt—.nz)'+~§ + 0} + . (B12 )

S T U . \ ‘
g T Ta-EY

. " v o : o

- 2. Middle zone . IR

B \ lv' "‘ B , A . N -Q . . ) .
J T(E)AE = T (1 - E) + Hq [*%(tz + &%) +
E i, n ' : - u Y

0 . *
e . s 4
iy LA
4

14
A
BT e o, S et

PRTHPTL T A T

) 4+ 7=+ En )+ | - (B3 :
N ) : 1 - . E .. i T- o ;
T e . ;
Jo T s o e
Q" . .o \ ) - - - . e .7 .

-

3 m

3. Lower Zone . ‘ - s - R B

1 R ‘ ) o -
S, TE)dE = T (1 - &) + Ha (L - )l - E)+ . I
E . . . o . , 4
" > e . . (B14)

. . 2 -, . o

B N ‘1 R .
. . _ - _ L e
; EI TE?E C(l ‘E) .
. X - . . ,‘ N ‘ T '
Thg.notapions.Tg, Tn and TC in the above equations are: - Tg
is the value of the axial.force'at £ for elastic wall beha-
_vious and is expressed by Eq. (B4), while Tn and TC are
vaiﬁgs of Té at - the Eéﬁndqfies n -and { respectively. b
. : T : . . i
" Integrating M (§) from § to 1 and T, from £ to nand g to 1 r
1 ) )
. . - .
. Ve

17




< le- ' ' )
\\ - .

v .and substituting 4nto Egs. ‘(Blz), (B1}3) and (Bl45, solut ns

P

of /T(E)AE for the three zones are obtained. After tkis the

' beam rotational equations are easily obtained from qu. (B11) ~c.- -
.separately for the upper, middle and;/lower zc‘m'es.~ ' ,
. ' B3  DISPLACEMENT EQUATIONS / : ;
The defl)ection §(£) at any £ is composed of-6' () = deflec-, X
) . tion e to the external load, §''(E) = déflecti\pn due to - - ( s
! .sheaf g(f). induced@ in ‘the coupling beams, and §'''(f) = ;
déflection' due to the component q(f) - 9, after- the approxi- o
s  mation of the beam shear distribution of Figure. S . .
‘ ~ : - 4
) Cohsiq_ering onlﬂr the applied load (Figure 1) d'efleCtion ' (E) "
. is found: RSP - ‘ . " oo
Yoo, [N 1. MO(E) - -
.. &™) = H [ BT -' m{e) de '
- \ g o R '
[ . . . ' R
" where ‘MO(E) is given by Eq. (‘BZ)/,' and the virtual moment
S m(E)/= £ - £&. Here e is a dummy variable. Thus: ’: : v
: ' ey . 3 ‘ . : :
: osnEr = F U (e -5 +ec)(e mB)de L - S
. A'_ (o) E . . ' . o - . .
N L ' .
and after integration: w ! B
< ,’ v wna‘ ¢ N ) . ’ .o N ¢ l k]
\ C 8% (E) = z==—I[10p (2 - 3E +E%) + ~0 158 + S5E% -— %)
_ . 60 EI_ 4T X S 2
. *(B15) - ;
1] - .o ! t i
Consixdering only shear distribution for"elastic behaviour:
= ~(q(£)' from Eq. (B3)), it follows that: =~ N . ~ ’
. & i
_ L - . L ‘
. ~ 3 . .‘.‘
, !
i




"The difﬁefencé between ﬁhe expreséibné‘for 6" (E) and 6"15)

- expressed ds: ~ ’ : Lo

" The expreSSLOn for defleetlon 6"'(5) due to reductlon

'q(g) - q, is obtained ‘for the three zOnes from basic prln-

_ciples asi . L REI . “

- “_1‘205_\ : .
L ! ) \ n\: ; . ) ) -
. . - 1 ’ o * B
cear s L TEReRE .,
o ’ E o - —_ . ! * P .,- N
* - e i }“ A

)
3

. L)
° 1 [ ] A
(=)

