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.ratio as ised in Table 2.1

3

I, at bottom of frame

b
tetal height of wall

height of column, i.e., storey height

moment of inertia of a connecting beam
Al

moment of ¥nertia of wall sections
moment -0f inertia of wall ' .
rotational stiffness of shear wall: support

lateral point load applied at top~of frame
to cause unit deflection in its line of action

: © and Kf ,
lateral point I;Ed applied at the top of a \
shear wall to cause unit deflection in its’
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factor representing both K

‘
*

stiffness of a shear wall with openings

distance between centroidai, axeg of walls .or“
columns or span of beams
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wall bending stress factors
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" “CHAPTER 1 - : x

_INTRODUCTION o ‘

. -
Y + 4

~

. 1.1 ' DEFINITION OF SHEAR WALL

¢

Y

N in: 11/di 18 essentiaily a’ deep, \slé¢nder

stflateral,forcgs when Yframg systems
4 . .
. ’
: [ it i ierft to makg
/

.shear walls support the vertical load in‘addiﬁiog/éo.their'

N . ' L , " . '
- \ }
function to stiffen the frames to resist l: ra} loads. due
N o . A \x:\ o »

to, winds, earthquake and blast.- ~  ©

[

\ ,  Although interior and ex;erior,coﬁéféie walls have
. | ) o e . ‘
: beehzgsed to stiffen structures as long as reinforced
conerete itself has been in use. The modern concept of

shear walls designed as vertical slender cantllever was. o

é

flrst utlllged in 1948 in housing progects in New York Clty
7

and in chlcago in buildings des1gned for wlnd forces, to

' augment the lagsréi'reststance of the frame. / ' .




1.2 ELEMENTS RESISTING SEISMIC FORCES

~
e

1, 2.1 Relnforced Concrete Shear Walls -
!4' ' -; . \

Reinforced concrete walls cast integrally with =

s

&

b . ! v , ° ~ : §

 columns ‘'and girders are effective structural elements - . ;
providing resistance to lateral forces. Among these

reinforced concrete'Walls,'those which are given enough * : -

thickness and reinforceﬁeﬂt are called the "shear walls"
¢ %, . . 3

or the "quake-resisting walls". The stiffness and

- . .

strength of reinforced concrete walls is much higher than .

that of open frames. They can carry seismic forces also
./\. .r‘ . R ' . . "
. acting on other portions of the building thxough the slab .

2 . . " ‘ '
N

with the co-operation of other frames or other walls.

connected to thenn\BThus they can resist seismic forces

gAn'arrangement of shear walls is illdstrated in Figuré 1.1.
N A R
’\\A FIIOpenlngs in a shear wall are perm1551ble, but the stiffness

and strength may be’ con31derably redébed due to open1ngs.~
) .

\

v 1l.2.2 wWalled Frames and Frames With ° . :
e Relnforced Concrete Bracings “ .

-
N ° ' . 4

"Welled‘frgmes which-consist of girders and wide

columns can also be used as an effective antiseismic

<

element. The exterior wall whichumay act as an antiseismic
y element lS shown in Figure 1.2, The reSLStlng capacity of

‘the: walled frames Lo lateral forces falls between those of 1
)f\ ,
shear walls “and ordlnary open frames. As the deflectlop
/

~, - ' -
—
* il »

i
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MR i . ' .
" paid tokthe concentration of stresses at the end of “bracings
f 4

shear walls.

»
patﬁern of the walled frame due to lateral forces is similar
to that of ordinaryff}ame, both’ the upper anq@ lower parts

s

are almost gdually'effective, while the ugper part of the

" shear-wall is not so effective because of large deflection

1 1

due to cantilever action.

-’

4 . jfﬂ ‘ .
. - Reinforced concrete braced frames which hgze ehough
. . § . . A

~ T e

.

strong reinforced concrete diagonal bracings may introduce
siﬂiqu‘effect as full reinforced concretd shear walls

(Fig. 1.3). However, in these framé®, attention should be

and anchqragé of reinfbgpipg bars.

1.2.3 Masonry Walls With Embedded
- Reinforced Concrete ‘Frames

'

.
.

~ . Ip.general, ordinary mason

walls made of corcrete

blocks are nat considered as antifseismic eiements. _If they

. - , r3

‘are properly reinforced with steel bars in order to pfevent

the collapsé%during earthquakes, they can act as monolithic

- . -
¢
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« .7 1.3 CLASSIFICATION ‘OF SHEAR WALLS IN ‘ ,
- ' TERNS dE_WORK IR SR

The SEAOC [23] 1ntroduced factor K descrLQ&ng the

s

*  ductility of shear walls. The value of K depends on °

Y

‘the typee-of frames resistlgg the lateral loads. The

structures with very high ‘ductility such'as space. frames

have theflowest’value of XK, while structures with non- S

ductile lateral force resisting elements like solid shear
walls have high values of K. y - .

\

Dependiﬁgman dﬁétility, shear walls can be classips

'~ fied as follows [16]: _ . . . f ﬂ'h l}
(a) Shear Shear-Walls:
(b) . Moment Shear-walls
B kc) i .Dpctile—Momennyhéar Walls .

-

-

[

' © . :
-,fh all three classes, a shear wall acts as a canti-
v lever By itself aloné, or in combination with other ‘shéar
\ ) H ’ P , -
walls, or.in combination with beam-column space frames link=

ed by connecting beams or slabs. .

&

=
q

(a) The shear-shear-wall is ;ﬁﬁafl whose primary -

S ,
deformat@on§ﬁs due to shear strain and whose = -
ﬂw.‘primary energy‘absbrbing cababity is shéar strain- ,

energy when the wall is acted upon by lateral ,

forces in the. ‘plane of the wall,

" . .
e - . * .
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Raiabiat o B VRN U e

. . * . . 4" N / - .
. - Ao . . . R

, L .
This type of shear wal} has a low H/D ratio

"+ and would be designed as a deep beam. Such walls B
B . are common in concrete bldéﬁi;in precast ahd in

poured-in-place concréte wadls~in low-rise struc-

4 .
. . tures. It is suggested that for shear shear-walls

C @ the K factorﬂl 33 [16]- ‘should be used in earthquake

. ‘Formula glven by the SEAOC code. [23] ' '

(b) The Moment shear-wall is a wall whose primary

mode of deformation is bending and whose primary

energy absorbing capacity is bending strain energy

when the w11 is acted upon by laterdl forces ip'

the plane of the'wall.

DA ' Its behaviour is chafacterlstlcally that of a

flexural beam. This type of shear wall lS commonly

-

. i '
fQund in hlgh-rlse shear-wall structures. In order

N to quallfy as a Moment Shear-Wall the wall should
“.  have shear deformations which are 10% or less of .

i . .the total deformatlon (flexural plus shear) under

- .

the action of lateral loads [16]. It is neqessagy
- to carry out a structural analysis of the building
" > . i . . C “

< taken as a whole; this analysis will reveal, agpng

other things, the ratio of shear deformation to
_total deformation in each shear wall to be used for

the classification to be made.
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- (¢) The Duotiie Moment-shear-wall is a moment

—

shear-wall which has a ductility factor of three -

or greater. [%6] _.

Ductility of a'structure is its ability to

"’ undergo increasing deformation beyond the initial
yield deformation while still sustaining load. This

is illustreﬁed by simple loqd-d’eflection/cuz:ge in
. Fl_g.' 1',4" N _ . i

‘\Duc*t:ility factor is defined as the ratio of

-

' the maximum perpfissible or useful inelastic deflec-

it

" tion or displacement.to the initial yield deflec-""

u

- tion. In Figure 1.4, the ductility factor would
. -~ .
be the rati b/a. It is obvious that the determma-

ktion of the/value of ‘the ductlllt_y factor: for a

" o - [

reinforced concrete moment-—res:.stlng ‘frame, is a
complex problem involving bending and shear defo‘rma- ‘
tions. of heterogeneous members cpﬁéiﬁinq of concrete
.. : and ductile reinforcing steél. The treatment of
- this cojr‘nplex problen is preﬁented ir} Refe}:eﬁce [1].

. . A .
\ . . - ’ .
' A ‘ . .
. . '
M

a ﬂ . .
_ ~ In consideration LOf what \K . factpxs are appropriate
. P r LY
‘o to such walls, a mlnlmu.m ductility factor of 4, for duct:.le

& } t—refslstln& spaée frame has. bee\recommended by the
v ¥
Portland Cegent Association [1] ,~and that in th® §&c Code,

[23], a ductlle moment re51st1ng space—frgme with an assumed N




§ ‘) ‘ »
- - - i
7 ) St
-;/ V
‘»“‘\ ‘ -.' "‘
—_ } . (2, 11 \

Q
T

minimum ductility factor of 4, is given a K value of 0.67. ;

Hence, a Ductile-Moment shear-wall with a ductility factor

of 4 or more should qualify for a K value ¢of 0.67.
o . } .

°
- o

Y

1.4 ANALYSIS FOR LATERAL LOADS

&

Wit 1, Y il e B ==

’
Analysis for lateral loads "of buildings containing .

.shear walls was carried out initially, in the"SO's, by . . ]

\ \ » i

assighing (12,13] él; the lateral loads to the shear walls,

since it was felt that the very big difference in stiffness

between the shear walls and the frame allow the shear Qalls

to accept the total lateral leads. This inaccurate
assumRtion may have been conservative for the computation
b . ' of shear wall moments; it is} however, not conservative

for the frame, and particular}y in the upper parts of the

" building. | ‘ ‘ .

