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. Mhis research progkam examined the bahaviour of amall-acale

5
I

1

modala'oé four-étaray raintorcea eoncrata coupled ahear walla underx

ponotonically incrvasing loads until failure, Mathods of analyais

briefly preaentad include: . v T
{1) the Lamina Mathod,

(2) the ﬁquivalcnt Frame Mathed, |

{3) the Pinite Ele&&nh*Method, and

{4) the Photoelastiz Mathod .

A mathod for diyxect model teamting of coupled shear walls was

d@velopad iﬁ this atudy. the experimental sat-up for this mcthod/

b s o R s 1 s

consiated of ‘a loading !raun; a bracing aystem, a load distributor for an”

upper triangulaxly diltribdghd load pattexn, and a‘lcxd tf&nnminaicn

aystem to eranstfr 3 tensile (pPull) foree to the apocimen. An ultimate/

I

load analyﬁ?s using the Lamina approach was carrzied out to chack the

Complete load-deflection
»
curvas for all four storays and completa 1oadch;ation cuxves for all

Afltimate atrength-of the teat specimens.

d

four coupling boams and two walla, as wclliaa‘atrain vﬁlues at selacted

L,poaitioha. were obtainad. ' Diagonal reinforcement pattern showed less \

. 2 o \
distrass and ia vﬁirntore moxe suitable in tranaferring the 10ad for |

&

medium and deep céuplihg ioams. All test apecimans ahowed significant
ductility prdbingvthat it éroperly,ﬂqt;ilad. shaar wall structures can

absoxh laxge amouuég of onorvy\and are suitable to rosist earthquakes.
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/ _' RESUMR -

N \ .
La prdsentsa recherche consiste en l'dtuda du comportement
de modelea A l‘écf\ﬁng "yréd\:ue. d'un mux de cinaillemant Jumald de
.quatye dtagasn, en Mt/on armd, soumia A une chm:qo..;cpé??'}so—nntw Juagud
la xupture. Pluai_e\xra mdthod{a d'analyses ont €td bridvement
présentdes, notamment les quatre mdthodes sulvantea: .{(1) le nmg'a}aend
ment das poutres d‘accauﬁlamnt par un "mddium' continu ot uniform de
conaistance dqui\'mhnta A la ;iqit\?\.}é des poutros, () la méthoda du
ca‘c)ro dquivadlant, (V) 1‘1&&1\11;{\\:’10:\ par €léments finis et enfin,
“(4) la photodlasticitd. o o -
Une méthode d'expédriméntation directe a étﬁldéwloppéa pouy
loa hesoins do cette dtuda. La montage exp&r&n{encal 20 composalt
d'un cadva Qe ihargemnt. d'}m tya\ﬁm d'appuis, A'un r&pa’x‘\gtaur de ° “
charge av niveau mpérie\xr\ pour une distribdbution t/ria;t'\gul{s ra des G
charges ot ‘m\nn d'un  mécanisme pouvant tranamsttre uné force de
ton—aion a 1'¢chantillon raprésentatif. Una vérification da la:
capacitd ultime das pﬂriﬂae—a‘ d'nssals a &t \ettectuéc par la méthode
"Lai’ﬁna" qui cor&np:% A la promidre des méthodes apdcifides ci-dassus. \
) Los courbes ccmplate; da qhargu-’-dkthxion pouxr les quatre /
dtayus alned yue lus wu‘ﬁau‘s de .eﬁam-:ﬁtaum\.pour les quatre poutrus
d'accaupi'mnt et les deux murs ont Gt:é‘obtonuan de plus loz *vale,urs

doa doformations A différents endroits prédetarminds ont auasi été N

N




b O Y

o - : 114 ,
O pmc\\'x‘éaa. Une diaporition en dlagonale, du renforcizasment dans
L4 R - .
/. lea pputyes d'accouplemant, e8'est avdrde heaucowp plus effivace L A
I b ¥ !
\ / qu'une armature horizontale \gft. pax conadquant, plus npp:\mpr“o pour
\ [+]
N - T la dranafert de chavge dans das poutras dont l'dpaisacur ast de

. \

—

moyanna A px‘orm\da‘/

Toutes laa prisaa ont dé&mon;rd@a una duetilicéd Nmarqui\bh
‘prouvant ainsi la granda capacitd gu'a ce type d& mur de cisaillement

A abnoxber 1'dnprgle: ce qui las rend aptes ) reasister aux tremblements
- da terre, \ ) . -
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(@) NOTATIONS
. .
A total cross-sectional area of walls 1 and 2.
’ I\& equivalent cross-sectional area for “stiff-ond" sucta‘.ox;.
hf , equi'valeut Zros‘:.s-sectional arga for miédle portion of the
* coupling beams. ° ’
‘\g bms;*sectional area of concrete,
Ag“ g#oss-sectional area of concrete of model structures, .
,\crl cracked cross-sactional area’ of wall 1.
) Acrz cracked cross-sectional area of vimll 2.
) ‘kcr total cracked cross-sectional area of walls 1 and 2.
A steel arca. .
- Asm steal area for model structures.
kt &;:ransformed total area of the section.
Atu transformed /total area of the section of the model structures.
A cross-sectional area of wall 1.
. ) Ay cross-sectional area of wall 2.
/ A, cross-sectional area of the coupling beams.
{n}, {B}\ vectors of coefficients.
C di;stq(nce to extreme edges from the neutral axis of
‘ individual wall., °
o digtance to ex\treme edges frox? cormmen peutral axis
of - both walls., -
!
E Young's mo@\;lus of elasticity.'
f EN Younq‘s\moéulus of elasticity for model struct;ares.l
Ec . concrete modulus of elasticity. ’
O f" 8; steel modulus of elasticity.

td
°




j 4
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| x1ii
/ NO;I‘ATIONS’ {continued) , * b
/
¥
fringe constant. ) \
G modulus of rigidity.
H .total heéight of ths structuro.
H‘M . total height of the model structure. \\
Ie equivalent second moment of area for Mgtiff-end" se@ction.
LT equivalent second moment of area 6f middle portion of
the connecting beams, -
Icrl crackc?d second moment of z;rea of wall 1.
Icr2 cxtqcked sccond moment of area gﬁ wall 2!
Icr total .cracked second moment of area of walls 1 and 2.
Ta ’ Sfacond mox;\ent of area of model eructums.
I second moment of area/of wall 1.
h O écond moment of area of wall 2.
I total second moméntcof area of walls 1 and 2.
Ip second momeht of area of the coupling beams.
Ix reduced second moment of area of a cracked beam.
I;‘ equivalent reduc‘ed second momant of area olf & cracked b;am.
K1» Ko wall bending stress factors. K ; o
X3 ' connecting beam stress factor.
Ky deflection factor. f
L _ linear dimension for prototype séthctux;s.
Ly linear dimension for model structures.
M, total external cantilever moment.
N‘.O * ' 'moments / induced by exterpal" load only in walls 1 and 2.
Np ¢ ‘ ~ ¢ ,
' . i . i

N moments generated in the walle §y separation forces.

Y

e,
e
S
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T
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e et e
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NOTATIONS (continued)

b ]

moments generated by lamina forces in walls 1 and 2/.

o
final bending moments on walls 1 and 2.

(Gl&i\mate moment capaci,tl' of the coupling beans.

\h\t\imata moment capacity at the base of walls 1 and 2.

point load at the top of structure, also point load for
prototype structur\es. oo

point load for model structures. ‘ \
point load at cracking.

point load at cracking for medel structures.

shear force acting on- the coupling beam 1. |

axial force in/ the walls.

wall axial force at ultimate load. )
vector of nodal displacement.
total external shear force.

oy .
shearing force generated in the walls by separation forces.

o v

; -

ultimate s:zgar force across a coupling beam. - -

ultimate shear strength of the coupling beams.

/

final shear force on walls 1 and 2.

.

/ \
shear force induced by external load only. in walls 1 and 2.

/

total external lateral load on coupled shear wall structure,
also dead weight fog&x{o\totype structures. ~

.

total e)itemal load Jat crackinq; : 7 -

’

total external load at cracking for node} structuxes.

|
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- NOTATIONS (continued)

v

proportion of external load acting on walls 1 and 2 ms;pectively.r

external load at, elastic limit ofsstyxuctural beshaviour,

total extornal triangular uitimate load on cowpled shear

Y
b

total external triangular ultimate load on coupled sheaxr

i
external triangular load which causes all lamina to yield.

triangular load increment to cause wall 1 to att&in its

triangulax load increment to cause wall 2 to attain 1tsv

coefficients in displacement functions.

\

distance from the centroid of flexural reinforcement to

;1%7‘.\: w0 Y N
Ry - ‘A&ﬁ‘w"‘h&& N \
i
{
WM | dead waight for model structures.
~ Wy, Wo
Yo
wu
wall structure. ;,
L Mo
for model structures.
Wy
aw'
ultimate capacity.
’ —
Aw“ X
ultimate capacity. /
2 a stiffness ratio.
. ,/
ai 'bl‘.
b width of a coupling beam.
a effective dspth of a beam,
d\

adjacent edge of bhean.

lamina displacemsnt at the cut due to wall axial force,

°

lanina deflection caused by flexure and shear.
lamina :deflection owing +0 lamina flexure,

lamina displacement cawsed by the flexural rotation of

A}

coupled walls.

1g}mina displacement caused Sy sheaxr.
length of "stiff end™ section in the lequivalent frame.

"

half length of middle portion of the cimnectinq beans in
the equivalent frame. '

cylinder crushing strength of concrete.

o) )

N f

[ \ |

e Phen e
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n -

pX) .
qx),
q

q,

Rv

/NOTM‘IONS {continueq)
I ;

yield strength of steel.

storey helight. o ..
& :{;}‘ﬁ—,

distance between, centroidal axes of coupled shear walls.

&

distance from axis of coypled shear wall structura to
centroidal axes of walls 1 and 2 xgspoctively.

= modulayxr ratio.

y 4

lamina separation force per unit length.

lamina s«l;ear force per unit length.
lamipa shear force par unit, 1gnqt}1 at beam i level,
ultimate lamina shear force per unit length. /

distance batween lnnex facest of coupled sheaxr walls oy

—

span length of coupling beams.

\overall depth of a beam.

Jead load\ per unit length. V.

a displacement fuuetion.“ -
a displacement function.

nominal shear stxess = V/bd.
external distributed load.

exi:ernal dié\tributed loxd for m'odel structures.
distance from the top of a wall.
lateral deflection.

lateral deflec/éi.on of model structures.

lateral gqeflection at the top of éhe shear wall stxucture,

lateral deflection at top of structure caused by awW'.

lateral defioction at top of structure caused by Aw%‘.




NOTATIONS ( cox\tinun_du)
O- ‘ : | -
y lateral deflection of shéar walls at the elastic limit.

oy lateral deflection of the walls at full plastification

".of laminas.
\ \

a,B,Ysu constants from the governing differential equation of
the Lamina method._
Au

' o= -A? = ductility factor.’ .
A defoymation at wltimate load. |
Ay \defomation at yield load. -

g = % t specific distance. \
A linear scale factor.

o / stress at extrema edges.

P flexural stesl content,

p' = 5— = constant load ratio.

Py web steel content. .
t N
N 4 .
[ -} f
v Poisson's ratio, \
- N \

AR




)

-

R

Y

\

I. INTRODUCTION -

1,1 Introduction : e
{

iy , ~ d 4
In many tall buildings shear walls are constructed to

provide a major Ta,rt of the required strength and stiffness for lateral
loading resulting from gravity, wind and earthquake effects.’ i'I}&ec:em;l‘)g',

&
other structural systems such as frames; tubes, and tubes within tubes v

have also satisfactorily met the strength requirement and drift
limitations of high-risé¢ buildings. It is usually uwp to6 the designer

.to select the basic structural system to suit the height and functions

'
i
!

of the building and the preferable mode @defomtion. However, up

-
to a certain height, shear wall structures are the most economical and
the most effective system in resisting latexal forces. Sheaxr walls
» —
are qét only required for strength and stiffness requircments in
A\ \

buildings, but also for other human and functional requirements' such
(I ’

as core walls for elevator shafts, stairwells and separation walls in
apartment buildings. ’ /
windows, doors and service ducts require that certain shear

hY r

walls be provided with openings. A regular position o‘f openings

causes rows of connecting beams. Depending on the sizes of these
corfnecting beams and the relative beam-wall stiffnesses, the overall

behaviour of a coupled shear wall system tem;is to that of two separate
. ] .

wansﬁ or that <,>1IEw a single wall. 0 \

/ L e

el
»
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N In addition to the limit states foxr stmr)lgt.h and_deflection,
the ductility reguirement arises for seismic design‘.‘ In the past,
many national builkiing codas have tx:eated‘ sheax walls as stiff and
i‘ S brittle elements not suitable for structures in e;‘rt:hquaku pnlme\mgions.
A T ,:t:ho St;uctural Engineers' Association of Califorqiai defined a numerical
coegf:l\c}ent K that reflected the properties of the materials, the type
of cond&&nction, damping, ductility and energy=-absorption capacity of
the structum\. It suggested a K value of W tmlatxon of
earthquake load _gpr béx systems in wh‘ich{;e lateral forces are resisted
by shear walls. . 'me ’&agmparativq value of X allowed for a ducti!

|
/ , moment resisting space frame resisting lateral loads—31§ 0.67 suggesting

3
that sufficient attention should be paid to ductility of component -
elements in the design of struc;ural systems., Tha ductility of a \
coupled shear wall sy/sﬁam is dependent on the ductility of the coupling
beams or slabs and that of the walls themselves, i

The fundamental behaviour of typical shear wall structgures
has been ide txfied in numerous studies, in which the techniques of
./ elastic a.n{i') sis have been used or suitably modified to, evaluate internal

load distribution, stresses and deformations. However, at presént

only limited experimental data is available from which the range of
) i

validity of such analysis, as applied to reinforced concfete shear walls,

imental work, wodels :

\

\o
i ( could be assessed. In the following parts of

of ‘coupled shear walls are tested under monotcnic&liy increasing static

loads. In;ds are applied at floor levels using an upper triangular
i

\
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C \ distribution. FT:: design purposes, this pattern of loading is '

$ f
con#‘.dored to be a static equivalent of earthguake loads in the first
- \

N mode of vibration.

1.2 Previous Studies on Coupled

" ]
@ widespread use of shear - w&lkls in multistorey buildings
~ . [ N

has fostered ‘investigations into the basic behaviour of such structures.