-

‘ Substltutlng for T(§) from Eq. (B{) and m(£) as g; en above . ; o

9 * o 7 PR S - <§
s . . b - & 3
leads to: , oL ' i,
- ‘.o ' \ 3
. ) ) .k,
©_ 2wyn?p ! IPTE SR N e %
§*r(g) = a—“—_ET - S [C sinhag’ = coshae #+- .
. s g e B . T . " L | 3
. . - ‘ ?»7 , ‘ ..‘ . ,. .‘, . ] ) L l ‘ o . :i
e a? 2 o TR S g
- + 3—(pe +e° - -—) +£ - e]l (e - Elden S T
~ N ' ‘\" et ~ tre “, N N . - .
Y . . . A: :: - .\ \ . o . .‘, . . i 'EV
, L e LR I
Or, after ihtégnétion: - o SRR - ' .
. ‘ .}1 ' » ) NS ". ‘_, ' ] . ',\\‘. - )
e 2w 2 oy S L N
S €2 aflgf— { {C 51nha€_ ‘coshaf + = . . . ;
‘ N . , s ‘.\ . \ LI "n ‘1‘; . t \t -« - o i° ;
v, T . A

+-cbsha, {1 + Ca(l - 01 - “ BN

”
- 4

T - sxnhu[C + u(l - C)]} 4,

£
. i ]

- CEly 4
: - s S Y S
- ’ ’ + LJLJ'ISC f‘sg“:_ £ + il_g_él_j‘ : N

+ .
. . o & o v e
» . . * . . (4

»

expresses ‘the deflectxon for 'elastic’ behavxour<of the walls,

»

ée' Therefore for any sectlon g the total deflectlon can be

- ] .

rd 4 T e
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. ] e . S . . o . . . _
. . . . . —— ) . R - 4
. ) . -, [ R MOMENT-AXTAL FORCE INTERACTION ° ' . . -
o oo : S Y
. A . . . * . N ‘ < « 4 -
. - Notation. : o v 4 — . S
[ “: , - , - g P R - . :
. . ’ . ' v ’ e i '2
The following symbols,. also shown in Figure Cl and C2, are . - . '
" used' in this. appendix: Coe
° . A . e ”» - .
. . R . i
. a =.depth of equivalent rectanqular stress block; . .
1 >t 1 ° ' * ) ] ) N - ) ’
. . A_ = area of tensile reinforcement; ' ~ & g
' e ' /'_—“\\i(; ' ! 2 Al . ' k!
) , K é = area of compre551ve reinforcement; -ﬁ
L v 3 K
. - b = width of flange of ‘I‘vwa\i ‘ ;
. g .. Clo= compressioﬂ-fogce"in concréte (T-section's web);_ !
i . ; X R
> Cé' =aéompression force. in concrete (T-section's flange); i
[4 " ‘; 9 ' 2 R N ) i
‘ QCS = compresgion force in compression steel;*: =~ = - 7 ' %
L . d = effective depth of flexural members; ° " . ; = -
— \ . ~ )
o —‘-/l e ’ ’ ' N ~ ! o ’ - Y s
] ‘ ' d' = distance from extreme fiber to compressive rein- . '
' - / L .. - . . - Lo
. forgement: ¢ : ‘ A S
: ©_.-- a'"’ = distance from centroidal line of section to ten- . A
; i . e .. ' . o . ‘ .
i . -, © sile relnforcement:ﬁr' : .
¥ 3 o N ‘ . - . s . . .
E ' e ='eccentricity measured from tensile steel axis in -
! P - v . B
v e ¢ ‘case of moment-axial tension and from.centroidal .
P U . o . T e ) . :
B ' * line in «ase of moment-axial compression;
- - - . \
. L .
- e, = ec%entricity measured from.centroidal:line-in tase
, . . ' of moment-ai}?} tens1on, : o . o
. tT e' = eccentr1c1ty measured from, co presslon steel axis; . A
r '\ ’ - . A ° - ¢ .
b oo Eg = mfdulus of elast1c1ty oflsteel~ . " ;
. * \- .
; - o fé —~u1t1mate compressxve strength of concrete° ~
Y ! N o L L. _ Fen N
$ - . . -/ C ,
N N w» . S X 4
g ‘ . ' -123- . ] ) -
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When the ultimate eccentriz/&uﬁa Py exceeds tﬁe‘balanced : .

‘ced value e, ,

\ﬂompression in the concrete.