Formal procedures’ for shear wall-frame interaction

’ . J .
were first introduced in the early '60's, resulting in

substantial increase of the overall stiffness. of the combined

: . _ ) . -~
b ) ' ~~\ .
Most of the recent prominent ultra-high-rise reinforc-

system. [2,4]

ed concrete puildings_weré built.without any additional
X ,
cost for the lateral resistance. The high lateral rigidity :. -
R Y,

o ' . was achieved as a result of shear wall-frame interaction [21,031.

- . . ]
: . . = . * . CoT o

: * ~ . ' v :
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A shear wall deflects predominantly in a bending mode,
~ N

. I -
-i.e., as a cantilever, as shown in Fig. 1.5 (b). Elevator:

sﬁaftsJ stairwells and reinforced concrete{walls normally

exhibit this behaviour.

>

v A
Y .

i "4t is not always easy to differentiate between modes

3

of deformation. For example, a shear wall weakeﬁqd by a
row (or }bws; of apenings c#n tend to act like a rigid
frame and convefsely an infil}ed frame will ﬁend to deflect
in a bending mode. ? -

o — o

When all vertical units of g structure exhibit the
same behaviour under laterailloads, i.e.; if they are all
rigid frames‘or all shgar walls, . the anglysis is éomﬁara— v "

tively simple. The load can be distributed to the units

in béhaviour\under lateral loads, in combindtion with the
in~plape rigidity of the floor slabs, causes non-uniform
 ihteraqting‘forces to develop when walls and frames' are

1

‘1 A . : ~§
: Eresent. This makes the analysis more difficult.

" directly in progortién to their stiffnesses. The Bifference“'




'CHAPTER 2

PrTEs N

METHODS OF SH WALL ANALYSIS

“

IS

2.j ANALYTICAL METHODS

s

Prior to the early 1960's little attention‘was

paid,fé the development of analytical techniques for-shedr
walls. Early papefs by European authors introduced a - i
period of_increased activity in shear wall research which
led to £he first international conference céncerned withj

Py ‘ . .
the subject in 1966 [24] Since that time considerably more

reséarch information has become available.

2.1.2° Continuum Appraach

This technique was first applied to tﬁe aﬁalysis
of coupled shear walls by Beck [18], but probably the
'most coﬁprehensive treatment has been by Rosman [lé]
who .has extendéd the diiginal analysié to take into accounf
/[ the rotations of tﬁe cross-sections of the relatively wide

wails, the axial forces in ﬁpe Qalls and the effects of /

" - different foundation conditions.
. /

In its most basic form, the theory assumes that
" elastic structural proﬁefties of thgycoupled wall §ystem

remain constant throughout, that both walls are founded in

a dommon, stiffﬁ%ootiﬁg and ‘that the ‘point of contraflexpre .
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, of’ all beams are at midspan. o : . . g »

.
=
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: For‘this method, the'ind1vidua1 connecting . . .

L]

beams, Fige 2. l(a}, are replaced by a contlnuous connectlon '
\ i
of laminae, Fig. 2.1 (k). Under the horizontal loading, -t \é

L the wall deflects and indgges shear forces,ln the lamina. A

second order differential equation i§ set up and solved to o : ~

“\. . " . - * ‘ . - .
“ . give shear moments and deformations throughout the wall.

= Several papers {51, [183 (197 use this approach with'different‘

Pra,
choices of<rar1ables,all yielding eesentially the same results.

] :
. .
~

;“ The c?néinunm approach cah be used to illustrate

\wdthe basic behaviour of coupled wall.systems. Hand analysfe

N - -

is feasible and it gan be programmed for a small computer.
,\‘ : W ¢ .y / . ’ - €

9 N -

One such approach is glven by Coull and Choudhry
t6] im whlch curves are presented for the rapld evaluatlon
of the stresses and maximum deflectloqs 1n‘any\system of
62upled shear walls. The 6qrves are derived from the

continuum theory, in whlch dlscrete ‘systems of connecting

beams are replaced by an'equl lent contlnuous medlum
: ) <

. . 1In a éoupled shear wall structureKsFig 2.2, the

r .
”-\\\ . ' o - , ’
. .

_individual connecting beams of stiffness EIP are replaced
by an equ1valent continuous medlum or lamlnas of stlffness

EIp/h_per~un1t height. It is assumed that the connectlng
N * d
- beams do not deform ax;ally under the action of the lateral

loadlng and both walls will deflect equally w1th a point of S
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The -a';tia!l force in the wall T, and the be'ndingv o L

moments in walls 1 and 2 are given by S

’
v
N \

sinhoH—-aH _, SRy - ’ :

cosoH singox Cqsha}‘c + 59‘_ x} (2.1)

v '\ . P‘ . { ‘i‘"
) P ‘ ¢ \

Mi= (Gox® - Tz)%}' - - (2%2)

' o

=
o -
1

(Bux? - 'TR,)%Z— (2.3)

- H

' The complete stress-distribution at an&' ‘section,
= A - A
(which consists in reality of a superposition of a uniform q
M > o -

axial stress.and a lincar bending stress ) may
'be de§ined from an alternative superposition of two pure

bending stress distributions;(a)ta bending *stregs based * ‘
) é - . )
y . /

on the assumption that wall systems act as a .sirgle RN

¥ 0 * -

gomposite cantilever, the Q1eutra1 axis being situated at -

L4 ~ -

§

i
s

the centroid of the two wall elements and (b) two’ 11near o

st?ss distributions obtalned cn the assumption that the

~

wall acts cpmp}etely lndependently with the neutral axis

58 - ) o
‘

at the centroid of each wall.
f‘or tlhe two walls shown in Fig. 2.2, the stress -
dlst’rlbutzon at any section, under the ‘action of the .

° g .

bendlng moments M and Mz and“the ax1al force TJs shown

9
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‘ y * [as BT % : -
' . ': T GQ;=‘JQNX2 - T4%) 5 QU N (2.4)
AN I CS ok A -
R SR ' =—(3ux? .- Cz , T © (2.5
o . - N ¥y - QQ"B (‘s'wx TR') I + A 1- ( - )
. ? ° ‘ ) . < . . v
. ' . : o » L I ,e~“". e ' ~ ' i . .
) Suppose that K, is the percesmtage of the load -
) . N e < " ! ' . T .
. cafr%ed by independent cantilever action, and that K2 is s
. - " the percentage carried by composite cantilever action, then
. o i ' [ .
+ the two component stress can be considerxed as follows: .
9 . ‘ - '
. o N 1 ' ' Q. -
(3) ‘. Composite cantilever action [6] (Fig. 2.2(c)). °
.., W, X ' * .
b ) - ' - * The total bending moment at any section is ' *
’ egual to
) v = 2y Kz )
S M= () 7o ‘
and the extreme fiber stress indnall T will be
v , 2 . ’ . '
- e = wx A22¢ Kz 4 ° o
OA I’ ( A + Cl) 00 N A x
Y - . ) - . _ m*'zk PA_A& _ KZ - N
e, 9B = oEr (T - Caigg '
where 1I' ig the moment ofAihertiQMOE the composite .
cantilever given'by . q
— . . .‘/K . ,
i A “q A Aq _ ‘v .
. - Similar expressﬂegiﬁagaln hold for wall 2. _
R - . SR 4& L a ' C ,
‘ i >~ s . ) . . ) ‘ N ~ i N

i,
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(b) Individual cantilever action [6] (Fig. 2:2(d)) - o
- : ' 244

MR L
e
v
.

/ a The walls will deflect equally and the- loads.

’ Rgérried will be proportidnal to the moment of inertia

AQ

' C ‘ignored. The bending moments in walls 1 and 2 "are

if the axial deformation of the‘conneqting beams is

6 - . ¢

T, Wb e SRS ST en
ks

given by
. 9t Y . ,
“ = Z-I—l. Kl ° ”
| My = 1 x5 19 o

CoN —_—
i . = 2!&. K1 :
; ‘ i My = % wX'F 150
[ % : -

o . R

and the extreme fiber stresses in wall 1 become

Al 4
. B ~ v .
Al =" 29.1_ K ' N
. ga 3 wx I 100
v * -,m
) | o C, K f S
' . = 2C2 K ;
-, OB 3 wx T 100

‘- e . . [y - s

~~Similar.expressions again hold for wall 2.

%
- -}
3 N . -2.1.1.1 Relation Between Shear Stress Factors
- -

LY

)

o A Do
The proportions of composite” and individual canti- -

lever action required toiﬁigduce the true stress distri-

bution at any position are functions 'of the geometrical

parémeter a' and the heigﬁj/ratio x/H and K; is expressed

» . ¥ M

[y~ L o,

as -

- - N I
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and K;'. (Adopted from Reference [6]).
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3 . ' ¢ 22
. - L o
;.. 4 . * . ‘a‘ ' o° ! N 4 ) .4‘ £
o 2 , ) . . - ) 0 .
T Ky = - 200 {1 + —————————ség};g[;;ag’sinh'(aﬂ' x/H) - - *
- (tlv'.li)z(x/ﬂ)~ / oo
X s ’ ‘ ' ‘ e ' l ) 1 ‘- o
- o - cosh (aH x/H) + i;aﬂ)z(x/ﬂ)z} ,
.| and o Ky = 100 - Ko | . < « .,
N - o C S . ~ / -

Fig. 2.3 shows the variation of K; for a number of height

ratios, for a range of values, of.the parameter « covering j
. < ' ' !