. During the last decade, numerous studies on elasti:: ama}ysis éf coupled

" shear wall structures t,\a\}e been carried out while very little experi-
mental work was dqng to examine the posb-;crackinq behaviour of these
structures. \

. ‘rhe“earli\er successful attempts to solve the coupled shear - -~
wall prol?lem were due to Chiutyz\, aequ, and Rosman‘. who afsumed that
the discrete system of connacting beams“ or floor slabs may be replaced
by an equivalent continuocus medium. BY Sssuming that the cross beam
has a point of contraflexure at n;idspan. and does not deform axially,

the behaviour of the systen canibe defined by a-single se\cond:ord'er

differential eguation with a general closed form solution. i

~

A\
‘ Later, by considering separately the cantilever action of

s

individual ¢‘walls, and composite cantilever action of the two walls,
Coull and Choudhurzys presented Rosman's solution as graphical charts
which enable a rapid evaluation of stresses and deflections in coupled

. shear wal}s for use in@esigﬁ offices.

'
A 2
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a compre)@nsive series of photoelastic investigations of
single storey walls .containing‘rectangular openings and subjected to

a single racking load, has been made by \Kokinopoulosv. Curves have

< .

been produced, showing the effect of geometry of the panel on its

stiffness, and the maximum tensile stress induced.

Different methods lave been attempted to solve arbitraxy
systems of shear walls acting in conji{nction with frames, An early
computer pmérain for analysis of multi-storeyi framed structures was

1

extended by Clough, Ring and Wilson for three dimensional structures.

The program, which used the stiffness mathod of an“hlysis. was designed

to include flexﬁml, shéar and axial dist:o"rtions of ,'thle men;bers;

howevey, the'floor slabs were co §§.dered to e rigid in their own plane

and therefore the axial deformation of the beams was neglected. o
These effec{tive computexr proérams for solving frame problems

paved the waly to “the equivalent frame" method for analysing coupled .

shear wall problems.  Schwaighogher’ developed a table for the ,

equivalent section of the stiff-ended beams connecting the equivalent

i ' .
. column to the coupling beams.

o .

,
“

—

10

-

P

/ From tl{e point of view of duc}:iliqty.’ Allen, Jaeger and Fenton

classified shear walls into three categories: the shear-shear wall,

P

‘f
1‘1

the moment-shear wall, and the ductile moment-shear wall. 'rhe" ductile ..

1

' . . ! .
moment-sheaxr wal]\ is essentially an axially loaded flexural member

having 2 minimum Quctility factor of three. In &n analytical study
» * “M&\ N T s aw
they noted that ductility of a ductile woment-shear wall increases with
* " >
- & decrease in axial load or with an increase in the flange area-gross




. o

(T . wall cross-secticnal area ratio, and it decreases with a decrease in
~— ~

' the concrete strength, and remains relatively constant with changes

in the main steel area. Suitable design techniques have been -
suggested to achieve ductile behaviour by considering the following f
factors: - . >

- ! / -~

.

(a) Minimum tensijon steel to ensur# a "well-behaved" moment-- |

' . o . ¥ . .
curvature‘ielatlonshlp: Besides the vertical and horizontal temperature

o B

erd P ox

~j§tee1 ré&uiremenés for a wall, the ductile-moment shear wall must have

/ concentrations ofireinforcing steel at each end-of the wall, which
. e
- \ ~
should be tied as-the longitudinal reinforcing steel in a column.

AR A T

3

+
—_ . E

{b) Prevention of a premature shear failure before bending failure: B

« The wall should be designed for an increased shear strength.

(c) Development of full moment capacity of wall at foundhtion:

Foundation should be‘designed for ultimate moment .capacity and adequate 7

; °

CEnchoring of the reinforcement.

‘ »
- (d) Prevention of a premature bond failure of the tension steel

s
\

before bending failure. r !

o

-

(e) Construction joint details: Use of the 1971 ACI Code containing

1 N
reinforcing steel reguirements for shear friction was suggested.
- /

- :
i Q

i
{£) Decrease in the concrete strength: To be certain’of the design -
PR /
/ ductiiﬂty and strength to be attained, it was recommended that the value
. , ¢ .
) of conqre%e_strength used in the calculations should be somewhat less
i

—

i
than the specified concrete strength.

-




1l
Jaeger-et al. solved the problem of elastic multiple shear

walls connected by a large number of horizontal beams subjected to /
lateral loads. A reasonably accurate method fér analyzing three-
i
b
- dimensicnal multiple shear wall buildings was extended to study the

dynamic behaviour of the structures.

2 .
Mirza and Jaegerl studied the behavxoqr of two~-storey coupled

' shear wall slab structures using small scale direct models. Two series
of 1/10 scale shear walls coupled with two levels of slabs were constructed
and tested. The s%udy showed that shear walls behaved as individual’

. ’ ]
deep beams and failure occurred in a shéar compression mode with a

{
ductility factor (ratio of ultimate strain/to yield strain) of four and

above. The WMl size had a significant effect on the ultimate strength
\

of the assembly. With improved reinforcing details, t@e shear-

compression mode of failure can be either delayed or eliminated to obtain

s
o

y a more ductile flexural failure. The value of X was detérmined to be
, . .

® .

the same at 0.67.

*

- 4

-

In New Zealand, Paulayl3 tested a number of é-scale relatively ‘
-
deep and short spandrel beams for cyclic, near uktimate, alternatlng .

static‘}oading. Rotations were applled/to the beams by means of end ‘

blocks which simdlated'parts of coupled walls. Diagonal cracking
v \ n

‘. ~

~: across theypeams was reported.
- s

- 14
Paulay later tested two one-quarter scale, seven storey

reinforced concrete coupieg shear wall models. He used identical wall

- s~ s

v reinforcement for the two models but varied the steel reinforcement ig
& 9
« the coupling beams, one with the conventional parallel reinforcement

w
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(at top and bottom) and the other with éross-rpinforcement following
the stress trajectories. The distress in the concrete due to shear - ?

- i

at the begm—wall interface was found to be not as severe in the cross-

réinforced beams as ih thelconventionally reinforced beams with parallel

" steel reinforcement (top and bottom). Corresponding ductility factors

L]

" of four to twelve were estimated for both models.

Recently, Mametlfl6 at McGill University, has extended the

finite element program developed by Mehrotra and Mufti17cfor a complete
’ l

three-dimensional analysis of tall buildings by considering floors as
substructures. He accounted for the flexural and in-plane deformations
of the element; which were asgumed to beﬁave linear elastically: This
program can be used for a largé variety-of usual buil@ling configurations

comprising of slabs, éhear waﬂls, columns, beams, diagonal braces, etc.

L)

Openings in the walls and floors are taken inté account, along with the
effects of torsion, axial load and shear deformations. The mesh used

in this program was a rectangular parallelepiped grid. Two original

formulations were developed, a set of new displacement functions for
the bending of rectangular elements and a new finite element treatment

‘of the analysis of plane shear wall structures and their interaction
f

with plane £rames.

The finite element ﬁgthod has been utilized and made more

i .o

versatile by wilson20 with a static analysis program for three—dimensionpl

solids. This program called SSAP and its later revisions for dynamic

BT aaat ¥\ N

analysis facilitated the solution of shear wall structures for both

’ i
static and dynamic loads. \ .




1.3 Scope of the Present Investigation /

Though coupled shear walls have been "used widely in high-rise

buildings in earthquake prone regions and other areas, the understanding
’

of their behaviour does not even come close to that of frame structures.
3
The interest in understanding the behaviour of coupled shear wall systems

has increased sf%nificantly over the past decade and a corresponding

increase in research activity can be noted in the technical literature.

~—— . . - \
The initiative of the University of Southhampton in organizing the first

international symposium on :tall buildinés and shear wall structures in
196618 was a highlight in the efforts to proﬁote knowledge in this field.
More recently, two symposia held at the Buffalo and Dallas ACI conventions
in 1971 and 197219 dealt with various aspeéts of analysis and design of
tall concrete puildings,_and clearly showed the need for moxe research
in understanding the behaviour of shear wall structures in earthguake
regions.

' New techniques of elastic analysis of couypled shear wall
systems have been developed to predict their-behaviour. Most of these

techniques can be modified to accommodate the plastification of certain

parts of the structule. However, they can har?ly cope with the real
. &

structures where brittle behaviour of concrete due to its cracking
characteristics violates the assumption of isotropy and that of plan <
sections remaining plane.

: .

There is very little experimental data on multistorey coupled

shear walls subjected to earthquake loadings.\ Not much has been done

»
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(j| on the post-elastic behaviour and the ductility of the reinforced

concrete coupled shear wall systems.
A lack of understanding in this field can cause great damages

to the occupants of the buildings not properly designed. Especially

v
El

in high risk earthquake regions, a need for such an understanding is
/ unquestionable.

: "This research proéram was developed with the purposes:
’ \

(a) to study the inelastic behaviour of coupled shear wall

~ e

} structures;

“(b) to develop suitable technigues for model studies of the

g behaviour of reinforced concrete coupled shear wallsz

%
This study forms a part of the on-going shear wall research

program at McGill University. In the subsequent chapters, different
methods of couypled shear wall analysis are develgped and reviewed.

a photoelastic'study was also carrieg out before the reinforced concrete
* \
model study to check the stress patterns and trajectories in these shear /

wall configurations.

B an )
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’II. METHODS OF ANALYSIS OF COUPLED SHEAR WALLS o
+
¢ F

2.1 Intreduction X \

A few methods of analysis of shear wall structures have

R

'appeared in the technical literature during the past several Years.
Most of the analysis methods have involved some forms of idealization -
or eguivalence of all or part of the structure for purposes of simpli-

fication. )

To determine the internal forces and moments in the various

° A » ] J‘
elements of a shear wall structure, certain idealizations need to ")e

/introduced. All methods of analysis which will be discussed in the

following sections are based on the aS\ﬁumption' that the material is
{a) homogeneous, (b) isotropic, and {¢) linear elastic. From the
designer's point of view, the most/ important methods of analysis are:

4 .

(1) The Lamina Method' ) \

(2) The Equivalent Frame Me{'.iaodg
{3) The Finite Element Methodzo
' . . 21
{4) The Photoelasltic Analysis
. 22
{S) Model Analysis
, W
Most of the basic understanding of shear walls. has been

achieved with the aid of the Lamina method especially through the efforts

of Rqsmanq, Beck3. and Coulls. ’ It was recognized that the deformaticn
1

\ -

&




cross-sectional properties of the various elements of

11

)

~

”.J“\

wcontrfbutioyxs due to bending and shear in the connedting beams, and

due to bending and axial load in the walls, are significant and have
been incorporated in this analysis of hjigh-t:ise buildings. Presently
the Lamina theory is used in defsign offices for analysis of building

. 1
structures with regular shear wall cénfigurations for which desigh aids

are avqilable .

The versatile "Egquivalent Frame Method" has become very

.popular due to the ease with which it can be combined with the analysis

. » . d
of the "frame" part of the structure. The basic concept is the replace-

ment of a ngiven shear wall by a frame which behaves in the same manner

as 7x;\e given shear wall.: This is achieved by suitably selecting the
\the frame. The

rmethod éf an\alysisn is ba;gcally the same as that for frame analysis and
can be easily solved with the help of a large compp;ér. .

In recent~ years the Finite Element Method has been used
successfully for the a;walysis of shear wall and sheéar wall-frame problems.
This method has proved to be reasonably accurate and advantageous in most
of the cases. Different plane stress progréms can be u.sed with a wide
cht;ice of finite elements and the accuracy depends on the mesh used.

\

A finer mesh would be more accurate though it can result in a higher cost

i

due \to the increased computer time involved.
A
y
The photoelastic method is useful in illustratior of the stress
trajectories and in the location of reéions of stress concentration.
7 &

However, This method is limited in its application -to linear elastic

F 4

systems. ’ ‘ N
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o 2.2  Elastic Methods /of Analysis

2.2.1 The Lamina Analysis

. .

(a) . Development of the Method

The following derivation of the elastic lamina analysi# is
largely based on the Beck-Rosman appzéoach. Besides the assumption of

material behaviour already stated in section 2.1, the lamina analysis

’ makes the following further assumptions:
(1) 2all openings are of the same size.

v A
\ : (2) The sectional properties of the walls do not vary with the

height of the structure.

. {3) The sectiof;al properties of all coupling beams are the same,

i with the possible exception of the uppermost coupling beam

which can have half the stiffness of the t\:oupling beams at

the lower levels. .

—

(4) The axial deformations of the coupling beams are neglected.
{5) The shear deformations of the walls are neglecteéd.
? - J

]
(6) Bach of the coupli’ng beams has a point of contraflexure at

.

its midspan.

i {7) The external lateral load can be . expressed as a continuous
function of the distance x, which is measured from the top of

"the structure (Fig. 2.1) .,

-
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The properties of the substitute connecting medi\/xm of length

dx are selected in such a way that

[ a
Area of the lax&ina = —-%dx

’ I
Second moment of area of the lamina = —% dx

\ )

~

where A and Ip are the cross-secticnal area and the second moment of
area respectively, of the discrete beams. N )

The actions, such as shear force and axial force, are similarly
replaced by a continuous di'stribution, referred to as "“lamina shear", or
"shear flow", in terms of force per unit length, anc['[i “"separation Lfﬂc%ce".

It has been assumed that the points of cont;;‘.lexure are
located at the beam midspans. ;/Also,{elamé.na sh;aar and separation

forces are taken as positive when acting in the direction shown: in
- Y

\ : )

3

Fig. 2.2.b.
if W = the total external lateral load
V = the total external shear at any 1 )

M, = the total external cantilever moment at any level

ca

) {a continuous function of x) l

I,I = the second moments of areas of walls 1 and 2 respectively

I = the sum of the second moments of area of walls 1 and 2

= I + Iy \

/ * .
/ .
then, the basic relationships between the distributed forces between

. - wdnes
the two walls are: . R

M

T oae v o
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.t Wy = W and Wy = W (2.1)
- & ~
,« -’
I I, \
Vig= —V and Vo g = +—V {(2.2)
14 I ’ I

. Since ‘the axial defox;nationsy in the coupl;ng beams are
ass'{xmgd to be neg’li'gibﬁ deflections of the cantilever walls are |
the same at every level. Hence, the moment M, is distributed to
each wall in proportion to its flexural rigidity:

| ;. : Lo .
I, ’

. Iy .
'MI'O = 1 M, and Mz'o = 'I—Mo - (2'.3)

' ‘ / ,
From equilibrium of a given segment of each wall, the axial

|
force Tj(x) or Ty(x) is equal to thesresultant of the laminar shear:

X
)'1‘1 (x) = To(x) = I gi{x)adx =. T(x) ‘ (2.4)
) o )

—

The final moments M; and M; in the walls can be calculated

from the external woment and the axial force by:

. i Y
M) = i—— [Ml'o - T(x) }. A ) {2.5a) - B
I, . 1 .
M, = I [MZ,O - lfl‘(xl ] , {(2.5b)
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where 2 is the distance from the neutral akis of wall 1 to the
neutral axis of wall 2.
Shear forces in the walls can be determined as the difference

between distributed shear and shear force generated by the separation

force in the- lamina: ' /

B

vy =/V1,0 - Vp (2.6a)

e V2 =V2.0- Y% ’

N -

(2.6b)

Determination of the separation force \i) is discussed later.