Co ' ‘ -124-

' . ‘ . , - X
f, =, stress in tensile reinfézfemgﬁp; ' .
' 'fy = yieldtstrength-of féanbrcement; TR . '
'g = position of _the centroidal line; T
Pu;;:ultimate axial load ?ﬁléompr?ssibn'walf; ‘. ;
‘Ps»= tension forcw.in steel A_; N ‘ ; wjé
P! = tension ‘force in steel Aé; ~ ‘ 'g' ' . §
t = width-of web in T-section wall; | ‘J - L . fQ?
.to = flange thickness of Tlsectlon wall, T §
T = tension foﬂEe in tension steel; ’}

. . ,&f a0
Tﬁ = ulilmaté:ég;alxlgad in tension wall;

x = position of neutral,axié
B = factor defines equivalent rectangular stress. block;
€, = strain in concrete; ¥
€y = strain in tension steel; o
eé = strain in compression steel, ' -
Cl __  BENDING AND AXIAL COMPRESSION -- "T"SSRQTION R
)x ‘ l . . * ’
Cl.1 Small Eccentricity -- "COmpression Controls” '

' v
\ N } ®

value of‘Pb or when” eccentficity e is less than the balan-~

the capacity of the section is controlled by

1

- | . . . B
According to Figure Cx (b), by considering the agtual strain

- . £

varlatlon as the unknown and using the pr1nc1ples of statlcs,wpD N

<

therultlmate eccentrlc load P may be obtalned.
1
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Fofce eqﬁilibrium fequifes: L E A
- ) N = - -~ N -~
. : v [ ] -
e~ Pu = gc + cc o+ Cs T . } (Cl)
) = ‘ * 'e 2 ) '
where the intgrnal forces Cé, Cé', Cs and T are expressed
- by S x -
| I ' . . I ’ . ‘
. Y CC .85 fC)t(BX) v . .
- N - ' ".‘ . _ 4
ve ' : o o ®
€' = .85 fc (b - t)to s S
- - ' _ ‘ 1y o - - - S
Cg = A5 (fy .85 fc) R . ~
. ‘ \ . \ : .
. ‘ -\_ - E
T.-_::»As‘ _fs . i
‘ _e_g= ess - * i K )
X d - x . - v
- ‘ v 8
( . =Es €q(d )X) . . . R .
s .- X ¥
' ‘ )
& ’ : ‘ 5
-Rotational equilibrium of the forces is satisfied by taking
N ;o \ " . -
moments about the applied force P
' ) . % a _ -~
- - [ " - - ) - LI Gt
Sslgme-d) +Cllg-e-5) - CGEraks) + - -
- y - ' (C2)
. ’ ) . H
+ T{(d'' +e) =0 -
SN
. ) . ' ,
By substitfuting the values. for Cé, Céf, Cq and T and arran-
g;ng‘the Tesults, it.is found that: '
' S . .- LI
T %Y = Fix? - Fax -~ F3 = 0 N S (C3)
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o - IFEER ; : o o
. 2[R ,AsEsec(d + e)] o .
. 2 .85 £1 t B2
~ : ‘ v
< ‘ . _ .
P . - Lo L . "
’ ‘ 1_‘3 _. 2ASESEd(\§ . + e) d , , . { B .
"3 T'TT85°f' b B2 - , I 7
, o RN p ‘ ‘
.- ‘ ' s A -
N . \\__’/ * . . ) N
. - = at - . X - - ' v
« RTALE 85£1) (g - e - d') + .-
‘! . b - ‘.._.
r ~ . ) } . ,f. ' - .. /to a
' Ld Ll —-— ———
. + .85fc}b .t)to(g e~ 3
A [} . . ~ . T

. ’ -

: . o !
The above equation can be solved by using the known proce-
. . - . v

. duré for solving a cubic eqguation or else using one of the
. \ &

numerical methods when a computer is avallable. In thlS
study the® Newton-Raphson numerlcal procedure was used. All,

other quantities once x is known are readlly‘found.