9

- >—711 practical cases. ' .
\- .
' 2.1.1.2 Stresses in connecting beams [6] L

‘ .. A °
‘

The shear force per unit height in the qquivale,nt“

T ' N ’ N
continuous system of connecting laminas may be expressed as

‘ . - ’

' L ’ CH 1
- o q =‘ (.0‘ 1- -ﬁ Ky ‘ p
: ~ : ) . - . } - . -
gvhere ) v ‘_ 3 - . A, \ .
I'd ' . \ ) .o ) , 'UA I ) N v
= . A A,
: . - M . ARz 2 .
s : ® v . .‘\ !
and - ; ' ‘a : oo * \
- “ ' \ . , 2
o — SinhoaH-aH . _ sinhoH'x/H . X :
Ks = 3 c§saﬂ cqsh (ol x/HY - el T H R
sn _ - .The shear forces dépend on the geometrigal pa;:améters'

uand a, and-the height ratio ;I-‘- ' Curves‘»showing the
. v .
. variation of the factor K; with the pgﬂ‘eters aH and the

) 3

height ratio % are shown in Fig. 2.4.
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) L
2.1.1.3 Deflections . [6] ‘
SIS ; Theu moment curvature relationship for each wall is
L. ) ' ., . v s Y, R .
' given by ! » _ S -
:g ‘ . e ¥ . z-wxz.—'rx"J :
. N : dxz s ’- N , .
where y is the defiection at any height. On integration
) : v _ 1 wH" ‘ . ' W
,' ‘ ol K . - Ny
' ! , \ l ; o
‘where \ g . . ,
TR L ' . b I
Ky =p-1 _ 8 (o sinhaH-cogsaH+l _~ 1 | .
, i " (aH) * cosaH 2(aH)? . PR
., W /4 - . . ' N ®
N ' The variation of the factor K, with the parameters -
| U of and u ik shown in Fig. 2.5. - . “
. t ' o N — , . . | ) s j o ) s
f - 2.1.2 Loading L . T
~ ot - L . \ o . . ~ ' ",
- - I . \ ) - D
Solutions are ‘available. . for uniformly distr‘ibuted :
o loads, trlang‘%larly distributed loads and for concentrated . _
! boint loads at the top of the bulldj.ng. The most readily
{ ava:.lable and convem.ent are those developed by Coull\nnd
| . . ‘ N - ]
} Choudhury [5,6]. _ o . N
R n LT " . - - N J-
— . ' / - - ‘ ' v
: ‘ ' § -
- H‘b\ - \ - . ’ , ;:‘ 1.
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. 2.2 ' EFFECT OF OPENINGS IN SHEAR WALLS

//'

pd _Openings can have an important effect on the

/< behaviour of shear walls. The openings are norrgaily in

g, , , -
ggrtlcal rows and in the common case of a single row of

N a ,
openings, Fig.3.2(a) a ugeful parameter for assessing the
effect of ‘the openings'is oH - wheré

) _/I;Ib 02 Ao, tAg,
a = ( + %

+ .
“hb? Ic1 Icz A01 cy

H = total height of wall

-‘Ib = moment of-tnertia of a connecting beam —
h = story heightl |
b= clear“spa)n of beéms A
% = distance between centroidal axes of the

wall sections

I‘(:I;Icz = moment of inertia of waljl sections |
Yy I
A‘cl}‘,A‘cz' = area of wall sections .

a = a variable foz\:.sheax"
Fo;: oH that*‘iEs greater than 8, the wall tends to behave
like. a sihgle cantilever. For low oH, e.g., less than 4$,*
the behaviour ~is‘more like two connected walls and" frax‘ﬁe.
action is moré prominent. o - .

a .

With a single row of openings the effect of
.~ . openings on the stiffness can be assessed by comparing
Kw and Kwy, whiép are given as. |

.
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Kw'
: . L ; u?

e ey

+
3E(Ic:l \]icz

oo -HK | S

where

" e g s s %—Mﬁwﬂiﬁ! P
. { )
P
4]
=]
[oF]
~
¥
=
£
o
i
—
t

z
[+
3
7'01
2
1

= stiffnesses of the wall without and
. . 4 l 4 s \
with, openings, respectively

E = Young'é modulus of elasticity

|
° ~ : : g -
5 S ‘ I, = moment of inertia of wall without .
. - . < openings . . - -
K 4 ) N . . “ ‘ -
- ' : - Q‘\
: N - - - ' . 9
{ ‘ : - H (oH) *cosh(aH)  (aH)2
% n ] kj H'ﬂ , '
¢ . T - = 1 (AC1+A02) (Icl+IQz)- T
o - 4 u 1 + A /z/" ¢
3 - X, l . . u " A '
b “ ' , wr Bez P

7 t .

"The stiffness and the distribution of stress in a
o . : & :
wall will normally be a'pprec}ably affected by the presence

are usef for problems with a sihgle row or two symmetrical

-

Xrows of openings.
A 9%

’

Shear walls with openings can be idealized as illus-

.

trated in Fig. 3.2(6) using 2 plane frame analysis program¥
- , A4 , X . . . R .

ra
'

of openingsg. oull and Choudhﬁry's cha'rti references [5 and Q ;

»

&
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2.3 SHEAR WALLS ACTING WITH FRAMES

1

/

: BN - s
Since the late 1940's the use of shear walls to re~ .

EL

sist lateral load in high-rise buildings has betn extensive. ,

'Many frame structures cannot be efficdiently designed to satisfy

4

lateral load provisions without the aid of shear walls.

‘The main function of a shear wall for the type of struc-

" ture being considered here, is to increase the rigidity ‘for

lateral load‘resistance. Shear walls also resist vertical load
and the difference between a column and a shear wall may not

always be obvious. The distinguiBhing features are:

. . . 4 . : [
" (1) The shear wall has a much higher moment of inertia

‘than a column; and

o

(2) the shear wall has a width which is less than the span

LS

of the adjacent beam, whicl is not negligible.™

2.3.1 Ssimplified Method of Estimating Lateral
. Load Distribution [4].

"

Two simplified methods of determiningithe\interaction
of frames-and shear walls, based on neglecting of torsion effect

are available. ‘ ‘
! * oy \

. K -
(1) MacLeod introduced the component stiffness method [4].
(2) charts are given by Khan and Sbarounis [2] and PCA's

Advahce Engineeriﬁg Bulletin No.1l4 [3].
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2.3.1.1 Design charts [2 and 3] | N

each storeg level sum all column moments ef inertia (I } an@ beam

. Khan and Sbarounis [2]. f .

- moment on the shear wall and deflectlon can be found by usxng

A 31
'S .

] f - . »

a

~In order to use tHese cha®s the structure must be

reduced to a single frame and a single wa}% by the addition, of

'

. ~ L
the properties of the separate vertical units., The Zjiff-"

nesseS‘(Iw) of all the shear walls are summed up to give an

'eqﬁivalent sindle wall. Frames could be a single bay frame,
{ ’

or wa thQEe bay frame, as shown 1nnF1g. 2.7. T

) , < A
-~ s b d . 1 / ; ~ . . e

Both the frames shown in Fig.2.7:are "proportioneda. o

A'pioportioned frame may be aefined as one that has pointse of

J

contraflexur at_all mia—beam'sect;éns under lateral load. The
framg being proportioned.and the column axial deformation being )
o ; ’

negligfble are basic assumptions made by’ reducing a multibay

} . .
frame to a'single or three-bay frame.
(P2 o . \.,a‘ . N
The procedure for reducing the number of bays is: at
\ " L

rotational stlffnesses (Ib/l)ds The equlvalent stiffnesses éb {

be used in the substitute frame. The procedure is descrfbed.by~
+ N N . by n B

By

-Having thus reduced the problem, thg shear on the frame,

r [

YT R e

t&e charts. = /' \ o .
2.3.1,2, The componentiétiffness‘methoéﬂ[4] o - B,

"

The compoqept stiffness method has more flqgibility
1 N . . . . ~ L ‘ -
‘than ,the charts method, but it lacks accuracy }f the wall is -

'
B

more flexible than the frame (IKw/KE < 1). - .
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i ) ' - , . | S -
i < . .- The maifi assufption is that the frame takes‘cpnstant

~ v
shegf) i.e., the interaction/force between the frame and wall

N

~

o KA IINTIT e .

can be represented byF? concentrated force at ﬁhe top.
[ " . ‘ ‘ .

: Consider the single bay frame and shear wall loaded

w

in plane by the uniform distributed foad shown in Fig.2.8(a).

. v .

. If the frame shear is assumed to be constant, the systeﬁ can

\ \ ‘
¢ = be treated as a wall supported at the top by a spring, Fig.
- ' .

Ry

2.8(c). The épring stiffness K. is defined as the lateral

poi;ﬁ/}¢§3\ﬁiplied at ‘the top of the frame to cause unit o ;
. - , N . - N . ) .\ ) . . : )
def¥éctidn ih ifs lihe of action.’ 'K can be calculated using

equation A and B of Table 2.1 and the top deflection equa= |

. . [ v -

- -

‘tion ip Table 2.2 notation. - -
M

~ .
A . , v * .