S

In deriving the basic differential egquation for this method,

b .

the lamina is considered cut at its mid-length.’ The displacements and
action at the cut ends of the lamina are caused by the bending and

axial deformations of the walls, and bending and shear deformations of .

the lamina itself.

the walls is (Fig. 2.4a):
’ P -
H 2 o / ' ,
= 4y _ .2 - XL
G T i BT ), Modx - &y ?(x’dx . 2.7 \

is (Fig. 2.4b):

= 1.1
d-E(Af-

\

The displacement due/ to axial deformations of the walls

The displacement due to flexural deformations of
» ]

~

I3

i

/Y ’ ‘ . !
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The displacement of the lamina due to flexural deformations X
T
is (Pig. 2.40): N By ' . 5
. a A
3 . .
- hs>q(x)
df 12EI ‘ ) (,2'?)
° /
The displacement of the lamina due to shear deformations |
R ] | .
is ! ' \"ﬁ
-3
) Fhs ) . X
ds = G q(x) {2.10)

3

o

the shape factor and is 1.2 for rectangul/ar section,

e
f

(]
#

"the modulus of rigidity.

4

'

.
4 From the four diagrams shown in Fig. 2.4, it is evident that

w #

the compatibility at the cut of the lamina is satisfied when
- :? -

4 -da-af-da = 0 ' (2.11)

7y

k)
\ \ By substituting appropriate terms from Equations (2.7), i

~
¢ »

(2.8) ,(2.9), (2.10): -

H . 2 3
L L 1.1 1 hs _ :
BT fx M dx - ?I E T(x)dx - E(Al + ,AZ) f‘l‘(x)dx - -ﬁé-i;-q(f) =0 . /(2.12)

\ -0 .

- AtSedN o

L
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As 'tlge axial force is the accummulatioxi‘\of laminar shear,

-~
Fi .

-

N R B -
. it follows from Eq. (2.4) that . .
-
o g _ &2r(x)
> ? ™ = TaxZ ) , (2.13) .,
& - hd R ' '
W N ) — /
P \ . E - ,
“The bas®c differential equation can be written in the /
, h R
i fo/llowing form: N .
’ N E N / ,
/ ) ZT(X 2 ' ’ : \\ ~‘. ) ¢
- Rt a\ngx) = -y a (2.14)
/. » / ’
» ) (i © \\
in which -
‘ " » [\3
rd ' ‘(‘ *
) / 1l g2 12Ix o )
= - + - + —_— .
a . ( A R ) ( §33) ] (2.13)
‘ 1201 ' -
x, \
and a s c (2.16)
\ ' ” <o
o _ 7o ’ . o
. The soltition of this equation yields the axial force T(x)
induced in the walls: . ) S
. : . / o
v { ' 2 R Y
. -. 7T{x) = A sinhax + B coshax + '1‘p (x) (2.17)
h'here - - ;
\ azm'  a'm !
., | (o I [o) .
) T(x) G X M+ ot g e (2.18)
\ is a particular solution. . : . '
[ . ' {

i~




w ‘j /
G The integration constants can be found from the boundary
. . P i
conditions and the moment function, M, - -

The moment and shear force generated by the separation forces
of the lamima can be determined from the axial force in the walls using

the following relationships:

/. wo= = DB pp - o (2.19)

(b) Boundary conditions '
- )
f v
s

. The integration constants are found from the following two

conditions:

(i) the axial force at the top of the wall must .be zero, i.e.
{

r)

"T{x) = '_0 when x

0/

{(ii) if the wall is fixed at its base

< at

PPV PR TS e EWY- 3 L

® q{x)
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, . ) /
letting B = oH, one obtains the following expressions:

, | ] | _

- 1 dTp (X) / (2.21)

A= Tp {(0) tanhB Becoshp -
B= -~ T (0) - (2.22)
\ . “
where l . }
» - Tp (o) = the value of particular integral when x is zero.

(N

\7 /

{c) The External load

The moment intensity for an upper tri"angulalj distributed load

-

is expressed as
[ . |

’ (2.23)

. ) : » 3
/ M = WH ,( g4 - 37) '
\ . ¥
in which W = the total trianghlar load /
o / - X » »
and £ = T (0 < £ <1)

g

For this load, only the first two terms of the particular

integral are non-zero, which involve the zero and second order differentials.

o

n%erefore ‘ , :

i

. 3. 3 1 .
=Yt Fa-0) (2.2
® ’ —’, ]
N\
4
;? '/“\ ’ . - u
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I

: ' o2
\
and - —
¥
3
T, (o) = %@'—’— (2.25)
\‘ -
: 2
and ‘/
2 2 , ' - ' -
T &) 7 W a-2y (2.27)

o -

For design purposes, the equivalent seismic load includes

" also a point load at the top of the structure. Therefore, the additional ,"'C
. ' /i : : -
moment is / { .
/ . . Mo = PHE (2.28)
Hence: \ /
3 ‘ 2 ‘
- YFd dT (o) i ar(s) _ yPH 2 //

-

-
! -

- The solution for the triangularly distributed load and a

v {

point load is obtained by substituting the appropriate values of the

sum of the above two load cases into the integration constants of
. : /

',
_Egs. (2.21) and (2.22). These values -are then substituted into the

eéuation of the unknown axial force (2.17) and (2.18) to obtain:
\ N
: : /
_yw® | 2 : < ' _sinhBE
T (£) g2 [ rYa tanhf sinhBE + coshE

w0
-

1
ﬂ“ Iy

, | .
(%g-%—- coshBE -g-+£2+-§-f(1-e)+p'g]
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P

where p'= % . the constant load ratio.

; .

L
The shear force per unit length is obtained from:

_ oanm _ ywm2 [ 2 "
q (&) RAE 8 [FZ tanhf \7051’155
" coshBE ¢ 1 _py _2_ .
+ P (-ngja B) g2 sinhfE +

—

(2.31)

Integrating twice and by introducing the boundary conditionsf

¢

for this case, one obtains: 1

3
woog L Xy [55-55‘++1sg-11-

-

—

3 .2 U ¢ 2
10p (€ 3 + 2)] TEBucoshB

[ ( sinhBE - sinhf ) x

(2 sith8  +3 - 8- pB) - 2 coshB  ( coshBE - coshB ) -

2 ‘ | » '
Broosh? (g3 - 382 + 36 - LGy - p1)+ 2)] (2.32)

e

L
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C‘ The deflection at the top of the structure is obtained by
putting § = 0: ) N
3 . l ‘
, = W S LIRS S L : ’
, yo_ et |4 T2 e 3! : )
: L
© ¢ . {
- YL , . . 2
- o5 | 2 coshB '~ tanB (2 sinhB + = - 8 - pB)
a2f
. .
- B2(p'+ % )] . (2.33) -
. \ : /
- Reactions at the ends of a couplintj;:eam situated at
x=x) + g— are obtained from the rglationship§;° /
* rx+h / ) -
Vv = I d(x)dx (2.34)
xl : 0 *
M =25 (2.35) .
max
2
A
\ .
I
/
/ 2.2.2 The Equivalent Frame Method - ' ’
! } \ . K’
The Equivalent Frame method has certain gdvantages over the
) }

Lamina mgthod. It is applicable to almost all tall shear wall
structures encountered in engineering practice, such as shear walls with
one or several rows of openings, stepped ﬁ’hear walls, and shear wall-

4

@ frame structures. N




f
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/ -
Because the analysis. of 'frames is quite well-developed,
and snince the engineers are reasonably familiar with computerized
solutions, replacement‘of sflear“ wall by equivalent frames and the use
of existing computer programs constitute the bas;ic attractive features

Al

of this method. Its main acévantages are: !

(a) simplicity and efficiency,

{b) applicabiiity t,o almost any shtear wall configquration,

(c) such l;sual limitations as constant floor to -floor height
and constant size of openings are not a limitation in this
methc;d,

{d) the method is capable of handling horizontal loading of any

type (uniform load, triangular load, zor joint loads of any

magnitude) at any locatifms in the structure besides any /
vertical \loading (therefore the performance of a shear wall

due to gravity loa&ing can easily be assesséd) .

] .
(e) the entire external loading on the building can be properly

) apportionéd' to the Warious shear wall bents.
| ~ ‘ N

Equivalent frames can also be found for other frame-type

structures with awlbarg‘e‘ number of bays, a;ld even for, column and slab

structures. The accuracy depends on tl\ae relative stiffness of I

different members of the str/’ucture and whether axial deformation can be

ignored or not. |




the moment of inertia Ip.

If one compéres the deformations under load’ in a coupled
shear wall and in a plane frame with the same number of stories, then

N
it is observed that a shear wall can be simulated by an "egquivalent

frame” which has the following characte/ristics:

(a) The center lides of the wall sections and of all connecting
1

beams form the "equivalent frame". ot

« 4

(b) The cross-secticpal characteristics of all columns in the
equivalent frame are identical with those of the corresponding wall

sections. / /

(c) The center pprtions of all beams have the¢~same cross-

{ -
sectional area as the connecting beams of the shear wall structures;

any corrections in the deflection should be ~reflecte;él in the value of

Ve

\

(d) The end lections of the beams which do rotate but do not bend
should theoretically possess infinitely large areas and infinitely

large second moments of area.

3The infinitely large cross—sectional areas and seqonl moments

of area of the stiff end of the beams may cause some’ difficulties in

cou7putation. Hence, it has been suggeste69 for the use ‘of an equivalent

?
cross-sectional area Ae and the second moment of area I, for the "stiff
l

ended" section and tlfe same Ay and Iy for the middle portion of the
connecting beams (Fig. 2.5). 1f e/f represents the ratio of the
length of the stiff ended to t:heﬂfx‘;if—length of center portion, Table 1

can be used to determine A, and T_.

\

e i Aee i el A
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TABLE 2.1 Equivalent Area and Second Moment of Area

e/f Aef'Af I /1¢ -

0.5 50 238

l.0 - 100 - 700 '

2.0 200 2600 _ ‘
3.0 ° 300 6300

5.0 / 500 21500 )

¢

o

:dewaighogerg showed/ that with these rati!y:s of areas and
second moments of area, the deformations.of the rigid connecting links
are within an error limit of one percenfi, and hence an overall error
in the moments and forces of thei walls and beams would be of the or;ier

of 0.1 percent. .
\ - !
‘ The shear wall is now properly simulated by a frame and can

be analyzed using a suitable frame program which takes into account the
effect of axial loads in the walls, and shear in the connecting beams

ides the flexural effects. !
bgs e ; \

The equivalent frame method is applicable not only in the

analysis of coupled shear wall problems but also in the analysis of

S

shear wall frame structures. A singfle shear wall can also be replaced

A
\by an equivalent frame with a single column connected to other frames by
. i
means of rigid arms. Solutions can be obtained by using any standard

frame analysis program with a liftle hand calculation and minimum data\

3

input for computers.
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2.2.3 The Finite-Element Method . \ -
L /

(3 n : \ - '

The Finite Element Method has been recently applied to shear

wall analysis. It has certain advgntages over other methods because

!

of its ability to account for:

| 1. wvariation of thickness of shear walls,

A 2. irregularities in loading, body forces, etc.,

- l

T3, irregulaiities in the geometry cof the Qpenings, /

4. wvariation in material properties.

N

. . e . . e
This method consists of dnzxzﬁng a structure arbitrarily into

elements whose material properties and general behaviour are known.

v

f
Combe St sen ST ko, R0 a7 (s Pt B o upte o e

. 4
Finite element analysis is normally carried out v.7§ing the stiffness

method of analysis which is described in many texts .

Triangular, gquadrilateral and rectangular elements have been 3

1

. used successfully for analysis of shear wall problems. Commoﬁly used

element for such problems is the constant stress triangle in which the J o

] -

stresses are assumed to be constant throughout. It has the advantage )

!
k]
of l?emitting easy representation of irregular geometrical sl{apes . ;
|
|

Because of the constant stress assumption, however, a large

number of small elements are necessary in zones of rapid change of\stress.

\
The number of elements required to simulate a common shear  wall, approxi- N
j

- mately 20 storeys higﬁ with one or more openings in each storey, makes .

" the \analysis cumbersome and costly. " .

Elements within which the assumed displacement functions permit’
\

© - pemaie

greater freedom than the donstant stress triangular element are not —

—

uncommon . This is most often achjeved by introducing one or two nodes /
{

1




—
<

along each sidé of the element in addition to those at the corners.

i \ v -

27 . . st s
Ransteen ', for instance, has developed such a triangular element within

vwhich cubic variations of displacement are pen?itted, while compatibility
!

is satisfied between adjacent elements. This element ptLved satisfactory

foi‘ shear wall analysis, but it has the disadvantége of leading to a

i _ ~

large band width (the maximum difference between node numbers within ény
. .
element of the structure). For programs in which the entire banded

portion of the stiffness matrix is stored, there is a serious limitation

‘on the number of nodes that can be accommodated.

of fregdo:n at each node, and an increased number of displacement within

An alternative approach is a rectangular element w/i.th two degrees

28 . . ' . .
the element . The displacement functions u'and v'cons:.strof the following

LN

[

polynTmials: .
/ \ .
, \ AN /’ s
"u'= apt ajx + apy + agxy + a;,y2 + ::15xy2 + a5y3 + a7xy3 (2.26)
- | \ .
v'= by + byx + box? + b?x3 + byy + bgxy + bgx?y + byxdy /(2.27)
!
The vector 'of nodal displacements becomes: 1
_ofur e Ou' 3V’ . av’ .\ T Sa
{u} = {uvj vy 3y 2x; up \am.} (2.28\
can be related to the vector of coefficients
L d / T .
{a} = {ag ay — ay'byg — by} . (2.29)
. N . .
by the relationship: {v} = [Bl{A} i (2.30)
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3

. A rect;angular element with a rotational degree of freedom
: at each node Has bieen used by Macleod to overcome they di'.';/Eiculty of
combining line elements in bending with constant stress elements.
This element ii most suitab}.e for slender connecting beams, which can
; be represented by line elements in bending. ‘ The actual value of the
{ in-plane rotati;{onal stiffness at a point in a plate‘'will normally be
high especially when compared with the stiffness of line elements wh:'g.cl:x
might be attached at the point. This is one reason why this degree of \
freedom is normally neglected. |
Tocher and Hartz suggested a tfriangxilar plane stress element

\

with six degrees of freedon represented by u; v; 3uyox, Iv/oy, (duydy +

vy ox, (3u/sy - dvy/ex). The greater the number of degrees of freedom
per node, the greater will be the accuracy for a given mesh division.