- . £ . 7 ' ~ -
;/4?' Cl.2 Large Eccentricity -- "Tension Controls"- . ~

. n o

N c1.2.1 Cémpressibn Steel Yields

~ the palahced‘Va;ue P, or the eccentrfbity e is greater than:
o L , .
L the balaﬁced value eb .«The ult%mate straln of the steel W
\ _ ' - N

most dlstant from the neutral axis will be greater than the

a

" Jyield strain ey = fy/Es According to Flgure c2(b), forces
f . - -
. . . . e -
] v 4 . .
“s - - Cc Cc Qs‘and T are: o
[ -, . . R . . e .
iy VR - . ,' o N

’ « | Ce ;=‘9'8$ fc (b t)to , . \ ‘ i ,

; -~ ' ' v » ‘ * )

i n - *

i L

. This- is the case when the ultimate capaciﬁyJP; is less than‘)/A ]
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T = Asfy ‘ -
- ' . b ._" - o
Cé i40.85 fc (Bx)t L . ' . o
= ' . - Ep .
Cg As(fy' .85fq) . , . ‘ ®
S - \ N B
.From foxce equilibrium:
= ‘" ey - - ) ' )
?u ipc + Cc y o+ Cs : T_ - . (C4)

° ~

From moment equilib%ium-wiﬁh respect to_the tension steel:

. - ~ ! K N g

P2t = Cid - EE) s @-8 s c@a-any (C5)
“u cf -2 c . 2 s i :

.

L}

Substituting the values for_Gé, Cé', CS and T into Eqs§ (C4)

and (C5), and solving for X, gives: ' e
, - .- .
X 4 Fyx #+ Fp = 0 - .
where: \ ‘
T 2(el - a) - . - .
- F! B B 9 . o -
f = 2 Rj . . -
% 7..0.85 £7BI{t . R S
. c"7 . . o o
. o . . -
R; = Rje' =R, o
. SR . T
' * - ' . ‘ ' - ' - .
: Ri- 0.85fc(b tt T+ As(fy -85£)) . Asfy .
' C : .Y

. Yoo ‘ Y

- Ay N . . t N v, -
- = - - _© - -
Rz = 0.85f% (b= t)t,(d - 57) + AL(£ - 185£1)(d -'d")
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Rk 3
1

T T =A_f ' - . p
& S y ‘ @ .
. . . . . . |
Vs - \77 - R f
c! = O.BSfé(Bx)t . . R
\ ¢ - - ﬂ“ v . ’
.
- = \ i
a ‘ Al
L q‘\ .
. — ) ' . . N ) B .
N . ‘ A i
) - " - N . - ¢ - N
A ‘ . [] - ~
« \ ' - -

. .“ . \ ’ . , ‘ . )
°_ The solution of the above guadratic equatign is? . =~ * ° -+ .
L _ =Ry 4P aF SR -
. x = .F] -+ 2F 4F2 . ) . ‘ - ) (C6)
. , . i R N AN A - .
- o . R
\ . : ] , = .
With x known all other gquantities are defined. . _ .
Cl.2.2 Compression Steel Does.not Yield N %
N | ] N ¥
In case when the eccentricity e is large and the neutral ‘§
_ ’ ) o L i
axes"is in position x < 2d" the compression reinforcement. \ 5
N , - - . o ' R e\ ‘:.
cannot yield before-the extreme concrete fiber reaches its " §
. R " .
- ultimate capacity defined by yield strain €y = 0.003. , ?
. . ¢ N \ ‘ - _Q— ',
' s . b - l 3
By equating strains: RUCAN .
R ' ’ . ‘) = . . o ' N - N
.E_c. = ___.E—S_._. ‘ . : . - : ' . ot
?( X -~ d' ) LT
from which: ‘
e (x - d' o " S ) : .
£!' = C( ) ‘ .: ‘ . .
s - X . . . L '
i P . * ,‘ ;-‘\ ‘\
The 'stress in the,qpmpression‘steél is therefore: . o C

I

1 « M '

A

Ege (x - d')

Jf! = e N~ L
S, 5 o x . * . fx ‘ ' E
Co i ¢ . A . . -- 3" w ¥ / L

; The forces T, C., Cé' and Cg are: - . v
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2 ;1.3}1- - rs
. . . . oL é R ) - s B )
O "" = K ] ‘..; _/ ’ 3 E “
cpt o E B b T TR
. k - . 4_‘ . . . . . ‘ - - ’
S q’ _As(f.s 0" ; c ' . . “
P / o L ,
L) + , i I \
. Force. equilibrium requires: . * Lo . >
. ot ' . ¢ “ @ |
- - Vo4 ooty g - " _'-' . : -
A A cl' +C =T K , .- (€7)
a . . » - . \.
. ™y i '4‘ ' L] v . :
. and taking the moment ‘equilibrium.-'about the tension steel, -~
giyes.:, - T e . ‘ T
PRI 2 ) ' o . —
et = LI} - ). ] - - ] N
/. Py ?c (a. 5 )+ Cc(d 3 ) + CS(§ é )‘ (98) ‘
A} t N , - * ¢ ! ) .