= R PATI  CER WAL Phiphns IR
i
°

fk T Kw is defined as,the lateral poin£ load fquired to

\

[y

cause unit deflection at_ghe top ‘'of the wall (similarly to

-

S

[T

' Table 2.2 (Equation C) gives relationships beéween

MW heppmpes o o s

A

e

P/W, w and KW/Kf for different loading cases. Similar
expressions for other load cases can easily’be qstablished.

P is the"interaqtion load at the top of the frame, i.e.,

s e Ao YO s s gt R s 80 I T
S Kand s bl s
.

. the constant shear; W is the total applied lateral load

. and w is a dimensionless parameter which relates the rota-

it

i3

tional stiffness. of the wéll to that of the foundati;n, ise.,

¢

LA

a B "\ . '\;w=. KBH ‘ . . ’

> R

“where K is the rotational stiffness of the shear wall |
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support. . If the rotatibn at the base of the shear wall is -~ :
. to be.neglécted, the term with Ve, in Equation C should be
omitted. However, the effect of shear wall base rotation can
significantly affect the distribﬁtion oé load'betweenfsheai
¢ wall a%d frames and QQuation C can be used as a simple methé% - )
:@ assessing this factor. |

Say

- Table 2.1 shows Equations B and A for top deflection R

of rigidfregular'fraﬁes -

= A et Y € b e N e~

. ; s
» q .8 . ° - ff ) . . "
™ Equation B - fox bending deformation
wh2H ' | "
= - 3 - )2
éB I2E(E 1) [Fs:(1 BD) + Fg(l BC) QA]
N t N - o . i
. A ) ' ‘
. where ‘ T . ' !
. - ' N - . . 4
Aé'= deflection at top of frame due to bending of .7
member . ‘ - . . F
- T
. W.= total lateral .load v : , - ]
R W . » . )
v . . . . 2
" ‘h = storey height : . ; ' ST
] H = total height ) :
o ¢ ! i
E = Young's modulus ; ' , o ‘
n . N ‘ ' « .
) LI, = sum of moments of inertia of columns at first- :
storey level’
2 ' ' o ’ - . . N . 'L
b *Es,Fg = functions of s and g,dependent on type of ‘
. f ‘ . ! T ",
‘ « ’ loadir}g - b
- %
- N ( ',
- A} [}
-~
- . ' , N
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B, = D/h where D is beam deﬁth

u“’

b e ex A g e

.

h 1
N ! N

A

I at top of frame

+

Llnear variation of I

S = ratio -
Ic at bo;tom“of frame and T with height. 1£¢
SN T . E varies’ use EI instead
S ' - of I

Ib at top of frame
I

LY

= ratio

[Te]
1

at bottom of frame

2
- 4

B_ = c/ where c is column width and % is distance .

betweenccolumn centre llnes AN

I(E,I_/h) . g
A = 7§T—~—q7—r i.e.,’summation over 'width of
' Y '

structure at flrst—storey level

£

<

I =vmoment,of‘inertia of beam at bottom of 'structure

Fd

3
WH Fa

. 2
E A B’

AA —wdeflectlon ‘at top of frame due to ax1al'Qe-'
formatlon af exterlor columns

function of n, dependent on the type of loading

F=
n = ratio Area of exterior column at top o¥.frame
T Area of extérior column at bottdm' of frame
(linear varlatlon of A, with hexght)
Ac.= area of exterior co}umns~at flrst-storey level -
, ‘ : o 1 o ’
B = total width .of frame
A = AB = AA = Total deflection

o % B e i AP e

- Al .
b E -

LR P
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TABLE 2.1 EQUATIONS B AND' A’ FOR TOP DEFLECTION

OF RIGI

4

REGULAR FRAMES [4] -

ILoad Condition

F_ (mfs) or F_(m=g) -
Point load at top ];;‘&12
-1 s~
o
e 1 m log_ m
Uniformly distributed =t - £
A log, m 3/2+2m—‘m2/2—log m
Triangular (Earthquake).| P - —
S~ . m-1 . 3
V? ) '\ (m—l)
) ' ‘
(B)
Load Condition : @ - P - ’

. Point lbad at top

1.4n+3n2~2n?

g

El

Unif ormlybd;istributed

[]

2.9n+18n%-11n+6n® log, n

6(1-n) Lo

— 3

Triangular (Earthquake)

-i—g—#n—3nz +—3n—
+

5 2loge n

5 (1-n+log, n)
2(

+ *
n-1 - (n~1) 2 5

9
6n+—2-—+3l n .
+ og e

: (n-l) s {f"'

"6"*3“ T“‘T"“‘Je

(n~-1)*%"

b )
n
-‘T "10§en\

’

(n-1)°%

(A) |

° ! . '
’ - -
I AR NI F 0 ik 2 R B o
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TABLE 2.2 EQUATION¢C, RELATIONSHIP BETWEEN

- ‘'P/W. REFERENCE [4] . °
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Load Condition- S Equation C

. Point load'at top ’ ' %“=

v LN > 4\)(»

e

; 3, )
g+ 55

Uniformly distripdted
h Y . 3
° | h'“]: +. e + ==

4

- 4 i 11
-~ . . \ >
"Triangular (Earthquake) ic

[\
3 ‘Ku ° b
1 + e M
dvw Kf .
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- s -~
. o % N . Y . .
L 4
- » * ' v . @ ’
- <
-~ .
k¥ 1 .
] -7 A
hd
L] LY
- .
i n ° h
¢ ‘ —
: ® !
“ T »
\ ;

P
L
D

3

- i

1
v 3

#

-~
i 5
- 4
’
~




oF © e 35

Notations

interaction force at top.

total applied lateral load .

) KbH

. 3@ T
wow .

ro‘tétiopal stiffness of shear wall suppor«t:_’

.

total height of wall

Young's modulus

?

moment - of inertia of wall’

3E I . . TN N
‘ ¥ (with constant I ) .
- i Hs : w

K¢ *-point-Ioad at top of frame to cause unit deflec-
- on in its.lij)z action, i.e., -

. 3 )
' P p CLT s X

.

5 oY g .
4 % 8a .
. : ' S - ' ) ' ' ~ ‘ . -
since top deflection A = .

L

Ke

2.3.1.3 The Com’ponent Stiffness Method for Strpctures
) - . With Torsion [4] :

* @ \
'™ R —_ -
' v B ” . »
. ~

- w oo - [p—

. / . :
t - - , -
ol
LY H 4 '
@ | - ~_
. - . #
- 4 . ~
_ ot ) :
' M . d ;
’ *
= - = < - -
‘ € £ m-m o € = v
] (] i n ] ] i ] v )
1
i
s 1
i
, ,
£
t:/-/( ﬂ
- - .
. . o .
|
} AY
i
. . :
e L ), - {
. - ) %z\ i
rd
. e
\ ~ ’ "%u ‘
5 * S
o ' - ‘
t )
: i - i ) _ R
' .o . T ' R |
» . _ ] . |
S . d ! PR R o ot S w . e et T * N
A H ‘e ) - . L} '» B . - . R
e S S

f

. By making the asusmpﬁion that the frames take<

o

constant ‘shear,' the structure $hown in Fig. 2.9(a) :may be

~ . idealized as in Fig.2.9(d). Two degrees of freedom which | 4
corz:eép(ond to the deformation A and 6" at the top of the ~ o

v . s -

- structure Fig. 2.9(£f) can be ‘assigned and the structure
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{b) DISTRIBUTION OF W
*® ‘ TO WALLS
R -
RW P .
hel Vob i q
Fromes -
. w"i -
s
AU T R 1 11 O
PLAN WALLS < FRAMES
(a) STRUCTURE (c) LOADING ON UNITS
W -Resultont of R Springs to represent the action of the frames kw . b (}
opplied loading . '

L—"_.t'
PLAN PLAN
(d) IDEALIZATION -

- -

FIG. 2.9 ,

(8) NO TOP. MOVEMENT

. X
. w”
. . 1] i
K « (RW (At Top) - l Spring
. . -} ® “Swpports
& M - v e
, ,.AT‘; x= 18- — - -/Rmd?n

C e dw (Distributed)
« .

l. [) *RW - "
v , PLAN
(1) TOP LOADING ONLY

s
..

. Compongng Stiffness With Torsion
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by adding the results from Systems 1 and 2’(Fig. 2.9(e) and

- of the structure. For an énai?sis of&system 2, (rFrig.2.9(f)) -
. N R ! .

‘are set up as follows.

Q . . ) ' \: 5 ‘
- 'y , o . :
ZKi(A + xie) RW - o ‘
‘and therefore - . ;P’ ' W
EKj4'+ IR X 0 = RN . - (2.6) . 4
B . ‘ : N .fl\ .
- and taking moment about 0 . : y . R
_~' "E‘Ki(ﬁ + xi‘e) = Rwa . , .‘ ‘ - 'y \« L
and therefore . <\ o ' R ; -~ '
& - . . N . } "
: A ‘2 ‘= . (2
EKyX;8 + IK;X10 = RWa . _ @
' o L !
. ) " ‘
_ M Q j‘ AN - >
{\
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1

B L e b

solvéd by the stiffness method. The analysis is carried out

i “u

Fig. 2.9(f)). Lateral movement at the top of the System 1

jFig.2.9(é) is prevented by a force that equals RW where R

is the support reaction coefficient for a propped cantilever -.\ b

B .. . . . - .
andqg is the total lateral load. RW actg®in the line of and . »

in the oppositéjdirection to the resultant of W at the top .

the roof slab can be considered as a rigid beam on spring

N .=
bupports. The spring stiffnesses are K, and Ke as -
defined in Section 2.3.1.2.~

The .equations” for determiniﬁg the unknowns A and 6 -~

. u

Transverse equilibrium gives

7




TRT TR ST

. S UEPEPE TR TSR T

~

o - T s

N
. .