/ b
However, this must be set against the resulting increase in computational

A

effort required for solution.

~ »

For practical shear wall analysis the finite element method
is generally expensive in special circumstances. lm It is, howevér ; /

useful for testing more approximate analysis techniques. The method is
) /

particularly valuable for analyzing the important effects of foundation

flexibility, or the now common arrangement of a coupled shear wall ' ~

supported at ground floor level in a frame structure. * ] l
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2.2.4 Photoelastic Study : '

v, Besides the finite element method, photoelasticity is a,noth;é:a(:‘_\U
Y. ’i‘\.« <&, S ‘:ﬁ,.;;
powerful method of stress analysis which requires the thSlcar‘!W‘&};'@__ﬁw’ n
% t’ ’ v,{_ﬁ*

of a model. ~+ The varlety of problems that can be solved.by use of*p_,@to-

elasticity, its simplicity, and the advantages of an instantaneous

. pictorial representation of stress, make the photoelastic method of

W

‘ /
considerable value to designers and researchers. '

The photoelastic method was used in this study of coupled .
shear walls%&tb'the following objectives:

(a) To obtain a complete }icture of stress distribution within

a four-storey coupled sheay wal& model. | N

<
1

{b) To study the lqéd transferring mechanism across the coupling

N

+

beam system.

- . %
A loading device was constructed fo transmit the load at four—storey

"levels to simulate an upper triangularly distributed load. The stress
N ' , '

trajectories across the beams in thi# study provided information to

"design steel reinforcement pattern for the reinforced concrete dels in

-

this study.

N ~,
, P . \\
N
.

a %
{a) Model Material aﬁnd Construction ‘ / e

Columbia Resin 39 was used to construct the model becausel of

its easy machihability, lack of residual stress and high transparency.
Effects of prolconged loading is quiée pronounced in CR-39 and it is not

possible to give any fixed stress-strain relationship s}i,tbout introducing

* the time factor. According to a previous studyzl at McGill Ux'xiversity,

I
the properties of CR-39 are listed as:

> -

v
’ “~n ’ .
\
s
/ T 1
:
® N
+
a
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=,

. Young's modulus,
Poisson's Ratio, v =

. Strength (tens?le)

N

Proportional limit

It

: . Pringe constant F

4

¥
H v
4

N\\gfotoe%Fstic model of 1"
model was 3" L

i

L

L (Fig. 2. 6).

3000 psi .' %#i‘. ;
f Coefficient of Thermal Expan51on = 72 .x 10

An aluminium template of

rototype was cut in the laboratory. .

4" x 2.6" with four .6" x .7" holes spaced aE'i in.

/ ° .
height) and three beams of .3" x .6" and a top beam of .26" x .6"

33 /

-

5 .
3 x 10° psi s

0.42 : ' i .
Y

600 psi ) !

("b . ct ! , £ ’_i

3 yoT > 7'%
v

84 lbs};n/frlnge of prlnclple st#ess difference

1n/1n/°F - .

-]

’ 9

f%-scale of the reinforced concrete

— N

Using this template, a CR-39

thic&ﬁéss was later cut. r'ﬁhe size of thé

3

(storey .

T b e e SR N

(b). The Photoelastic_Benth - L{

wag used for this study.

7

\y

.

apply%;g & vertical load.

- nearer and farther filters for tfansmittingéplane polé;ized light, were
graduated in degrees and wéfé\capable of being rotatéd about. an axis
conformiqg with th; optical path.
quarter wave plates could be moved in and out of the optical pafh‘were
a design feature of the instrument. ' ‘

, The biaxial loading frame uaqé

TETITTT
|
?

A standard photoelastic bench with rail-mounted components

The pqlarizer and analyzer, which are the

——

3

Perpendicular tracks ‘on which the

M

l a* ‘ , & if
was connected to two hydraulﬁc

pumps; one for applying loade in a horizontal direction and 5he other for

Only the horizontal load application was used,

1 3

h e e At NP V]
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Fig. 2.7 Photoelastic specimen under 0
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Fig. 2.8 Photoelastic specimen uﬁpder 50 psi jack pressure’
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/& ' Fig. 2.9. Photoelastic specimen under 100 psi jack pressure
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Pig.-2.11 Phaf:oelas;:ic specimen under 350 psi jack pressure“
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\

with a loading device mounted on the vertical side, which can distribute
! .
the load into four point load to correspond to an upper triangulak

distributed load pattern.

The photoelastic specimen was a‘f%-scalé model of the

reinforced concrete model later studied or a l;O scale model of prototype

structure. !
o "11

[

¥

Observations: During the course of loading, the initial unloaded

#pecimen and four loading increments of 50, 100, 250, and 350 psi of

jack pressure were photographedl The unloaded specimen shows some

effect of initial stresses due to the cutting and filing effects.

"~ - <

/ some isochromatic fringe.photographs are shown in the
photographs in Figs. 2.7 to 2.10r The reader's attention is drawn to

Points of particular
]
interest are at the corners of the openings and the cross fringes in the
AY 1

These colored isochromatic fringes are lines of

the’progressivefdevelopment of the éringe patterns.

coupling beams.

constant relative retardation along which the maximum shear stress, or

i

the difference between the principal stresses, is constant. The photo-

®
elastic study also shows that the JIoad transfer in medium and deep
coupling beams is principally along the diagonal across the beam. This -
brings up the question of more effective steel desiqﬁ and supports

. 1 . ; .
Paulay's suggestion 3 that cross reinforcement is more effective in

-~

transferring load in coupling beams.

Zedes ko

R A
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‘existing shear wall analysis methods Vere note? by many investigators

39 - /
h f
1
2.3 Accuracy of Existing Methods ) '
' - e
?;

The results of these stress and deflection analyses from the

to be in good agreement with experimental results using elastic
materials, such as plexiglass or steel. The finite element method

has also been used as a check to other methods. _ The continuous laming :

approach has received a great deal of attention and would seem to have

v ok )

reached a étage where further developments in analytipal methods are

-

not likely to result in basic improvements in de%ign techniques.

However, the major limitations of the technigue arises from

the basic assumptions regarding the regularity of dimensions, opening ’ ?
]

locations and structural properties throughout the heighf of the coupled 3

shear wall system._ If the wall system is not regular, whether through

& I
changes in the wall thickness or concrete strength, or changes in the

number or location of bands of 6benings, the analysis becomes considefably

’

more complex. Since the deviation of this method, it has been

- v -

continually modified to account for ce{taih special cases: -

4/@"
(a) variation of cross sections of the walls, which causes N

stepped coupled shear walls,. . ‘ /

’ ~——

(b) flexible foundation gonditions, [

(e) inelastic and dynamic aralysis.
— N ] , /,, /

The qssumptions of all existizg methods ignore-the effects of |

local deformations at the beam~to-wall junctions on the stiffness of y

coupling elements. Introduction of correction factors have been
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- .
C; attempted to account for these local deformations. One method is to

consider deflection due to end moment in a cantilever beam "as the sum

of the effects of the wall and the bracket

= : !
' om eC * ew o Q .}
f o AN
- .@. + &M ( 1 ./l‘{
T EI  Et2 A s .
8 ez
) \ j? /:../'"" /
.Am_Ac,f Sew+Aw ) gg/ s jﬂ
Mb2 . . 2 on/pt . Fig. 2.12
~ BT e 4+ S Et + - ~
2EL \ 6,/ 0-8WE Deformation of beam-wall

junctions
t

\/‘

N J
The stress concentrations at these points of local deformations

— AY

would be released véry fast due to the cracking and crushing of the

concrete. - This effect would cause/z an early softening /bf the structure,

{
and hence a deviation from the rqsults of the analysis.

; \ / -
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G ) III. EXPCRIMENTAL PROGRAM

3.1 Introduction

// -
The experimental program consisted of building the loading
frame and the loading arrangemeﬁt similating a statical equivalent of
RS the eartliquake-loading to test the reinforced concrete shear wall
models. ; The objectives" of this experimental study were:
/
(1) to develop. techniques for building and testing suitable

\ direct models of coupl\ed shear walls; \

(2) to study the behaviour of reinforced concrete shear walls

when subjected to lateral "1loads. . /

A simple method for tests of coupled shear walls under

[
monotonically increasing ldads was developed. The testing procedure

can be suita?ly modified to include the effects of wvertical loads and

reversal of applied loads, besides examining the different load distri-

{ - N
/ bution patterns. - /

k4 , B \/

\ ‘ ‘ ) | / ' ,

3.2 pescription of the Test Specimens

Three coupled shear walls, each foMT : reys high, were tested

% with concentrated loads at the floor levels to simulate earthguake loa/és
\

. '

(uPPef triangulaf loading). These one~tenth scale model speci"mens were -

built using micro-concrete and annealed reinforcing steel wires'zz.

A Y
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O The walls were reinforced with one layer of steel wires,

~ ;
/ f

while the-beams were reinforced with two layers of steel, o7ne on ‘each

side of the wall reinforcement.

. .
} ~

The dimensions of test specimens Nos. 1 and 2 were as follows:

‘ ‘ ) : Wall cross—section = 15" x 1.25" ‘ .
Wall height = 59.4"
| Beam dimensions / = 4.5" x 9" x 1.25"
' - Dimensions of top beam = 3.9" x 9" x 1.25"

In test specimen No. 1,,i;_11e external face of the shear wall was reinforced *

o

with three D4 wires while the internal face was reiriforced with one D2.5

<
/ wire. This reinforcement pattern is similar to that in real structures

] which are required to resist applied Wateral loads in both 7irections-

{Fig. 3.1).> o A \’ /

A \ -

An/é)ther two D2 wires were provided at equal spacing as shown

4

-

in Fig. 3.1. Horizontal shear reinforcements were provided with deformed
| i

2

3 s
wires of 0.005in¢ cross section. The spacings of these wires were 1.5 in.

. . ) /
- centres in the lowest storey, 2.5 in centres in the seqond storey, and
;i . ;

3 in. centres in the upper, t:vuvo,st’ore?gjs (Fig, 3.1).
‘All fo;n: connecting beams were .reinforced wi/th two D2 wires

at the top and the bottom faces (Fig. 3.1). A minimum concrete cover )

of 0.2 in. was maintained throughout) tﬁ\e specimen.‘\%l "\
The rei.nforcemem-: in the walls of tgst speciman No. Z‘W‘}B

./ ' similar to that of te’st ?pecimen No. 1, except that it is proportionecf .

\for 1oadi.ng\ in /one direction only as showny in Figqg. 3.2. The yreinforcing

@ steel at the inside edge of thxe compression wall consisted of two D2.5
. ) ’ /

I




. ~. / ) ~

/ wires (which is twice that in specilgen No. 1) while the reinforcement

at the outside edge consisted on only one D4 wire, as shown.in Fig. 3.2.

The dimensions of test_specim/e{l; No. 3 were as follows:

Wall cross-section = 16" x 1.25"

-

60"

Wall height

Beam dimensions 7" x 1.25" x 7"

: The reinforcement pattern is shown in Pig. 3.3. Details of

; SOV

dimensions and reinfércement of the walls and beams are alsoc given in

Tables 3.1, 3.2, and 3.3. These coupled shear walls were designed
‘ ° \ )

according to the continuous lamina method with the helJ of the design

charts reproduced in Appendix B. Properties of the materials are given
A
in later sections. In the conventional design process, coupled shear

walls are assumed to have only in-plane stiffness and are considered to
. .
be . flexible in a direction perpendicular to the wall. Also, the inter-

H
¥

action of the shear wall assembly with other elements such as floor

z

slabs or frames was, neglected in the experimental work. However, to

prevent “lateral buckling and to iceep the applied loads in the plane of

AN

the shear walls, lateral bracing was provided as descra‘[bed in section’

3.5.4

".3.3 The Formwork and Casting of Concrete

! ] . .
The formwork for the coupled shear.wall models consigsted of

" two platforms as shown in Fig. 3.4, and the base block form as shown

in Fig. 3.5. l

oot
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\

The formwork was put or six rollérs so that it could be
easily moved in the process of assembling the reinforcement or concreting.
The lower platform was braced underneath by fo\.ur 3" x:3" wooden diagonals
as shown in I:‘ig. 3.4. The upper platform was supported along the

_perimeter apd along the beam pos%tions (Pig..3.4). After asse;nbling,
the formwork was coated with a waterproof paint. The shape of the sh;aar
wall model was laid out ‘\)n the upper platforx'n and 1.2’5—"‘ x 0.5"-plexiglagss

pieces. Thése plexigiass'pieces were connected to the upper platform by \:

means of screws. Wall reinforcements were held in posi/tion by small

metal wires/ which were strung across the width of form and /the plexiglass

. L
" pieces.
The test specimens were cast in one operation for the walls,
beams, and the base block in the horizontal plane (Figs. 3.6 - 3.10). 7
/
3.4 Material Properties / )

- “3.4.1 The Micro-concrete
f
/

The micro-concrete mix was designed for a compressive strength

A

of 4000 psi at an age of 14 days for Spexl;imen No. 1 and 4000 psi at an
age of 28 days for th# remaining tw«\) ;becimens. Iﬂigh-—eaxly strength «
cement (LI'ype ‘III) was use? for a?ll specimens. The aggregates consisted
ofr four ‘narrgux-vly graded crushed. quartz sands (passing sieves #16, #24, \

3
#40 and £70). The details of mixes-used for ‘the three specimens are

~

0

given in Table 3.1. The variations of micro-concrete compressive and
N I

tensile strengths 71\:11 water~cement ratio are shown in Figs. 3.11 to
- ’ /

~
N

\3.14 {ref. 22).
\ / N "
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Fig. 3.1¢
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Fig. 3.2: REINFORCEMENT PA\TTERN OF
SHEAR WALL MODEL NO. 2
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Mix Proportion and Strength of Concrete for - )
Three Coupled Shear Wall Models (2" x 4" cylinders) . '

——

TABLE 3.1
p

O/

- w/C A/C  Crushed quartz sand”
Specimen ratio ratio proportion by weight

Specimen Ultimate Compressive
age at No. of compressive strength
testing cylinder -lcad (lbs) {psi)

#1g  #24_ #40 __ ¥70

bt}

0.60

—

. N \ £
35%  3gd 25%v  10% 55 days

35

30%

25%

108

10%

40 day

&

[}

A

62 days

—

Al

N U EsWN

DNOUVAWN

U a W

/

/

.