K P f‘ y
The position of the neutral axis can be found by substitu-.  _ . -~

. . -

“ting the values for Cé, Cé', Cq and Tfﬁnté the Egs. «{C7) :

and (C8). . ‘
. o : . .. /\\ .
After rearranging of the results the cubic equation for X .
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2[Rz *+ 87A;(e'-4 d;f a - p ‘ o
= 0.85 £ th?

2A! 87(e’ - d +d*)a' . o e
0.85 E_EBZ - :
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. ' t
= ‘ot - L €M (h — : _ _oy , ~
Ry = Rle‘ 0.85 £5(b = t)t (d - 5) +
- . , M * _' . pa— . N y ) 14
+ 0.85 £'Aa'(a - d'y . - “ o
- C S . ) ~ ; . )

: :
v .___. ' - Vo , 1TatY
SR 0-854fc(? )t q.gs £LAL - AL

- E} - ’ -y
It is obvious from the above that, in ii}vestigatiﬁg the }1‘1-_ .-

timate stre«ng.t\h of a T-.-sec~ti-_on in bénding and axial com-

. -1 .

pression, knowledge of the neutral axis location is. of
. ¥ N .

-
9

paramount importance.
- // - _
If the neutral axis occurs at a distance to)B from the top

o - T
o .

éurfaqe of the .flange and, on the basis of the aséﬁniﬁtion .

t

that a concrete stress intensity of 0.85 f(': is distributed

over an equivalent ‘compression gone of B8xhb, t’he T-section is .

. to be investigated as a rectangylar sectidn.,

Eaiaary

c2 -

The investigation. of a rectahqgular section in bending and
\ . .
“

axial compression has received extensive attention in the

@

literature to date [11] and will not be presented here.

BENDING AND AXIAL TENSION-RECTANGULAR SECTION . -

o
\
. , . ' -
‘ .

€2.1 ,Small Eccentricity ‘ . “

¢ - ' .. . . i . -,

Cl(a), when eo‘f_ g - d', the following relations

. .
-From Figure

between 'thé ultimate f_orce P;J and the section 'propertieé can,

be_ derived: ‘ ‘ y ' . o M
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. \
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Large Eccentricity
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_From moment égquilibrium with respect.to'A_ and A’
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sybstituting the, values of Xs and P, in Eq.: (C10),

/'ﬂand '
solving for Tyt two conditions are obtained 'for. strengtl{: ,
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. . This case is similar to bending and axial compression of

rectangular section when the ‘compression ste_él yieids.
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Lo . 'According to Figure C2(a) “&nd by. -satisfying-force an
L, o fnoment"equijlibr.igm .the location of the neutral éxis «can be '
. found from:‘{’ o LN .
50, " «‘ .. ' 7\ N * N ° 'O‘
N . | 2 - ' = - - ;
. T My FT oG Gy .
™y ® . ' | . s o~
. - ',- Te R ' el + «:+' - - Bx . Y
. =6 PGt m 9 m ) |
LT where: , v
[y @ 4 ‘ - _ ‘ . \ ) -\ ’
SR T =.ALf " ‘ )
- ) \S y N ) H ) N *
- ’ ’ ‘. ' . .
v " . - . * . \, [N ' . .
. Cc 3 0 85‘fc.(8.x)vt o ,
‘ : ¢ = A'(f, - O. \ '
. .o Cs. As( Y 85 fc) ‘ : .
’ ’ T . IS
. . .. Substituting .the expressions for T, Cc and CS into Eqs}{lZl«
" T and™l} solving for x and arranging the results yield
T ! N v
" . & e g RPN ‘
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- - h ' ’ o ! - A !
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’ R¢ = Ru€op — Rs
" . . PR 3 M ) N N
. ':‘b ¢ - ) . - N AR
. The solution of “the above equation is given by: .
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~ With x known, all other equations are readily. determined.
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'From the strain distributign diagram: . - ..
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- ' From force and moment ecquilibrium: ‘
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> By subsﬁfﬁhting values for T, CS ang Cc into Egs. (CGl16) and
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