N .
The . above Ki represents both the,wall.stiffnesses,

‘ ’ " . N .
Kw, -and the frame stiffnesses, Kf, and a is thetdisﬂance
of applie oad from origin. a S ot

\ \

After solv1ng equatlons (2 6) and (2 7) forfA and

@ v

8, the loads on the 5pr1ngs are ' -

'\r . . - L\ _ “ N - .-. . “
/( | UER TR e e (2.8):

tJ; dlstrlbutlon of the total Latéral load W. With more

than two walls, Equatlons (2.'%6) and (2 7) must be,re-establish-

<0

If there are only .two walls, simple statlcs g;ves

ed, neglecting the frame sprihgs.and solving with W as the

only loading, Fig.2.9(b). The resulting deformations are

-

fictitious but can be used to caigulate W, i.e., the propor—

tlon of W to each wall, according to Equatlon (2.8) by

substltqtlng w,; for P

~

In other wgrds, the process of analysis fe; more

than two walls. is: = o _ o .
@ K ' SN :
(a) .

-

Analyze System:'1l,

1. _Find the proper cantilever redction coefficient, R, .
. - for the given loading. .

-

\

28 Calculate the portion of W trlbutary to each wall

“\by applyleg the system of Fig.2. 9(b)

NI both these calculations, the frames'’ should.be

-
) s

1gnored St

. -
D e

i

e

'
AP




v
©. . .
. .
o m————— Vo et s S b A ook 2 ot o S A B 8 e
1.
' . .

- . .

!

. .

Q ’ '. N . .
(B), AnalyZe. System 2 = ° o ¢
k] " ] - 3"

Analyze System 2 as a rlgld beam on sprlng supports

B O S & aiahehidcncd L TP
. .
'
-
1

(1ncluding the £rames¥ to find the top loads, P., on each

0 —

z : unlt as shown in Flg (2 9)(f) y j . L i

- o

.
© N . A

~ -(C) Add the Resul*f:,s for the Two Systems

G
]

§

4

| I
b e . ’z
| i ) . ’ //?’"\ { . o R . i
] . ' E
| § ) . _ care ‘should be takEn w1th the signs of the forces. _. g
: ' £

¥

2 . " ‘On a glgen unlt Rwi is always<op9051te in dlrectlon to -
] . [

y y T8
L. ml and positive P from Equatxon (2 3) w111 be in the f

same direction as;W. The final loadings on the unlts are i

o

—~

; illﬁstrated in Fig. (2 QYTC) A situation could occur
where some values of Pi would be in the opposite

dlrectlon to w, e.g., when the effect of torsion is pro-_

t
3
’
e
A s bl e
3

.

" nounced. - . . L o, . o

.. The ahove appréach.can be extended to cover any N
pr&blems.where deformation in the longitﬁdinal direction is’
also possible. Under these clrcumstaQFes, three 31Fu1taneous _//

; equatlons ‘have to be solved. - e : ﬂ

i <
. . .
T e ity R it o

D2 Wb
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CHAPTER 3

STRENGTH, DUCTILITY AND ENERGY ABSORPTION OF
CONCRETE SHEAR WALLS -

>

- t ) ;»;,‘ . . ’
3}.1 GENERAL DESCRIPTION OF TESTED  CONCRETE
- SHEAR PANELS . [13]

s

o

A
A

In.this Section, a brief\description of_ the test

results [13] of reinforced concrete shear panels #s made,

4 ‘
e T s s IR SRR S O
O £ —pr e TP / . .

; .

N

‘,ﬁw1thout openlngs, describing 1oad1ng, the mode of fallure

» H

and the lnfluense of panel variations, as shown in Fig.3.1l..

'

o
e

»

The wall is loaded through a distributing member

QR

(either a beam or floorldiaphragm)\at the top of the wal
l 7 .
Both tension and compression columns are provided, and Fhe

wall "is supported on an essentially ri§id foundation. Face -

S . walls may act as the bounding columns.

- - " The important variables are:

(a) Loading . . o Co ' -

(b) Materials c‘:
(c) Panel design (thickness, probortions, and reinforc-.
iﬁg) . 4
. ﬁ-vfk
Tens;on column design
- Compression column design, and

Methpd of construction.
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3.1.1 Modes of Wall Failure \ ‘ . .
’ N ‘ N )

' .
- . .

The wall had several modes of failure. Steel had a

a

negligiblgggnfluence until concrete cracked. - Reinforcing

, steel\then>controlled the opening of the crack and its pro-
pagation. ' - B ' ‘

'
el » N

v

-~ o . .The first possxble mode of fallure is- characterlsed

|
as tension. colé&n failure. If there'is insufficient steel - %

at the junction of the tension column and foundation to *

- q . s

take up the load .when the concrete cracks, - the crack opens

and rapldly runs along the junctlon of the panel and the .

foundatlon to the compres51on column, as shown in Figs.3.2

v

and 3.3.

The second possible mode of fallure involves the o
\ 3
panel craCklng dlagonally in the tenSLIe stress regxon If

the panel is unrelnforced the crack follows the pattern

‘shown in Fig. 3.2, and the first crack spreads rapidly.to

. : the foundation and terfsion column.. An additiohal increase 5 i,
'in‘shear load then'proaucee cracks along'the foundatidn‘to .

;u ~ the compre531on column and along the tension column’ to the e
beam. The shear load will increase further WLth‘more and ot

'more—panel cracking untal the com e5510n column cracks

at the foundatlon, and flnally she  off. " . * 71
| U . T L ~\ : .
. If the panel is modexrately reinforced (p 3;0.2£§5), .

_the.failure mode 'is modified_aéja function of the amount, of I R

panel steel. The steel(produCes general -diagonal cracﬁing . .
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Coiumn Reinf, 0.5% o © Column Reinf. 0..’705%.

" Tension Failure in Columns
(Load Applied-.at Upper Left Corner)
: ‘ /4

Column Rednf. 1.65‘% o ‘Column Reinf. 3.3%

@

FIG\ 3.2 Cracking Pattern for Unreinforced |
Wall Panels With varied Per. of Steel
~ L, in the Columns
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DIAGONAL CRACKING
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- 0.5% Panel Reinforcement 0.25% Panel Reinforcement
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/ 3
Cracking Pattern for (j!ein‘force‘d Wall Panels
With Varied Per. of Steel in the Column-
(Load Applied at Upper Left Corner)
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-

" as shpwn"in Fig..3.3, instead of a single major crack as

v

3

with unreinforced panel.

¥

/

Panel reinforcement has .a pronounced influerce on

-the cracgﬁd wall behaviour.” At"the ultimate load a majgr

A Y

part of£ the vertlcal panel steel is apparently at its yield

I’

point and

LY

condifion appreaching actual failure. Ultimate load occurs

with the-compression column sﬁearing off»in the same manner
' 3

as with unreinforced panels.
. | o i
3.1.2 Affect of Length—to—giight Ratia..
on Shear Walls X ERE

w

, The pancl proportions (Length, L, height H and

thlckness, t) and the panel reiﬁforcement dlrectly lnfluence

.
~

the‘éracklng load of the shear walls.

e M ®

'Tests [13] were conducted for pangl variations
and £ﬁe results are shown in fig. 3.4. The length-to-
height ratio (L/H) has a.ditrect and pronounéed influence.
The crack pattern changes as the (L/H) ratio increases, The

crdci becomés progressively higher in the wall,‘finally

few of/the horizontal bars are in the post-yield

A b =

[,

approaching a pure diagonal crack. ‘The study of load deflec-

tion curve [13] shows that as L/H increases, the load at the °

“ ‘ s * ‘ .
first'prack, or the load at' a major{break in the load deflec-
tion curve approaéheé‘the ultimate load.

D * .

» ¢ , ' * - /
°

. .
!
L L 3
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3.1.3 <Variation in Panel Reinforcement

»

Tests [13] were conducted by varying the panel
reinforcement both horizontally and vertically, as shown in
FigL 3.5, and it was proven that all walls have essentially .

the same behaviour before cracking. Panel . reinforcing is

effective oply after cracking begins. As thé panel rein-

forcing increases, the numbeg of cracks before the ultimate
load increases and the- 1nd1v1dual width of each crack de~
creases. " |
>

In orde;: to obtain the most efficient reinéorccment S
system, ‘the diagonal reinforcing .was varied from that which
was distributed uniformly to: bands. concentrated at the
diagonals, and special corner reinforcing was added in the
region of the highest bs'vtziess. In the analy‘sis [13] it was
fcundﬂv"that diagonal 'roein'forcing was lesg effective than \
rectangular reinforcing. Special corner steel was ine.ffect;ive

in 'impr‘oving wall characteristics. Heavy concentration of

steel on the panel diagonals produce large shrinkage cracks

. along the panel' diagonals and decrease the wall rlgldi\& o

£ 3 L

A . &
3.2 AXIAL FORCE - MOMENT Imm\cgmu K
DIAGRAM ~ ‘ -

A series of analytical studies to investigate the
strength, stiffness and ductility of shear wall sections
was' carried out by Salse _a;xd Fintel - [10]. The mathematical

(o]
Y

i)
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model used for the development of the- lnteractlon dlagram .
!
of a shear wall sectlon is based on non- ~-linear §A3m theory
The mathematical model for the "computer test series" has : s .