17200
11400
18600
18400
18300
15600
15000

1l300
13600
15400
13300
10600
11850
12300

. 12700

12900
13700
15400
12200
15620
11900

SRS SR Y

5200

4000

4300

W, RS
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TABLE 3.2 S\mary of Properties of Prototype Vessel Concrete and

Propert:.es of Mortar Model Micro-concrete w
(Afte!‘ mna. k£~ 22) —— L —
f - 28 day cured 90 day cured 30 day cured
) . _._wet concrete wet concrete . dry concrete.
‘ . Average Range Average Range Average Range
{3 of mean) . (% of mean) - {% of mean)
Prototype Vessel Concrete - \ ' _
Modulus of elasticity, p$i . 3.2x108 | 25.0 3:4x108 8.8 3.5x108 8.6
Poisson's ratio . 0.22 - 36.4 0.18 66.7 0.18 ) 55.6
Compressive strength, psi 6810 8.3 7540 4.7 . 8060 S
_ Splitting tensile strength, psi 461 9.5 575 7.0 ‘635 6.9
Modulus of rupture, psi 750Q 2.1 818 2.1 747 7 6.8
tnit weight, a}b/ft — 147.3 1.0 147.8 0.7 145.3 1.2
Nprtar Nodel s:’oncrete ’ , . T —_— -
Modulus-of elasticity, psi 3.8x108 ¢ - 408 4.3x108 -
Poisson's ratio , ’ . 0.18b
" Coppressive strength, psi 6840  17.3 . 6960 23.6 . 7010 35.1
Splitting tensile strength, psi 761 9.9 743. - 18.9 762 12.1
Nodulus of rupture, psi e 803" 23.2 1189 23.5 1014 31.4
Adjusted wodulus of rupture, Cpsi €98 1035 882
) Unit weights were based on 6 x 12 in. cylinders only.

b)

c)

Poisson's ratio was obtained from dry specimens at an age of 270 _days.

Recause of a si‘gnificagt size effect, modulus-of-ruypture data for 3 in. deep beams are
geénerally about 15% above data for:*6 in. deep beams. The adjusted modulus values reflect
“ this difference and provide a better basis for comparison with prototype concrete values.

B e e s o it B e et e e
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Concrete was prepared and mixed with water only ten minutes

- before being placed, in the forms, and then vibrated for about three

— ’

minutes on a vibrating table. The concrete was moist-cured with wet
burlap from one to two weeks. The compressive strengths of the micro-
concrete were obtained using 2 x 4 in. cylinders. These cyliﬂders

.

were tested at the same time as the parent specimens and the strengths

. are detailed in Table 3.1.

’ After the curing period, each specimen was carefully remoqu
;o | !
from the formwork by first cutting the tensioned wires, unscrewing and

removing the plexiglass pieces, unscrewing and removing the base block
forms. It was then t‘:ansferred to a lifting table to be prepared for

instrumentation.

;

/ &

3.4.2 The Reinforcement

(a) Steel Properties !

)

. The properties of steel which must be considered in. simulating

o .

the prototype steel reinforcement in small-scale models are the yield

and ultimate strength, its ductility, and bond characteristics (ref, 24

R
= I
4

and 25).

Recent McGill '«n:n:k22 has used deformed steel wires obtained

“from the Tundy Fence éoéxpany, Dunnville, Ontario, in Jizes ranging fyom
B 4 ' t
D2 to D10. The chemical composition of this wire steel is as follows:

]
Y !
. R

¥
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; \
Carbon ' 0.13% . )
Phosphorous 0.007%
Sulfur 0.028% ) }
/ Manganese 0.68% ‘
/ Silicon 0.15%

v The effects of heat treatment, cold draV(ing . bond characteristics,
arg_ydescribed in dct!ail in Ref, (22). It was noted that after annealing,
£611lowed by air cooling of D2, D2.5 a.ﬁci D4 wires at temperatures between
1100°F and 1500°F, the yield strength was lowered from 80 or 90 kei to
a va1{1e between 35 and 45 ksi, and the peréentagg of elongation was
increased from 3 or 6 berceﬁt_to a value between 18 and 28 percent.
Temperature above 1200°?’did not have any additional effect on the yield
or ultimate strengths as well as the percentage of elongation.

All rein orcement‘wiresx useq_ in the ‘three coupled shear wall models
were heat treated at 1200°F for 60 min.) by a local company. The stresg-

X

strain characteristicsf of the wires used in this investigation are shown

’

in Pigs.3.15 to 3.18./ .
Experimental investigations Ly Harris et al.zs, Mirza and
. . ) \
McCutcheon24, and Hsuzz. hhve shown that sufficient bond resistance can ‘

- N . l ]

» )
- be achieved with reasonable ratios of embedment length to reinforcement:

diameter, L/d, even for the small sm?oth vires ‘commonly used for model

13

reinfofcegzent'. The comparison of ultimate bond stress / indicated that
L

suitably deformed wires will have pull-cut bond strengths reasonably close4

3
to those measured for prototype barse. Therefore one cannot expect bond
\ .

, to be a significant problem in ‘t/his study. ‘ .

. PR . p -

.
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! 3
O . - TABLE 3.3 Steel percentage of the Beams of Three Specimens .
Aﬁ ALY
- . /}
o 1 ’ s main steel vertical
Cross~- * t type of percentage steel
S . section ratio reinf, p percentage ’
v Test specimen no.l | ‘ /
A Beam 1 1.25x4.5 2 parallel . 744 0.
* Beam 2 ' 1.25%4.5 2 parallel .744 0.
Beam 3 1.25%4.5 2 parallel , .744 0.
[ - Beam 4 1.25%x3.9 2.3 parallel " .856 0.
Y - N
Test specimen no.2 -
Beam 1 1.25%4.5 2 crossed . 744 .924
Beam 1.25x4.5 _ 2 parallel 744 .924
Beam 3 +1.25%4.5 2 crossed . 744 .462
N \  Beam 4 1.25x3.9 2.3 parallel .856 . 462
- Test specimen no.3 "’
) Beam 1 1.25x7.0 1 crossed )+A70 \é ’,594
Beam 2 1.25x7.0 1 parallel .470 .594
- Beam' 3 1.25x7.0 1 - crossed .235 .357
Beam 4 1.25x7.0 1 parallel 1,235 / .357
} -~
/ N §
‘ .
Vi |
) P : o hpn
. / \
@ . e »
- /
/ — . ) . . / e
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’TAB_I.B 3.4 Details of the Wall Ste;al Reinforcement o
\W ALL 1l WALL 2
ta 4 steel at- vertical Total Horizon- steel at vertical Total Horizon-
: outside inside shear vertical tal outside inside shear. ) vertical tal
v \ edge edge steel steel steel edge edge steel steel steel
" Specimen No.l ° i
. . lst storey .64 133 .21 .98 277 T 64 .33 ;1 983 .277
2nd storey .64 133 .21 .983 .166 .64 =133 .21 .983 .166
3rd storey. .43 .133 .21 773 .139 .43 133 .21 .773 .139
. 4th storey 21 . 33 21,553 .139 .21 .133 .21 .553 .139
~ gpecimen No.2 <
‘1st storey 21 267 .21 .687 277 .64 .133 .21 .983 .277
i 2nd storey .21 .267 21 .687 .166 .64 133 .21 .983 .166
e 3rd storey 2L .133 .21 .553 139 .43 133 .21 773 .139
dth storey 21 a3z .2 .553 .139 21 .133 .21 .553 .139
—_ -7 . ’ ‘ ' —
" Specimen No.3
Ist stoxey | .125  .125 .20 .45 .277 .60 .125 .20 .925 277
2nd storey 125 125 .20 45 166 .60 .125 .20 .925 166
_ 3xd storey 125 ‘15§\tx\,;39 .45 .139 .40  .125 .20 .725 .139
4th storey 125 125 .20 .45 .139 .20 .125 .20 .525 .139
~. e ~

LS
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compressive strength-psi

58
6000
{=6040 psi—

E - 28‘3 *10‘

E 3425 x10 ™.

E.= 365"70 1;=5840 psi
. tz5780ps |
4 L Ee248x0
g .
£ ]
m i
¢ £=3250 psi
2 1= 3600 ps!
% ,
(&

0002 o003
strain-in/in /

$1g.3.11 s+ COMPRESSION STRESS-STRAIN CURVES,
MICROCRETE (AFTER MIRZA,REF. 22)

=,

g

v

\ L 4
P \_\
b
i,
. L4 °
33, ~ ~ )
' {
;?;

24" cylinder
(B1-B5)

F'x6" cylinder
(AD - Al14)

F'x8’cylinder
(A1-AB)

) R o
. water/cement ratio

flg. 342 + VARIATION OF COMPRESSIVE STRENGTH WITH

WITH WATER CEMENT RATIO
(AFTER MIRZA, REF- 22)
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(b) Auscmbly_ of the Minfozwmfnt/ -

-u---_---u»n--—--

l

was f£irst sssembled, I.ﬂ consisted of three #4 bars a)f: the top and \}
the bottom of the beam. | The vertical shear reinforcement consinsted

. | »
of cloged D2 wire stirrups| at 2 in, spacing,

‘ -

3.1 to 3,3,

In specimens nos.2 and 3, the first and the third lovel ]

with that ©f bsans with the conventional psrallsl reinforcement, This i

o
L o

3/! 5 Losding systow o / ) |
3.5.1 Loading Frame / ,

The loading frawe was dssiyned for the following conuiderationg,
{a)~The luading frums was required to bs largs snough to contaip
the modsl, » ‘ & /

(b) The loading frame was to have sdoquats stiffness and stability
under & Baxisus uu/ot,zo kips which was spplied :7y means of _
8 jack, A port of the applied load is taken by the zwbbw blovk
mounted .on the afhn' cnh of the fram (H.g 3,19),

\ .’\
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T4 % 3Y and 4% x 3" in size. Bolts of 3 diamster were ussd at thres

S (Pig. 3.21),

'/ 65

4 \ ,f'.

£

(¢) Iateral bmciné. for the test specimen was provided at

\ ~ :
diff;cmn}a leveln wit}‘; sufficient stiffness to prevent

\e
¢ buck) ing. . “ '
. . ¢

~

To satisfy the sbove [requirements, the loading frame was

/

bullt to consist of two parail:l framesi 6 in., apurt, rach frame,

[ &
two C15%33.9 horizontally snd| two C12x25 vertically. A two-~way

%
“

jn Figl 3’22!

3.5.2 1Losd Distributor

The expsrience gained from th uz7’e of the-sluminum load
(2
distributor in the photoslastic study was used in designing this load
distributor, This device (Plg. 3.20) was built ‘with two stsel platms/ r

*

pm-detérinimg locations along wertical hars as pin connectors for loud
¥ \ - ‘ S
transuission, ’ﬁwww distributor was dasignsd to achieve the fLollowing:
- ' ¥
o distribute the latsral forces into four point loads at

the £ivor levels, according to s triangularly distributed load

~

IEVF I

(b) Zo tranemit th@ 1oad N{h@u&: any ‘1oéal buckung,
() To reducs friction by/pluim the loading device on rails
mounted on the WD angles at a spoecified lsvel,

e A

ENEN, P .

2 T et

e e e S

vy
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AN ‘

3.5.3 The load T}annmissﬁ.on syston .

* The applied force wau tmmomitted to the tem: specimen

through the load distributor bJ a pulling force generated by the two- '

o
*

way hydraulic 4ack as shown in Pig. 3,19, The -load Qistributor was

“connected to the hydraulic jack by two 3" diameter thresded rods and a /

universal joint to permit ;otaéion of the system as it moved horizontally,

The load distributor was connected to the rubber block on thp othér side

by means of a one~inch diameter steel rod, L
~ To measure the force transmitted, four load cells wers,placed
along tm} load transmission line (Pig. 3.19): load cell no., 'l at the. q

hydraulic Jack to seasure the total load exerted on both the test specimen
and the rubber block, load cells Aoa; 2 and 3 at the two sides of the

specimen to check the balancing ¢f lqsdi on the two sides, md load cell .
no. 4 on the one~inch i/!umtér fod connected to the ;ubqu block.

The load appliod to the specimsn 7@: any stage can be, caleulated
by subtruunq the £m:u on the rubbsr block from thc total load.

A

3.5.4 Lateral Bracing

_The coupled shear wall system was braced at the following

o

thrsse levels: ' r

(1) niMom 1 level at 12.75 in. from basde
{11 mu-bnm 2 level at 27,75 in. troq, bm
{441) botwosn storoys 3 and 4 at 51 in, from #m.,

\% - - . .
. 7 “ ,

w9
-
-
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O ) The bracing system consisted of rollers welded to thrcaded
rods uand then bolted to the hotizontal angles attached to the loading

' \
frame at two ends, The bracing sysiem proved to be effective.

3,6 Instrumentation .

/

Instrumentation equipment consisted of dial gauges and strain
( gaugaey . pDial gauges with lcast counts of .6001 were used to measure

/
rotatione and deflections of the walls and beams, as shown in Pigs. 3,23

/ to 3.25. - ’ .

‘ . ) »
Two types of electric resistance strain gauges were used for

3

measuring stnims surface strain gauges and internal or esbedded strain -
9auqe5‘. The types of strain gauges uw/d in the three specimsns ares

cnbcdded Pl~-2 gauges (on ﬂut specimen only), omb&ddad J. N, type ZP 1A,

| md surface THML typs PL-10 on the concrete. The advantage of strain

Y gauges is their adaptability to automatic and continuous reading of strain

values. vositions of strain measurenent are shown in Pigs., 3,23 to 3,25,

) '
/
B i . “ . .

3.7 7ZTest ?xocodm;a L ‘ /
All load cells were calibrated 24 hours prior to testing on
Y - v : ~
the “Instron” loading machine.  Calibration curves for W‘L«d
'Y ~ /, ) ‘\\\~
ulu uud in thres tests are détailed in Appendix 2. The tost fzouduza
/ tfn' mpua shear wall models consisted of-the £ouwm§ ’topu v "

’

1. ( 7he concrete shear wall specimen Ju carefully 1ifted ,»d
"/ placed on a stesl plate 131" x 54* x 3% which is bolted to.the channeis

& - ‘b - ® - -
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0 FIGURE 3.23: INSTRUMENTATION DETAILS OF SPECIMEN N°I ’
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- . g.c"
of the leading frama togather with two ‘ /
clawping davicea (IFS.SL 3.26).  Thema l \J “.‘
clanping devicea were made of two BT
\ [
, L.. |6
anglan 31" x 5" x " and 24" x A" x " g
wolded at mid=haight of each angla in such ' a . N
- & way to make the cleaxancy equal the s Sy 4
/ . - 38" ‘
helght of tha baaa block of 6 in, A
3 / e N 'y
: . Plg, 3.26 The clamping davice

-~

»

2," PFour paiva of 2" x 2" x %" angles were mounted on two sidas

of tho loading frame. Three of these paira were used to auvpport the
bracing rollera and the remuininq]ona paié of anglas was used to aupport

the loading dov;i.co. (Fig. 3.19).

— \ s
-

3. The load distributor was mowd\e«rertuny on rollora to make

full contact with tha shear wall araewbly through four curved ateil

bnarinqg mounted at the four atoray levals along the haight of the wall.

4, Sixteen dlal gauges were used for maasuring deflectiona.
Thess woye carefully set up (Figs. 3.23 to 3.25) and initial readings .
ware recoxded before applying any load. Four of these gauges weora
uged to measure lateral displacaments of the wall at the boam lavels. “
Saevan of thesa gauges were used to ‘maaure the rbtation of mid=-length

sections of tha four coupling beams. Four ot}\\or gauges ware usad to - r

measuro the rotation of a asction a distance -g-fbovc the base and one
gauge was uséd to measure the uplifting of tho end of the basae block.
All dial gauges attached to tha lpocimn were mounted on phxiqlan arma K

" ox " ox 1}-" glued to tho beam and " x " x 1" _glued to the walls.
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5.  The line of action of tha load wam then chacked. Al

jointa batwaen tha- 3" dia. threaded rods ﬁgre sacuraly connacted,

6. The bracing rollera on both sides of the shear wall were
tightenad., . Thasa rollers werd required to remain in ccﬁtact with the .
concrote suxface without exerting any significant praasaura on it.

73. load wan applied in incramant of 0.5 kip. To achieva the .
requived 10ad‘ﬂ¢vn1a. each. strain indicator of the load cella‘was sot
to a apecified strain xea&inq. When the top deflection exceeded 0,05 ;h. o
in each loading atep, this defloction value was usad as thg contxolling
factor for furthor exparimental work (Fiéa. 3.26 and 3.27).

8. The ruadinga of ths strain gaugoes and dial gauqéu ware taken
thraa minutes ;ﬁtar each lovad incramont was aépliaé. Fox speacimen no, ),
at the bhagihning of loadiﬂg. tho pﬁmp had to bo adjusted nliéhtly to
maintain constant loada. The walls and the baams were axamined for
the appearanca and propagation of ¢racks which were traced with a marking
pen and the ands maékod with the number of the loading step.

9. Just bofore fallure, all dial gauges wera removad to pravent >

any damaga.

et
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| IV. THE BENAVIOUR OF THE TEST SPECTMENS

A \
4.1 Goneral Behaviour : , v

a4 \
»

During ehéjlqat daeaq?, savaral investigators hava studied
the elastic b@hQVIOur of coﬁplod shaay walls.a Small acale models
constructed froem pargﬁex. atealf celluloid} aluminum, etc., have baan‘
usaed in the daaién of nconomicqllahaar wall structures to resist the
solamic forces. :>'

i;n4iggayang the energy-abaoxption capacity of coupled shear

walla, difoct modals conmtrugted from reinforced concrete have been used

auccosdéully by Pm\xlwl“i and Paucherso. Paulay usad two direct one-

quartar scale modela of seven-storay rainforced concrete cowpled shear
walls to study éhe et!ggt of the Aifferané type of reinforcing prttorns ) ‘
Jtor the coupling beams on the overall behaviour. He obgorved the
damagoe to be much less in tha model with diagonally reinforced beams

than in the model with conventionally reinforced beams. | Fall capacity
of the connacting beams was achieved and‘main;aingd during the teat and
finally tha wall failed at its hase. ‘Considorabln ductility was obsétvad'
for both gpacimena with only modexate loss of stfénqth unémr prograssive

ravarsaed lcadingl‘.

In recent years, ooma§analytical yé&k has been conducted Eo /
é \
prodict the behaviour of coupled shear\§alls aftoy yiofsinq or' local

failure of some parts or all of the critical sections. Paulayza usad

\

—
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. .hin approgimate. elasto-plastic malyn}s tachnigqua to analyas an
aightean storay couplod ahear wall, His analysis led to ‘a eompl;to
description of the ba;avlour of tha structure at any sta};a of loading.
“The results of Paulay's study a} \fnproducad in Figs..5.1 and 5.2,

Effacts of cracking on the boam and wall actions arae” shown
in\mg. 5.1, Curxves A indicate the nn?lu of a conventional analyais'.
asauming uncracked sections whila curves B show the internal actions’
caleulated aftc;r m&kix{g an allowance for the loas ot‘stirtm\a; causad
by cracking in the coupling elements, Curves C indicate tha affect
of xoeduced atiffness of theh' lamina and wall 2 (tension wall),

According to Pavlay's results, tha maximum tanana\ force in
the coupled shoaxr walls ogcurs at the wall base, whne‘ﬂ\e laminar shear \
attains a maximum value of mughly one-!o‘urth of tha haight from the base.

This accounts for tha rcduction of tha atiffnen of the couwpling alemants

due to cracking. Fig. 5.1 aho shows that aftex cmc:king of tha 1amina '

4
v

and wall 2, thesa actT:ma incraeasae again to a sn.qhtly higher value,

However, these valuoa are much lesa than the corxvoaponding maxim\xm values

!

for the uncracked section on. acco{mt of tha additional cracking of wall 2

- —

T )

(Nfi 29) [

?

Fiqums,s.l a ahd b show values of moments and rotations aiong
the wall haight as yi‘oldir\g/ sproads thmuq!'f tho todtal l’}pight of the lamina
and at the base of w«n{ 2, The location where max'im/\/m rotation occurs {
in the lamina gradually moves upwards from approximately a quarter huight/
point at the onsat of yielding to a point at approximately mird-height at
2 stage when the laminas are fully plastificd and the capacity of walls 1

and 2 is attainead.
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' * \
Figure 5.2¢ ahawa”a thenm}:ical load~daflaction curve

)

obtained by Paulay-using the approxlmatelnlgato-plntie analysia.

Ho assumad 1dt3nt1ca1l)\roparties for all coupling bheams, If the -
ultimate strength of t:!m: coupling‘beamn was varied according to the
elastic laminar sheax, the tranaition from alastic to plastic bahaviour
of all lammas‘ would occur at about the sawe load, Thus, point 3 in
Fig. ‘5.2.0 wc?uld approach palmz 2 and wou‘ld oault in a smaller ultimate
strength for t:.h; gtryucture as a whola“. ’

'm)ia direct model study was undertaken to examine the effacts
of cracking and ylelding of /tho iamh\as and wgll.s and the influence of
the various patterha of connacting beam min!gi‘cax;\ent on tha overall
behaviour of coupled shear walls. The details of the test met-up and
the instrumantation used were presanted in Q\ipter 111, The test data
co;\sh/tad of t:h,o followings

L) Load-deflection cuxves at all four storay levals
(i) Loag!—rotat;ion curves for all four connacting beams

(iu) Strain values at mlacted positions.

Somo typical data 13 presantcd qraphicany in the tongwing

uetioncf and the rost of v.hc data is included in Appandix C.

Lot
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4.2 ‘Bahaviogr Pt Tast_Speciman No. 1 ' i ( \
. i
‘I‘he vreinforcement pattern and instx‘\xmantaeim\ detnna for ‘
tost specimen\no. 1 wera deacribed in Chaptexr III. 'rhis apeoimen was

loaded in mcmmﬁm of 1 kip for the firvat four 1oadinq atopa. Bayond

thia 1oad. tha CARt WAS ccmtimmd uainq controlled. incmments of denaet:ion

at the top atoray which werr maintainad constant at a value of 0 08 in,
C;ack&ng was observod to start at a total wpn@d load valua
£ 3 kipa {this was distributed in the form of four cencontrated loads |
at the storey lavela) (Fig. 4.3). The top storay ;lu.nectibn at this |
stage was obse:l‘ved to be 0,06 in. {(Fig. 4.4). The deflections of '
lower storays ave also pmunted in Figs. 4.5 to 4.8, i‘he rotation
at the basa of nch shear wail was about 0. 006 radian (this was measured
at sections distant g-abow the bames) (Figs. 4.9, 4,10). The concrgto
and ateal strains at tha base of wall 1 wexe approximately 150 » 10~6
angi 179 x 106 rospactively. ~'n;a concrate and ateel stfaion values at .
tho base of wall 2 wera abdut 220 x 1076 and 780 x 10~ regpectively.

l Figure 4.8 prosents the load-deflection curves at various
storoy levels. All curves show a change 1:\ slopa at & load valua neax
three Rips, indlcat!.nq a reducgtion of the overall stiffness of tha
spacimen duo to cnck\lnq at tho beam-wall junctions. Cracks appoaared
in the. 1ox-vor‘baams almost simultaneously; however, thero wem not
significant. ) Thase cfacksifomd at an mglp of qpproximtc:ly 30°
with the vertical and ware widexr t,)un‘tha‘cracks in the uppax pem.

Rotations at mid-span sections of the four boams arxe shown in Figs. 4.1)

to 4.4, 7‘Crickihg_ pattom; of _t)’msa boﬁmi’ ara shown in Figs. 4.15 to

4.19. A crack appeared in tha top beam at a point where the beam

~
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. voinforcament terminated. * At A 1oad valua near 5 kips, this crack

-

@ | prz}pav’éatad downward into the wall and the baam as shown in Fig, 4.16,
g Neax: falluxe, tha width of thim crack and the cracka in the lowak bnam\s
‘ was in tha 3‘\eig}\bok\hood of § in. /

Cracks in wal)l 2 st&;zted first as diago‘nal tonaion cracks in

¢ tha firat storay at about 7" from tha basa at a load valua near 5 kips.

. Thesa cracks thon propagated both ways to“reacih the outside odge of the

B S PV TR G T -

wali whars sacondayy flexural cracks started to foxm. Although most

~ e
El

cracks concentrated in the first storey of wall 2 (Fig. 4.18) ,l it was

‘ ' tha rupture of the reinforcomant at the inside odge of wall 1 that caused

P

v \ the load-defluction curve to drop off at a total load valua around
. 5.4 kips (Fig. 4.19).  The top storay deflaction at this stage was ,
“1.9 3in. ) |
N Crushing of the concrete in wall 1 at the outside adga was
observed at, a load value of 5 kips. At this staqt\;\ \‘:hcﬁcracks had
propagated thrpugh ‘apprgxim_\taly ona-third of tha w411 dapth. ?hex:e
\ wag no significant crushing Pr the ;:oncmf.e at the inside eadge of wall 2

(Fig. 4.18). Crushing of the concreta at the beam wall interfaces of

& \
lowsr beams was noticeable at,the ultimate load {Fig. ¢4.17).

Further 10t\ing,buyond a total load value of 5 kips caused

mora cracking in the wall basas.  The s#au reinforcement at all
) - .
connecting beam-wall juhpgtions and wall 2 base yielded at a total \1041(1

value of approximatsly 5.1 kips (Fig. 4.4). The top storey deflaction

¢

* _ at this stage was 0.17 in. (Fig. 4.4) and the x;:tatian at the miéispan

section of the beam at storey 1 was 0.0028 radian. The relative rotation
4t a section distant g- trom.‘?hc wall base was cbserved to be 0.0019
! S R )

O . radian (Figs. 4.9, 4[10).' S N ‘ /"

~
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TABLE 4.1

/

Strain Gaﬁqes‘ Reading Values for Spaaimen No. )

at Yield Load of 5 kips (Miero strain, x lp‘;ﬁ) .
/ \ . \ \¥ \ K\
Concrete strain Steel strain Stael strain
Comprassioh and  Compression end Tansion and
wall 1 / 658 487 24 -
wall 2 a2 [ 1487
Ba’am 1 (Wall 1 face) 190 565 556
Beam 1 (Wall 2 facze) 287 . -
ﬁem 2 {(Wall 1 face) 264 260, 1010
Beam 2 (Wall 2 fac'o) 162 80 201
Beam 3 (wail 1 faca) 317 574 648
Beam 3 {Wall 2 facge) 220 369‘ , 892
Beam 4 (Waall 1l facae) - 250 Y -
Boam 4 (Wall 2 face) AL 230 579
/
I
- \
\‘ Z
\ -
: / :
L
\
: \ .
| &
U
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TABLR 4.2  Strain Gauges' Reading Values for Specimen No. 1 -
\ at Ultimate Ioad of 6\.02 kips (Micro strain, 10‘5;:)
/
Concrate strai;\ Steel strain ‘Steel strain .
Compression end  Compression end Tongion engd
wall 1 " 2166  7es 175
wall -2 799 515 . 359
‘Boam 1 (Nall 1 face) 1252 - .
Baam 1 (Wall 2 face) 2365 . - -
Boam 2 (Wa}l 1 face) - 463 E - -
Boam 2 (Wall 2 face) 2437 - -
“Boanm ? (Wall 1 face) 2560 904 -
Beam 3 (anl'é face) 1379 - 438 /
Beam 4 (Wall 1 face) ke 182 -
Boam 4 (Wall 2\ face) 493 352 -
( \
* /
\
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s
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6 C TABIE 4.3  Maximum Microstrain Values hecorded for -
e o ' Specimen No. 1 (and coxresponding top deflaction) v
L]
\ / . :,{: .
) \
mm\retva atmin\ Steal strain S\:eqél strain
Qonpprossion end  OComprassion end Tension end
\ 0 wan 2026 (1.1%3) 1049 (2.3) 321 (1.7338)
wall 2 4490 (2.5) 740 {(\77) 1542 (‘263)
Beam 1 (Wall 1 face) 3656, (.424) 1056 (.64) 651 (.263) -
y Beam 1 (Nall 2 face) 4085 (2.4) - 2
. Boam 2 (Wall\l face) 3961 (.59) 727 {2.5) 1109 (.263)
— N ' \ 1
Beam 2 (Nall 2 face) *© 3IB13 (2.9) 627 (1.83)) N7 (.351)‘,
. ..
N Boam 3 (Wall 1 face) 3186 (1.233) 1930 (1.333) 655 (.118) | ' \L
Beam 3 (Wall 2 face) 1639 {1.233) 1781 {.734) 998 {.35))
Beam 4 (Wall 1 face) 82 (.734) 936 u.ssf) -
/ | \ .
. . \ Boam 4 (Wall 2 face) 563 (1.4233) 548 {2.5) 579 (.186)
{
(
\ i ! \
-~ ~ \-.
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- FI6. 4.3+ 'SPECIMEN NO.I CRACK PATTERN
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FIG. 4.8 DEFLECTION OF FOUR STOREY LEVELS .
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- Fig. 4.16 Cracks in the top beam, Specimen No. 1
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(j - / Strain values at thié load stage are shown in Table 4.1. The
maximum concrete and Steel strain values were observed to be 4090 x 10"6
and 1900 x 10~% respectively (Table 4.3). N — -

As the applied ioad was increased from 5.1 kips to 6.0 kipé, —

,the stoérey deflections increased almost linearly (Figs. 4,4 to 4.8); -« .

however, as expected, the overall stiffness had Eecreased considerably.
At this peak point of loading around ’\6.0 k’ips, the top storey

deflection was cbserved to be 0.94 in. (Fig. 4.4). The ductility

factor of roughly 6.5 was determined from the top level deflections.