«
the obv1ous shortcomlng of 51mu1at1ng ‘only monotonic load- - l T

ing,,since_no model of possible effects on concrete due to el

cyclic loading has yet been developed.

The nonlinear beam theory assumes the strains to vary 9
linearly across the Section, while the stresses in both the

g crete and reinforcement vary nonllnearly according to their

-

.

actual stress-strain‘relationship, as shown in Fig. 3.6.

~ -

‘

Two sections wére 1nvestlgated by Mark Fintel [7] & L

\

A rectangular sectlén w1th unlforn&;\dlstrlbuted reinforce-

3 3

ment .and relnforcement bunched at the ends and an I-section R

e Ty /‘J 3
with concentratlon of reinforcement in the flanges. For the .~

stéel reinforcement there is a good stress-sfrain informa-

‘tion available, for the stress~strain characteristics of "3

concrete,_ a complex equation was deyeloped based on tests [10].

o
S

The accurate representation of both_ the ascending and;descena-

ing of stress-strain curves was the most important considera-
) - ‘ ) ‘ .

tion.
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'l'he load—moment J.nteractlon diagram shown in
Flg. 3.7, is the envelope of max1mum capac:l.ty, at whﬁever
strain this may occur. It hds been found that the strain' J
v of- the condrete at which maxifum qé.pac'ity occurs increases -
as the éccentricity i?ncreaées, from. about 0.002 for the '
compression con'trolled branch of ‘the intgractién diagram
Lto threeﬁto-f,ouﬁ times as much for te.n‘sion controlled

branches. The reason for this increase: as the steel

‘stretches in yielding, the concrete strain ingreases

N progressing along the descending branch; the strain haxdening

"o’lf }:he .steel causes an increase of the strength of the-
section. T'he deformation capacity of the section from the
“opset c;f Qieldi}é of reinforcement until its final'ruptﬁre
or until the compression failure 6f. the concrete, is the

~

" .section ductility. o -

" 'Thé section ductility was also 'investigated as - '
related to the axial load level. Thedplot in Fig{. 3.8'of
sectional d\uctilitg.r against axial loads shows that I—se"ct/ion
'with confined flanges has a‘substantia]: ductility, even\at‘ _ ‘

balanced load level .
9

“3.3 . STRENGTH AND BEHAVIOUR OF BL/NFORCED
CONCRETE SHEAR WALLS

" o

-

A reinforced conefete shear wall in a multistorey-

13

reinforced concrete. bui:l,l.ding is essentially a deep slender

canti}eyer be&n. ‘It resists the bénamg moments and the

y
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. shearing ‘and axial forces to which it is subjected through

~

essentially the same type of action for reinforced concrete

- b
frame members. The strength and behaviour of a reinforced

reinfdrced cgncrete frame members with some modifications

t of the shape of the shear wall as compared

to take acco

-

with an ordrggr%zbegg. : : - :
T o

: /
Two characteristics of the reinforced concrete

-

shear wall demand special embhasis in view of the possible

interpretation of tWe behaviour of a-shear wall in the

tradltlonal frame building as an 1solated one-storey hlgh

panel actlng n parallel” w1th the enclosxng frame one is
that the re?ﬁfﬁiced coecrete shear wall extending monolithi- -
cally through several s&gries may be subjected to high bendlng
moments, as well as high shearing forces. “%n fact, flexure
rather than shear may govern the strength of the wall. The

v . .

other characteristic is that the reinforced concrete wall

-

acts together with the surrounding ffame'\as a.single struc~

tural unit and not.as an isolated pgneiffw

S

‘ ‘ ' T Jnr | 4(/J
The interaction betwe the f¥ame

measure in tests of one-storey shear walls [ll:.;”All the

curves in Fig. 3.9 refer to one-etorey walls having the same

N

«Sverall dimensions and loaded as indicated .ay the upper left-
¢ . « ] A
hand corner of the frame as showrd in the<€ re. The enclos-

ing reinforced concrete frame was composedﬁof members measuring

= f
H »

_,
-
T
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, concrete strength was about 3,000 psi. ° ‘ .

walls resistedr§he lateral force P of about 40 kips.

‘1ndependent1y. The sum of tﬁe larger measured strength of

,ly, the relnforced ¢oncrete frame w1th)the masonry wall

‘single structural unit. It is easy to seeathat‘although

. . ' ~ L. , . M ’
7.5 by 5 in. in cross-section and reinforced with four

No. 4 deformed bars. The wall thicknéss was 3.75 in. for

the masonryﬂwalls and 2 in. for the concrete walls.: The Lo

1 o
L

Ay - .
W . . . |

The first set of two curves in Fig. 3.9 is for

~

misonry walls withosz\enclosing frames. These unréinforced
' L 3
little load. The second set of three curves refer to

1
. v i
walls -failed in.a brittle midhner and caxyied relatively *}
maSOnry-walls enclosed in reinforced concrete frames. These g

The frame would resist a_later load of abbut 13.kips acting N

\
1
the. masonry wall (6 kips) and the estimated strength of - v , l

the frame totals 19 kips, a quantity far short of the

40 kips éarrled by the cdmbined‘wal& and the frame” "Evident-

-

P.
cannot be con51dered as an 1ndiv1&ual frame and an 1ndiv1dua1

wall acting "in parallel", but must be considered as a . .

an unreinforced masonry wall possesses 11tt1e tensxle strength,
it can act effectlvely in compression. Ideally, the action
of the masonry wall may. be- con51dered as ﬂhat of a dlaganal
ngut extendlng from the c?rner‘where the load acts to the

opposlte corner. In thls _capacity, it possesses cbnsiderable

strength. As the tensile strength of the wall is exceeded

and cracks aevelqp, parallga struts form so that the frame
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néver acts completely as a rigid rectangular frame but -

. behaves as’ a braced frame with Hiagonal members.

. It follows that if the dddition of a masonry wall
inside a  frame reéults--l‘n a mode of behaviour which'is
close to tha)t' of a beam", rather than that of a frame and
wall working in parallel, a reinforced concrete frame _

with a monolithic plain or reinforced concrete walli'tg:l;xds
to 4ct as a si}s\gle unzf ] les of the behaviour of such
members are represented by ‘the third group of cuxves in ‘

Fi\:’g. 3.9.' Of‘ this set, the lower twd refer to plain

)

. . L2 ¢ N ..
.concrete panels and’ the upper two to reinforced concrete

panels (p" = 0.005 in both the horizontal and vertical
direction.) Again both the strength and the behaViour of 1
these walls bear no resemblance to the strength and

‘behaviour of the enclosing frame. These walls with enclos-

*

ing frames are essentially reinforced concrete beams, two
‘with web reinforcement and two w}ithout , Subjected to very

high sheérinrj forces in relation to th/e;/bending‘ moment .

* s

v . LT ) / ) .
The lo'ad defléction curves A_ﬂ/ Fig. %.9 may not

represent the behav:.o,ur of shear walls in multistorey
& 4

. buildings, because the test .specimens were loaded so-that

A [4

the shear-to-moment rat‘:.o was very high.’ An i’nteresting / »
L

k i
example of the behaviout ‘of ‘a three—storey frame with and

) without a masonry f;lller wall was obtained in the course

of the. tests [14] to Hhe destruction of the, 01d ntal '

Hospital j.n Johannesburg, séuth Africa. The end f ames of
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- cores, was 4,550 psi (cube strength). Tne‘yield stregs of

. the north and south wings of the , building‘were&separated

Loy

from the structure and were loaded laterally ‘ong.the:

ceiling beam of the third storey, as Lnd;ceted n Fig.3.10.
v \ = \ v -

The dimensions of the north and south frames and

* v L\ ¢

the arrangement of the relnforcement are shown in Fig. 3.10.