. At failure stage, this ratio was roughly 14.3,

The épecimen was considered to have failed when the tension
reinforcement in wall 1 failed. At this stage, shear cracks in the
first storey of wall 2 propagated to the outside edge and continued as

/
flexural cracks. Cracks in lower beams ope)ued wide (approximately

i
!

I

, 1 in. wWidth) and the top storey deflection was approximately 1.9 in. -

4.3 Behaviour of Test Specimen No. 2'

/ The reinforcement pattern and instrumentation details of test

\

specimen No. 2 were described earlier in section 3.2. ‘This specimen

\ n

was relnforcefi for one-way loading only (Table 3.9). D:.fferent rein-

forcement patterns were, used for the coupling beams (Table 3. 8) -

.

This specimen was loaded in increments of. 0.5 kip for ‘“”the first™

gt v ¢
) ten loading steps. Afterwards, the test was coritrolled by 0.05 in. ;
“) u - ]
increments of the top storey deflection. Crack pattern of this specimen '

5

e P ——— I TR - A o]
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\ \ ’

is shown in Fig. 4.20. Eéfléctions of the four-storey levels are

shown in Figs. 4.21 to 4.24.

)

(; Cracking was initially observed at a total applied load of
—~ .
3 kips. The top storey deflection at this stage was 0.09 in. (Fig. 4.21)

©

m

while the rotation at mid—spaq of the lower beams was around 0.0014

. . . . . d
radian (Fig. 4.23) The relative rotations at a section distant 2

(7.5 in.) from the'base were 0.006 rad. and 0.009 rad. for wall-l1 and
wall 2 respectively (Figs. 4.23, 4.24).

Further loading to a total load jvalue of 5.3 kips caused the

{
specimen to reach qhe stage of complete yielding at all critical sections

and the wall bases. At this stage, the top storey deflectidQ was about

0.22 in. (Fig. 4.21) while the rotation at midspan of the lower beams was
in the vicinity of 0.003 radian (Fig. 4.28). Relative rotation at

section %-(7.5 in.) above the bases was 0.002 radian for both walls

(Figs. 4.26, 4.27). Strain readings at this~loading stage are detailed
in Table 4.4. ’ - -

As the applied load increased from zero to 5.3 kips, the glope
of the;load—deflection curve was observed to change twice - at total
load vagues of 3 kips and 5 kips (Figs. 4.2}§to 4.25).

Aéter the load vaiue of around 5 kips, the deflections increased
more répidly with further increase £n load up/éo the ultimate load valu?

of 6.02 kips. As for specimen no. 1, these changes in the elastic

range indicéted reductions of the overall stiffness of thé sp%cimen. This
- ]

reduction of dgtiffness was caused by the onset of cracking at the beam-

wall interfaces at a load value of around 3 kips. Further decrease in

(4 -
—

s
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stiffness, as the applied load was increased from 3 kips to 5 kips,

was due éo the onset of yielding of the reinforcement in certain beams.
The yielding of the wall reinforcement continued until a total load
value of 5.3 kips (Fig. 4.21). Due to the delay of yielding of the

f
gﬁ?sion reinforcement in wall 1, more cracks appeared in wall 2 base

— e

in this specimen than in specimen no. 1. [

Cracks initiated at the shear wall-beam interfacii}£;1é total
’ 2N .
load value just less than 5 kips. Additional diagonal shear cracks

were also observed along the length of the beams at an inclination of
around 30° with the vertical. These cracks continued to propagate ]

and widen until the crushing of the concrete oﬁ the opposite face
{(Figs. 4.20, 4.33).
The measured r&tations at midspan of the three lower beams
\@ere very close (Fig. 4.32). At’uitimate load, the rotation of midspan
of beam 4 was 0.018, radian comparedtto 0.024 radian for both beams 2~and
3 and 6.026 radian for beam 1.
In examining the rotational behaviour of the midspan sections
+ "Nof the connecting beams at failure (lcad value = 5.2 kips) with the
corresponding top storey deflection of 2.9 in., the midspan rotation in
beams 2 and 3 was 0.07 radian, while similar values for geam 1 and beam 4
] were 0.06 radién and 0.05 radian respectively. It shows that the

/

location of the section where the maximum rotation occurs, Qas shifted

from storey 1 (roughly 25% of total height) at yielding of steel reinforce-

Eaal TS i

ment (Fig. 4.32) to a location between Bedm ‘2 and beam 3 (roughly 50% of

/ -
total height) at failure.

\ -

{y

2y T TN
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C | |

- A crack formed in the lower corner of beam 4 - wall 2 interface

'propagated into wall 2 and reached the reinforcement on the upper edge of
the beam at a load value abbut 5 kips (Fig. 4.35). The width of this

crack was roughly } in. at ultimate load and approximately % in. at failure.
v / -

This crack propagated further along the beam reinforcement to cause bond

failure to the top level beam. . | \

» Cracks appeared almost instantaneously in both the diagonal and
parallel reinforced beaﬁ%? Howevexr, the cracks in beams with diagonal
reinforéement were not aL wide and there was much less crushing of the
concrete. This shows the superiority of the diagonal reinforcement

fover the conventional paraliel reinforcement. Paulay has made a similar

- deduction from his experimental workla. The stress pattern and load

'

0 ~N

o ——

transmission between the walls had been illustrated in the photcelastic

; study of Chapter II. Diagonal reinforcement is ideal for this pattern
¢
-

- . Diagonal tension cracks appeared in the first storey of the

of transferring forces.

tension wall (wall 2) at a total load value of approximately 5 kips

(Fig. 5.20). Flexural cracks appeared at the inside edge of wall 1 at

a total load value of 5.5 kips (Fig. 4.20). Cracks were also observed

in second storey of wall 2 at a load value near %.5 kips (Fig. 4.20).

p '

However, these cracks did not open wide as the cracks in the first storey.
Crushing of the concrete on the outside edge Ff wall 1 and at

the wall-beam junction occurred at a load value of approximately/s kips.

aSag et
. -

//dpah;\Eoncrete on the inside edge of wall 2 also crushed after another two

loading steps.

£rY




. - . PR UV VOO U= S U

107 K

4
1 ) )
(j§ . - -
/ The o#ncrete strains in wall 1 and the steel strain in
3 wall 2 at a load value of 5.3 kips were approximately 1100 x 1076 in/in.
{ and 1300 x l0-6 in/in., respectively. At this stage, the concrete
* §

and steel strains in the lowest beam were 1840 x 10 ° in/in. and®1880 x 10~6
\

in/in. respectively. Other strain valuls are detailed in Table 4.4.
) As Fhe applied load was increased from 5.3 kips to 6.7 kips,
the top s£orey deflection increased almo§t linearly to about l.44 in.
(Fig. 4.21). fhe load-deflection behaviour at other storey levels

\

) was also almost linear in this range. At this loading stage, the
maximum rotation at the midspan section of the léwer‘peans was approxi-
mately 0.025 radian, and the relative rotation at a se€ction distant g- N
from the wall base was about 0.022 radian (Figs. 4.26, 4.27). % /
Further loading beyond the maximum load caused the load to
drop off.slowly. At the maximun load of 6.02 kips, the ductility
factor, which is the ratio of the deflection at ultimate load to that
at yielding of steel reinforcement, was about 6.9. At failure, thig

ratio was approximately 14.3. . N

Failure of the lower beams was due to shear-flexure mode at

the beam-wall interfaces. Failure of wall 1 was due to a flexural
mode leading to rupture of the tension reinforceméﬁt. At this stage, A
the top s;orey deflection was apﬁroximately 2.é in, Failure of wall 2

? can also be categorized as the shear-flexure mode.’ Rupture of

K v .

? " reinforcement in beams 2 and 3 occurred three loadiq§ steps after the B
rupture of wall 1 Areinforcement. ““‘km: this  failure state, gthe top
storey deflection exceeded 3 in. )
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_TABLE 4.4 Strain Gauges‘Reqding Values for Lpébi n No. 2

e at Yield Load of 5.3 kips (in Microstfrain = 10'6u)
’ L o

[ -
i Concrete strain Steel strain Steel strain
Eompression end Compression end Tension end

. Wall l 1096 - , -

Wall 2 155 - 1329

Beam 1 (Wall 1 face) 159 - 627

Beam 1 (uWall 2{ face) 1839 435 1884

Beam 2 (Wall 1 face) 1218 v lzs 1607

‘ / Beam 2 (Wall 2 face) 141 ) - 1448

Beam 3 (Wall 1 face) 162 LT - -

- |

Beam 3 (Wall 2 face) _ 132 451 268 .

o Beam 4 (Wall 1 face) 1073 29 510

/
Beam 4 (Wall 2 face) 1453/, ~d 339 1134
/ —
- \ &
\
. - T -
: 5'
t ’—, /
@ “‘
-
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FIG. 4.26: WALL | ROTATION - SPECIMEN NO, 2
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FIG._4.32: ROTATION "OF FOUR BEAMS - SPEGCIMEN NO. 2
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4.4 Behaviour of Test Specimen No. 3

[

~—

Rginforceme?t pattern and instrumentation details of specimen
/ |

" no. 3 were described in sectiod 3.2, and Tables 3.8 and 3!9. The

span~depth ratio (s/t) of the coupling beams was one and the length of
the coupling beams to the wall width (s/2e)ratio was 0.44 as éescribed

in Chapter III. Dimensions of the openings of this specimen were

(

different from those of specimens nos. 1 and 2, and were described in

—

Chapter III. The specimen was loaded in increments of 1 kip for the

first five loading steps. Beyondoﬁhis‘stage, the test was controlled by
f
a top storey deflection increment of O.Qg in. Crack pattern of this

s

specimen after loading is shown in Fig. 4.36.

The specimen behaved linearly up to ﬁlt;talﬁload value of
about 6.1 kips (Fig. 4.37). The behaviour of the other 'storeys was
also almost linear in this range (Fig. 4.38). The corresponding top
storey deflection at this stage was 0.30 in. Deformations of sections
5.75 in. from the wall base are presented in Figs. 4.39 and 4.40.

Rotations of midspaﬁlsections of the four beams are also presented\in
' . 1
Fig. 4.41. -
. . . o
The concrete and the steel strain (tension face of wall 2)

values were 586 x 107° in/in. and 1760 x 1076 in/in. respectively. At
& —

this stage, the concrete and the steel strains on the lowest beam were

6

955 x 10~ and 1072 x 10™° in/in. respectively. Other strain values

~

are detailed in Table 4.5. —
\
\
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Diagonal tension cracks occurred in wall 2 at a total load

o

value of 3.9 kips (Figs. 4.42, 4.@35. Cracks also appeared as diagonal

\

shear cracks in the second storey of wall 2 and as flexural cracks in
the first storey of wall 1 at a total load value of approximately 5 kips

(Fig. 4.42).

» o

' Although some very narrow diagonal cracks occurred @$ the

/ ; ) &
corners of-the lowest openings and in the middle of beam 1l in the elastic

range of loading, these did not propagate. This cracking pattern was

similar to the diagonal éracking pattern normally Pbtained in deep beams

and in shear wall structures. Similar crack patterns were observed by

Paulay in his testslB. ‘ / '

As the applied load was increased beyond the yield load of

5.3 kips, the load-deflection curve leveled off (Figs. 4.37, 4.38). As

\

the top ‘storey deflection increased to foughly 0.6 in., the load increased
\

very slowly and almost linearly up to'a value of roughly 6.7 kips (Fig. 4.37).

Near mgximum load, the rotation at a section at a height of
5.55 in._above the base of wall 1 was observed to be 0.008 radian f
(Fig. 4.39). As the cracks in wall 2 widened, axial deformation due
to the net wall tension force at a section distant 5.75 in. from the base
is shown on Fig. 4.40. At maximum load, beam' 1 showed the largest
rotational deformation of about 0.0011 radian at midspan (Fig. 4.41).
Further loadiég beyond the ultimate load of around 6.7 kips

\ -
resulted in the widening of the cracks in wall 2. After a few loading

-
et = 8

%ecrements, the cracks propagated through ‘the depth of the wall. The
vertical reinforcement of wall 1 ruptured at a load value of about 6.5 kips.:

The top storey deflection at this stage was 1.6 in.

‘
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The two veLtical reinforcing Wires next to the steel wire at
the inside edge of wall 2 ruptured two loading increments after the /

rupture of the steel wire at the inside edge. However, this did not

cause a collapse of the whble structure; they éreatly reduced the stiff-
ness ,and the lateral strength of the strjfture (Fig. 4.37). Ductility
factors of approximately 2.1 and 5.7 were obtained from the ratios of

-" the ultimate deflection and failure deflection to that of yield, reséectively.

This specimen was considered to have failed when the diagonal

tension cracks had propagated through the depth of the-wall and the /
. / !

reihforcement ruptured. This tension failure of wall 1 occurred at a
\ , 7
top storey deflection of approximately 2 in.