It should be mentioned that the fra&es were not de51gned

'At01res%st lateral loads. Consefjuentlyy the top reinforce-

‘ment in the beams Was not extended into the columns. The

average concrete strehgth in‘the frames,. based on 4 in. R

the plain reinforcing bars ranged from 41,300 ‘to 44,800 psi.
The south frame was tested to feilure aftér the masohry

had_been removed. The north frame was tcsted with the

~masonry ‘walls in place. ' The unreinforced masonry was of

'pooi quality. Tests of samples ihdicated compressive - f '
" A = ' ’ . : 4
‘strength ;anging from 390 to Soo’psi. ‘ -

-

The ' load deflectlon curves for the north and south
frames are shown in Fig. 3.1l. The south frame wh&ch did
not have the masonry filler walls carried only about 20

percent of the’load carried by the north .frame. 'bespite

£

. the poor masonry, the north frame functioned as a single

str§ctura1 unit and carried much greater load than the - sum‘
of the capacities Qf%the:wall and t:l'le‘f:t:'a\me.~ %ts mode of
failure wee.associetea‘with beam action, a condition"for‘
ﬁh&ch\it hadan?t béen designed. ItAfailed in a tension
splice in the first-store§~eolumn 1whichﬂwas.desi§ne§ es
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% ’ o . ;
a compression splice) ‘'in a re'gion of maximum bending moment’
Another example of this integral action is of a
model of mult:.storey shear wall. testgd at the Mutt La.bora-'ﬁ’

. tory of the Un:.vgrsity & Tokyo. The reinforced concrete

model“was loaded by a concentDated load and supported at

the ends. The crack pattern ik typical for reinforced

concrete beams loaded over shopt spans. The whole system

o should be considered as a sinfle "waffle”", bean, rather p

- I‘(J,

If+tall slender shear walls are treated ;as webs ofr

waffle beams or I-beams and are reinforced adequai?ély in

-
-

shear, they will act as cantllever beams fixed: at the ground..
_Thex.r behaviour in the ductlle range will be controlled by
tensrle yleldlng of the vertical relnforcement concentrated

in the flanges (or columns) as well as of the vertlcal

- ‘'distributed relnforcement An the ‘wall, J._tself . It is ev:.dent

that the strength and deformation characteristics of ’ reinforc-

. - ed concrete shear walls are governed by the same criteria as

t ) those fore-frame mémbers.

A
- > R ot

3.4 ENERGY-ABSORBING CAPACITY

- A good measure of the eneroy-absorbing capacity of a
o reinforced concrete section suhjected to earthquake effecta :
A in the area\mder theM-¢curve Then-¢curve to the
‘ cross-sectional properties is shown in Fig. 3.12-., The M - ¢

.‘c . )
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‘FIG. 3.12 Moment Curvature Relationship for
. : . a Moderately Reinforced Section
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) . curve for a moderately r?xnforced cross- sect:.on exhlblts
f . three dlstmctly different stages as shown in FJ.g. 3.12.

The flrst stage corresponds. to an uncracked gsection and - O

' M - ¢ curve is essentially I'inear. The appearance of the =~
A first hairline cracks 1ntroduces the second stage, Mcr" '

The third stage beglns at yielding of the t)ens:.on steel and
v\ ends when the useful l;mlt of strain is reached in compress-

% = ed concrete.

Sensitivity of the Energy-Absorbing Capacity

, L If the effect of the tensile strength of the concrete
is ignored the energy Aébso;:b,ing' capacity per unit of lengt}h

- for'a reinforced concrete section can be written as £cllows:.
L i . ; )

q = %. My¢y‘:+ %-(Mui'My) “iu_¢y) .

)

al

- -

where U, the energy absorbed, is the area under the M - ¢
curve. For a ‘moder,‘a‘tely reinforced section, it can be assum- - -
s “ \ . e . %

ed that o ot
B 2"

and

Y

¥ | T -:fd 3.3)
. | S RS By
S oM, = AF d(1-0.4K)) (3.4) !




S

1l - K/3
- 0.4Ku 1-D4pf/f_

which is tlose ‘enough to -unity. not to warrant complicating

the equations by considering - My and gMu separately.

'\_,g;ereforg ' . F.\ o
‘ U = Mu(§u - i%—d‘

- ’ . 'The two curvatures, ¢u and ¢y are defined as

follows
-

AR =i r ]
- ~ ) . . ‘ ".'

N

: |
assuming that 1 - K =1 - du'

1 . ¢ s

The expression for U- can be further simplified by

~ N . -

- Thus the expresslon for t.he energy~absorbing .
. 1 :
. capacity of a remforced sectlon in tension

»

&

A4

(e g7y /2) (1-0c dqu)
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DESIGN OF CONCRETE SHEAR WALLS .
4.1 DESIGN OF SHEAR WALLS - ‘

~sheéar determined from a rational analysis of structural - 5

system.

" cal and horizontal directions should be those requiréd by

.flexural calculations or thoseispecified in th% provisicn

- optimum petformaqﬁa. .. . Fa .

«  CHAPTER 4

-

- : | N
All portions of a shear w?ll shdhld_bg\designed’to

resist the combined effects of axial load,bending and

Flexural reinforcement should be provided in accord-
ance with the requirement of the ACI Building Code [20]. .

Wall with proportions such’ that a linear strain distribution RN

does not apply should beidesigned as short gantilevex.

4

Design of shear walls for shear should be in accord-

ance w;th.Sectioh 11.16, “Special Provisions for Walls®, Y,

°

éroposéd‘revision of ACI 318.63 ([20]. .

_€ \

‘Minimum amounts of reinforcement_in both the ver;i-,

of shear sgiength. | ) - : - ]

‘

In addition tb.provision of the necessary amount of
reinforcement, it is essential that reinforcement details SR

in every shear'whll.fecéive.barefhl,httention to insure
: ' Lo ' .



. 4.2 WORKING STRESSES AND LOADING COMBINATIONS

.have been proposed for California earthquake codee. along = .©

"-,'69‘

Contrary to the colmon opinion and the misleading.
" N F .
name, the strength of shear wall is governed by' flexure ahd:

v

not by.shear, except for very low and léng walls. Shear
walls of muiéistorey buildingsrbehave like slender canti-
leveré-only extremely heavy reinforced columns at the enfls
of thln walls (dumb-bells) can force a shear failure under
heavy lateral loads. Laboratory tests for shear walls in

progress verify the above ppints.

|
LAY
;

Design codes for earthquake-resistant structuﬁes

‘used allowable design stresses.one third greater than normai

design stresses. \In)no case, however, are the normal design

requlrements for dead and lxve load reduced“because of
4 .

lateral forces 1n combination.

*

N

*Wind forces design is also allowed a one~third in-

o +

Ve

crease in allowable unit stresseslas for earthquake forces, -
A ’ \ ’

A2 N 3 o \

and in the same combination.. Wind and earthquake are never

assumed tao occur simultaneously, 'Also, wind or earthquake T

is noxmally assumed to odcur parallel to each major horizontal

Vo

axig _of a bullding but only on one of these axes at a time.

‘The vertical component of the earthquake motion bas generally

been’ ignored. : ‘ .
’ ) ’ ‘;4 ” 1 ' %
S

Higher unit ‘stresses (more than 1-1/3 times nopmial) -

k
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the greater seismic goefficients. Japanese cbdes do use .

greater allowable unit stresses .and there is a logical:
reason for themf It can be shown that the reserve capa- l K
)clty of structural mem}t;?T X to resist severe earthquake\ y T o

loadlng w111 depend upo the addltlonal stress required

[ ‘ je
to cause yleiding and failure.

P . & . . \‘
. . . Co
{' 4 ‘ ‘

. Another’ questlon 1s‘whether llve load should be

) 1nc1uded wlth dead load in computing earthquake forces. It -
U is custqmary to compute the earthquake forces using dead
load. only, or with the dead load and a reduced average live - '

1qu except for warehouses, which'hgve.higher average live

loading. In most buildings, the design live load is not

<
T S A

‘realized ‘over the whole area;'in»faét, the actual everage
live load\can Le very low or evenmﬁegligible. In spite of
tﬁe Tow average. live loading, there may be heavy 1i¢e loads
at certain points on a floor, such as 2 concentratedb

assembly of file gabmets over a girder span. It is there-

.
- v

e
N

fore, 10g1cal to’ use the’ lateral. force from the small

. , < )
average live.load in general, and when designing members to

cogb;ne the sfgesses caused by such lateral forceslwith
those from the ii;e lbhd‘specified for the floor. This
latter live load should beéreduced, provided by building
.codes. The one-third increase in allowable unit stres es<

applies only to the comblnation with the lateral fpr ..
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4.3 ‘WORKING STRESS AND ULTIMATE STRENGTH DESIGN
. TRENGTE

L)

: . A
‘ : The ﬁ.a oads specified for design by the SEAOC

-

Code are based on a.working stress procedure using a one-

third increase in the working stresses except for anchorage

- e .
: { : by bond ‘when lateral loads combined yith vertical loads ~ :
2 v control the design. The use of the ACI design requirements, 1
g' is ppssible witﬁ this procedure and will lead to satisfactoar‘;‘ i
: , results. The alternatlve method of desxgn in the ACI Code, ¢ 5
Er the ,(an called ultimate-strength design procedure:fmay also /;' : i
%} ‘ }  be used.’ The earthquake ‘lateral loading eﬁﬁects, determined K
: R in accordan;:e with the éEAOC Code or other applicable code
i should be modlfxed by the 1oad factor shown in Sect.;.on'o

@ A604 ACI Code, fo‘@ w:md or earthquake and the most«%runcal ’
: ' load combihation should be used for proportlonlng members.

N 13 ' ‘ » ) . \ .
Under no crrcumstancesdhowever, should 'a combination .of <

wmwmlm B W S

load factors be used such that_ the overall factor of 'safet‘y
[ T
¢ or load factor with earthquake effects cons:.dered based on

=

' the actual CapaCJ.ty of the members as< aetermlned by ultlmate-

e s 2 P N 2

. . strength procedure, would be less than l 5. 'IPhe load factor T

is normally obtalned by the working stress metho[‘d as indi- '

.cated by the ratio of the y:.eld stre‘as—of"‘ntermedlate—grade ;

A

reinforcement to 1. fB times the allowable degign stress. /

[
*

The ultima‘te,-strength procedure. for design of
\ h _building frames is useful and valuable since it results in a

‘more .nearly unif(m\ factor of safety than can be achieved by

4




the workiﬁg stress concept. ' However, in-tge use of either
procedure, it is important to follow the recommendatxons,

regardhng the amount, 1ocat19n ana the arrangement of nein%

1

, - . 5 .
forzement in order to achieve the necessary ductility, as

well as Strength.

4.4 STRENGTH OF CONCRETE AND REINFORCEMENT

il

The designer has a freedom of ch01ce in selecting

4

~the combindtion of materials, he believes to be most econo-
mical. However, concrete with a'céﬁpressive strength in

' stanggrd cylinders of less then 3,000 psi may not have the
requisite strength in bond or shear to take full eavantage

"of the design provisions.

¢
; \

= I N :
In generéix it will be desirable to use concrete
RN
.strength of 4,500 to 6,000, psl, in beams or columns; atten-

tlon must be glven to the upper 1im1ts¥of the allowable steel

N . L

percentage,

!
o4, Intermediate-grade steel, having a m;nihum yield

. R [ ”
point of 40,000L8ei is generally used in flexural and\\\df/.

~ L . o N ‘-.
compression members. Structural-grade steel may be used '
/ Lo ’ '

provided that he‘working,og.yield stresses are adiueted
5o

. correspondlngl to account for its minimum y1e1d~point

G« AE¢ 7

L

stress of 33,000_psi. \

High-g'ade billet steel, or‘high strehgthialley

Cgteels may’ be used with abpropriate values of minihum specified .




C

field point stress,” and with corresponding changes in the. -
‘éermissible working Stress, proyiding'teBQSashoWrthe re-~ ‘
.\ :quired ductility by ASTM.. ] - {'; LT -

' f  The use of’nigh—strength.reinforcemenc will generally S
rbe foind to be governed by‘the specifications conderning an

'ﬂ lbendlng properties, 51nce\\% i8 necessaryy in$ﬁeny 1nstances
v
to have hooks or bends to provide for the}proper contlnuity
of the steel. The specificatﬂén for spir' reinforcement . o

should be as per ACI code. The minimum strength df~trens:

verse reinforcemept should correspond 'to that of intermediate-

grade steel bars.
. ' \ ' .

4.5 RECOMMENDED NGEMENT OF RE’INFORCEMEM/ 5 ,
IN SHEAR WALLS :

u T

. ‘ Shear walls or curtain walls in buildings are equally

important in an earthquake resistant, no wall in an'unimportanfﬂ

)
wall. Re1nforc1ng detalls in every wall must receive careful

attentlon, not only to ensure against unslghtly crackxng but
'c: . also to make optimum use of the inherent energy-absorblng
capacity of %he wall even tnough its contriTution fo‘the"%
. 1ateral strength of the building ls.lgnored in the computation.
" of course, the contrlbutlon of walls to the stiffness of a ' ‘} i

- ' wstructure should bertaken into consideration in the determin

‘tion of sheérs.' BRI ) L -
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- 4,5,1, Minimum Wall Reinforcement

4

<
.

i

\

‘Minimumfwall reinforcement should be provided in

accordance with the requirement of the ACI Bulldlng Code.

]

o T The followlng arrangements of wall reinfqrcement are
oﬁfered as-a guide.’ @ ‘ | -
5 ‘

%

Everyﬂwell must be properly designed for sejsmig

.+ forces or shears narmal and parallel to. its plane.

N ! A% . . '
' 8

‘Welded wire fabric may be used for wall reinforce-

( f

' ment in accordance with the requirement of the ACI Code.

@ ' 3 . ! ‘
It is particularly important that ‘the corners and
[ ¢
Junctures of 1ntersectxng walls be adequately tled together'

w

to ensure unf%y of action. .

-~

« %

Recdommended reinforcing details are shoﬁn in

t ¢

- Fig. 4.1. B
) ' .a

It should be noted thHat all horizontal’ bars extend

nearly to the far face of the' joining wall when they are
bent in a right-angle around a No. 6 vertical bar-_and

' §
extended 24—bar dlameter, but not Iess than 12 inches.

. . . . .
y‘ﬂ’ ’ < * “ . o
. .

’ 4.5.2 - Wall Reinforcement at Cogner and Junctures ° é\\”’b~d//f<

dn

[

e VTR TLE L
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' TABLE 4,1 MINIMUM WALL REINFORCEMENT REQUIREMENT
» 5 « . Ll v -
- . LWall® Tt Horizontal Vertical
- _Thickness Reinforcement Reinforcement
in . Spacing + . . Spacing
; in K in
! 13 Y 43 $4
¢ . ,ﬂ <
v . - A
12 16
9 .16
, 12 16
‘ 12 16 ’

-

N e
b2 il B GRREAGav e THRASAAE -




L'?:\ [
Horizontal bars for walls with a
double curtain of reinforcement
shall be placed nearest face of
cone~wall as shown
4

s

|
L g
o M

- '.‘_ﬁ -
.k 24 bar .dia, or. 12" (min) ...
H “ P

o

o * 1

3 - . ~

»

@ « °

FiG. 4.1 ' Plan View Showing 'rypica]: Wa Reinforcemenii ‘
Detail ‘ ! '
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4.5,3 Wail Reinforcement Around Openings A

Additional reinforcement should be provided at the

1

:sides and corners of apenings in walls similar to those in

floors, as shown in Figure 4.2. If the afea of reinforce-

o
é ment in either direction’is interrupted by the‘opening and ~ i”

-+ ~ \ ;

is greater than the area of the trimmér bar, additional,

" bars should be provided to equal the area of the interrupted

Ty

. oans‘and should be extended beyond the sides of the opening
h. not less than 30 in. diameter or 16 in.

. { . ? .. . N
4.5.4 Splices for Wall Reinforcement - . p

&

\\

Where necessary to spllce wall bars, they should be

o lap~-spliced a mlnlmum of 24 in. dlameter or 12 in. Splices

_ in adjacent bars should be staggered a- minimum of 18 in.

, ‘ Recommended details for splicing wall r;;hforcement at verti-

cal and horlzontal constructlon 301nts are shown in Fig.4.3.

-
t . .
[

@

4.5.5 Shear Wall Reinforcement

. &

The minimum amount of reinforcement .in walls desi%n—.

>

- ed to resist sheiplng forces caused by earthquake motions .

° .

should be 0.25 percent of the wall cross sectlon in both the .
. vertical and horizontal direction and the ‘'spacing of the

N>\’ bars should not exceed that given in Table 4’5.

N\

.. B The maximum designed bending moment and shear, which
7 - occurs at the bottom of the wall unless larger openings exist
* . - AN )
¢ - L4 NN ' .. i -
£ * - & © - . R -

- S T . C s
P - ‘ .
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“ ~
. ‘ | e Verticai trimmer baps_to .
o J A " r extend full storey height
. : \ ‘
- - \ < K
) 8
¥ W - . : '
) . —t 1“71/2' dr. ‘e ,
' ) - ) B LI
, Ak L
Q\ ‘ s
o ~ . W Y]
i ' . . ’ " " ‘ &
. (u “ ¢ : . : i 1\ .
. - . - a5
1 #5 trimmer bar for single : . \
curtain wall, 2 #5 trimmer: ) ' i
bar for double curtain wall . ] .- - ,
(1 in./ each curtain) , . ' o L
. ; | . . _r,j, _ . P
. SRR . ¢ o

e I FIG.-4.2 supplementary' Reinforcement to‘ be ‘
T . JProvided at Wall Openings .

.
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in the lower stories, should be increased by a factor of 1.5

and compared with the resistance at craEking of the uncracked

4

.wall estimated from the following equations
. N )

-

. L
Moy = 6~5~' Ec

TAw
=

flexural cracking moment

moment of inertia of shear wall

4

: ‘ |
distance from neutral axis 'to extreme

]
e

fiber in tension
cracking shear

minimum width of wall g /

-

L lengtﬁ of wall in horizontal direction.

If the cracking resistance of the wall is not suffi-

cient to counteract 1% times the desigp moment'and/or shear,
special reinforcement should be' provided in the wall such

that the following. expressions yield the désq'.réd shear an

, ~
. moment

(4.3)

5

Ag = total cross-sectional area of the vertical -

reinforcement distributed ‘gver the length of

the wall”

i




4

- and shear, along the height of the wall to the minimum of

and .

N = 1.9 bL /fT + At . " (4.4)

where '
A_ ‘= total cross-sectional area of horizontal
reinforcement distributed uniformly over the

height of ‘the wall equal to half its lengﬁh
Al : \

The. amount of reinforcement indicated above may be
reduced in accordance with the values of design moments

ia

0.25 percent.

@

4.6 EXPANSION AND CONSTRUCTION JOINTS

<4 ,:"’
Construction joints are. stopping places in the

.process of placing concrete end are required because it is
ixﬁpractical to' place concre;:e in a continuous opei:ation

. except for emall structures. Constz;uction joints should be
so designell and built as to prevent mO\;emenf and to be
essentlal\ly as strong as where there is no joint. Expansion
joa.nts are des:Lgned to ::].low for free movement of éarts of

a building because of size or shape. Expansion joints designed

_if cons\ldered necessary S

*

The most desirable location for constructlon joing\s

shoul:g be detaile‘d by the engineer and shown on the drawings.
\ — . i (-

Vertical construct:.on joints are requ:.red in b_uildings'

' ’ - v v e
ﬁ ‘A . - !