’
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TABLE 4;5‘ Strain Gauges' Reading Values for Specin%n N;J- 3 !
\/’ Y at Yield Load of 6 kips . .
T r /
\ Concrete/stralin ,Steel strain Steel strain
Compression end Compression end Tension end
wall 1 / 586 549 \ 1760
i :
Wa}l 2 . - - -
Beam 1 (Wall 1 face)  ~ 955 987 1072
Beam 1 (Wall 2 face) 295 610. | , 555
Beam 2 (Wall 1 face) 518>t 623 -
Beam 2 (Wall 2 face) 98 268 \ . 393
Beam 3 (Wall 1 face) 1/109 - -
Beam 3 (Wall 2 face) !114 ‘215 -
Beam 4 (Wall 1 face) 69 62 : - .
Beam 4 (Wall 2Dface) 56 - - . ,
" o [
. [
\ _ . -

—
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FI1G. 4.38:. DEFLECTION OF FOUR STOREY LEVELS- SPECIMEN NO.3
C ] o ! ) ) -
© TOTAL. .
LOAD . |
(KIPS) ) U i
- o> L — + \IA__-{;?
3
o +—
] 2
- _"*\, \
.0 TOP STOREY
A THIRD STOREY .
D SECOND STOREY . /
O FIRST STOREY
™~ 8
| A\
. . . DEFLECTION (IN)
0. 0.04 0086 -—0J2° 0.16 0.20 024 0.28 0.32 } 036 0.40
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© 0010

0.930

TOTAL *
_LOAD . N .
{KIPS) -
N‘N S ‘ )
6 -
5 _
3 ) h =
(78
—
k.
| -
3
2 - )
|
q : )
N S )
. “~ ORIRE
. T (SECT. 575 FROM BASER
“‘ - _ROTATION (RAD}"
0. . 0.005 " o015 0620  0.025 003 000  OOk5S 0,050
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F16.4.40: WALL 2 DEFORMATION - SPECIMEN NO 3 o
- - s ) ( sectim distant  5.75.in. from base-)
TOTAL —_— - '
_-10AD . - © s "o
\ =

AVERAGE . STRAIN - 1

-

0. o08 ° 00%  Oost  oom 0.000 -0lo8 " 0126 - Odbk (UP 10 5%in.)
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FIG. 4.4, ROTATION OF FOUR BEAMS - SPECIMEN NO. 3
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Fig. 4.42 Specimen No. 3 at failure
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4.5 Summary .

The load-deflection curves for all test spec%mens showed an
almost linehr behaviour within the elastic range. Changes fn the i
overall stiffness of the specimens wére caused by the cracking od B
concrete'?nd the yielding of the reinforcement near the wall~%¢ém
junctions; yieldins of the reinforcement at the wall base caused the
load—deflectiog to.level off. After the reinforcement at all critical
sections had yieided, the specimens could sustaip little or no more

] 2

increase in applied lateral loads up to the ultimate load. \This kind
of behaviour is very similar to the elaéto—plastic assumptions made in
Paulgy's analysiszg.
1 The large’ shearing forces' across the coupling beams and-thé-
wall basei were responsible for an early onset of cracking in ?ll test
specimens. Crackiﬁg and yieldiné in the coupling beams reduced the
stiffness of the overail structure, and this was reflected in the
observed load-deflection curves.

According to Paulay's expekiments and analysisl3, diagonal
cracking has been observéd to reduce the flexural stiffness to a much
greater extent than flexural cracking. Diagonal‘reinforcement pattern

was suggested for these coupling beaTs. It was also shown by Paulay

that cracking of coupled walls was largely affected by axial load in tﬁe

wall base. This axial load results from gravity loa and from the
accummulation of laminar shears. /
/ i !
. -
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: I
] |
(: 1 - The position of maximum rotation in the coupling beams

showed agreement with Paulay's elasto-plastic analysis results as
£

stated in section 4.1. Rotations of mid-span sections of the coupling

beams indicated a similar trend. The maximum rotational position
tends to move upward from a location near qguarter hedight beam in the
/ elastic range to a location near mid-height at ultimate load. The

duq&ility factors for specimens nos. 1 and 2 were 6.5 and 6.9;

[
respectively, which are in excess of the necessary ductility factor of 4.
Tﬁis ductility is necessary to resist the earthquake disturbances. A
moderate ductility factor of 2.1 was obtained for specimen no. 3.

\ Beams with diagonal reinforcement showed less damage (cracking,

/
crushing of concrete) at failure when compared with the conventionally
reinforced beams: Diagona% cracking in the deep coupling beams

1

(specimen no. 3) was also found to agree with Paulay's observations.
-“This inelastic deformation at the coupling beams and the wall bases is

critﬁcal and must be considered to provide safety and adequate resistance
, X

; to seismic loads.

T T
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‘ V. ANALYSIS
5.1 Elastic Anal}sis of Test Specimens ) - ’
The experimental results of the test specimens under lateral’
/ \ \
loads-wg’re analysed using the elasti/c lamina method. For a rapid
evaluation of stresses and deflections of the specimens, design curves
derived from the continuous lamina thoer'y were used. The design ~
curves for uniformly distributed load, triangularly distributed load,
and ooncex{trated load at the top level, are reproduced in Appendix B. A
The following gquantities are regquired to use the design
?hu:vess'sz ) ; ‘ .
- AI. \5
= + .1
H 1 m ) ( )
‘ 12 1,22
o= [ —L2_y ]* . o (5.2)
, 'thI , s '
S v
12 1 .
8 = 4w ( 2")-;— : (5.3)
hs?3 / ‘ 3
. [ | {
1 The analysis of test specimens nos. 1 and 2 was carried out ’
using the following data: / . ! )
. H = 59.4 in. : o -
Ay = Ay = 1.25 % 15 = 18.75 in.?
‘A = Ap + Ap/= 37.5 in.2 , | /
' 1 . 3 / [ 4 .
Iy = Ip={7x1.25x 15%= 350 in. % .
I = Ij +1I;=7004in." /

o e v s
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/

! . .
The second moment 'of area of the two wall se\f:tions about

0

their common neutral axis is: /

—

I' = 700 + 2 x 18.75 x 122
k . = 0+ 5400 = 6100 in."
NA. ;‘: \
/ . f“ig.s.lA: Section of
L%S" _ Wall 1 and Wall 2 of
F‘\ F 7/ . L ~——  specimens Nos. 1,and 2
' 15" 5| 45" l 15" -
T
o | : ’ /

* The second moment of area of the connecting beams is:

. ‘ !

. ¥ =% x 1.25 x 4.53-= 9.45 in."
L0 P 12, . !

. 14 \
— ' \

\

\ R

From equation (5.2) it follows that: N

12 1 2 2 .
2 _-l2I, 2 12 %x9.45 24 -
a he3 1 M 15 x 97 * Too * 1.13‘ 0.00963
A
a o= o./ogsl
- . g
/ e /
whence ai = 0.0981 x 59.4 = 5.83
. _
/ i i)
-

Ty G |
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I i ) . /
(. ) for-a total applied load value at 3 kips, which is equivalen€ to a
- i
)*" triangularly distributed load with a x#aximtm value of 0.1 k/in. at

the top. From design chart B.5, the percentage of individual ‘canti- [

\ 4
) : [
+#¥Jever action K and the percentage of composite cantilever action K; |\

is given by: ' \

¥ e

Ky = 0.25

{ Ky = 0.75 T » 1
- 1

From design chart B.6, the average value of the connecting

1
beam stress factor K3 for triangularly distributed load for each storey

is given by:

K3 = 0.16 for the fourth storey
” Kq = 0.25 fr.::rl the th/;rd _storey
/' K3 = 0.32 for the second storey

&(3 = 0.29 fox; the first sto‘rey. -

- ) . . /
The shear force acting on the coupling beams from the fourth /

stérey level to the fi:;st storey .level can then be calculated as:)

—

, .
- H1

. % n = hg ——K ! : 5.4

\\ ( Q qi szu 3 ( )

\

hence:

59.4 1
.———x—-———

Q4 = hg, =-15 x 0.1 x 24 1713

x 0.16 =0.526k

59.4 1 - ) X
>4 x 1T.13 x 0.25 O.BZlk_\

Wﬁ.’?-.
29:84 1 .0.32 = 1.051k

Q2 = haz = 15 x 0.1 x =5%= x 7 \

' 59.4 1
@ Y Q1 =hgy =15 x 0.1 x 22 x T3 % 0.29 = 0.953k




N \ . -

— N . %

individual cantilever action:

Stresses at the extrem? edges of the wall bases are

as the sum of the stresses due to cémpo$ite cantilever action

K

N

ol c
2 A A
g = W H [.._ +__K]
X X T X, 1 X1 ,

calculated

and | -

AT 3 (5.5) -
. | i —~
. ! o
2 : [ 19.5 _ | 7.5 ] _ . .
=3 X 3 x 59.4 6100 * 0.75 + J00 * 0.25 = 0.603 ksi
c c. - ’
CZyuxn[Bx -2k | ,
UB 3 XxW xH 'i'r K I K1 ‘ E {5.6)/4
- /
1 ] /
_2 [4.5 7.5 ] §
3 x 3 x 59.4 6100 x 0.75 00 x 0.25 - \
o = - 0.252 ksi , \ : \ —
252
! .

. 605

»

Fig. 5.1B: Stress distribution it wall bases
\ ' of Specimens nos. 1 and 2 .

j=y

s
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) (j / From design chgxt B.7, deflection factor Ky is obtained: Jf

! N

Ky = 0.19 ! [ -

Second moment of area of cracked/sectiog§_of the wall bases .

are:

=62.2 in."%

e

122.3 in% i ) ) ;

R
=4
N
‘0
La}
]
u
S

184.5 in"

-
L]

» o | N

beflection at the top storey level is\iiven by:

: -_-'_.l.'lxﬂu
7 ‘ max 120 ~ EI

ra—

K - (5.7)

i

Hence: »

4 uncrack 9.0077, in.

Y = 0.0290 in.
crack

as compared to 0.06 in. and 0.086 in. obtained for specimens nos., 1

and 2 respectively,,and 0.010 in. obtained from elastic finite element

analysis. The experimental‘values are generally higher than the calculated

values due to cracking in the connecting beams and the shear yalls under

applied loads. . \

Strain values obtained for specimen no. 1 are also plotted’

°

against the total applied load as compared to theoretical values obtained .
N g

from Finite Element' Analysis using SOLID SAP in-Appendix D from Figs. D.2

to D.7.  Concréte strains are noted lower than-theoretical values while
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g

( ' steel strains show higher wvalues. This is due to the cracking effects -

\ - at these critical sections where strain gauges were applied.  On the
< A
average of concrete and steel strains, the strains at these locations

show good agreement with the results from the finite element analysis.
. . _
The analysis of Test specimen no. 3 was carried out with the !

- following wall and beam prope/rties:

\ - /

»

H = 60 in.
-
‘Ayp = Ap = 1.25 x 16 = 20 in.?
’ A = A1y + Ay = 40 in.2 . I,
. / I =1Ip= —1;-2—3: 1.25 x 163 = 426.67 in. "
I =1y+ I,=853.34 in% |
I_,= 142 + 34 = 176 in."
ct . _
I' = 853.34 + 2 x 20 x 11.5% = 6143.33 'in." : '
‘ I =< x 1.25 x 73 = 35.73 in.% T
p 12 \ :
N ! 4
S Evaluating the constants for the design charts as follows:
SR j
‘ ‘ \
14 - \
AL 40 x 853.33
= + =
W=l Ay 82 1% 26% 20 x 237 1.16
‘ 2. 121, . 12 x 35.75 232 N
. a ___5.?_ 2, Tex 73 *853.33 % 1.16, 0.05':628
\ hs J, I \ . .
. | |
. | |
hence: & = 0.237 . . ’
aH = ’14.24 [

/ - e s i

N R Kgtae]
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!
From design. chart B.5: RN .
I Ky = 0.10 ) [
v / h ‘v )
Ky = 0.90 \’

\ \ * ,

1 .

” From design chart B.6, the average value of the stresg faﬁ/tors K3

>
pv s

_ for each storey are agh follows:

K3 = 0.0? for the fourth storey
K3 = 0.20 for the third storey c

K3 = 0,37 fof the second storxey

K3 = 0.45 for the ff.rst storey

\ e ‘
Por a total load value of 3 &ips, the shear forces acting on
the coupling beams from the fourth. storey level tJ the first storey level

are given by:

% X

e

I

= g_l'- = 9_0_ ——--..—0'07 =
. Qu hq;,-—hwlux3 15x0.1x23x1’16 0.23k
p : ) Lo
Qs =hgs = 15 x 0.1 x 22 x L x 0.20 = 0.674k
3 3 23" 1.16 ““UN- .
Q2 =hay =15 x 0.1 x 2 x L — x 0.37 = 1.247%
*2 2 . 23 *1.16 * V- : cLaix
“ @y =hq; =15 x 0.1 x 22 x L x 0.45 - 1.517k
1 1 23 " 1.16 ) :

4
H

Lt i,

R O T v
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[

L]
win

= 0.455 ksi

\

c! c. .
2 A
-4y [1'-"‘2*5%"1]

\ 19.5 _ 0. 8
x 3 % 60 [ 2= % 079 + 5333 * 0-1

+

2 3.5 8
'3‘3”‘°[un33 0.9 %;3“04]

¥
“

= 0,051 ksi /

’ , ’ |

ﬂ? 5.2; Stress diuri.bution M: wall puu

of spoamn no. 3 A
’ } "
A B et ,
g - ; }
I
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,, / / b

—

(’/d \ From design chart B.7, the parqpcéer Ky i8 givén by:

. Kl’ = 0016 ¥
!
| | /
and the top storey deflection ymax is:

1

B 11 wh" 11 _ 0.1 x eo* -
Ymax " T20 E1__ ** " 120 * 4900 = 1[76y"/°'16 '
|
$ * = 0,027 in. - :
! y, ) . -
o ~ The expeéimental value of deflection for specimen no. 3 at

the top storey level was 0.12 in. at a total load value of 3 kips. The
difference between the experimental and calculated values iscagain due -

to cracks which first formed in the first storey of shear wall no. 2.

Theke cracks reached the inside edge first, which was reinfo;;ced with
Wch lighter steel percéntage than the outside edge. 'mus, one can

expect a much less stiff cracked section at the base of wall 2,

and conieq tly a higher,topitorcy deflection. :j : -
f\ ) f

oo / .

! ‘5,2 Ultimate lLoad Analysis ' ) '%&

v

¢

Prediction of the 'bchas}iour of couplc& shear w/alls up to the
maximum load can be carried out,. ul}.ng tho Jultimate load analysi-

suggested by Pauuyzg. This method accounu for a stagewise development

t




¢

of the collapse mechanism..

is used-in the analysis. ’

-

”1,u

5

!

’ /»/ Hz'u

/

calculated as:

S S 37 o 5.025
w; = p,y fo }" 0.00276 x ) 0.0256 , , !
’ Ez ™ 5 io- = ) )
W = 0o ™ 0.0066 x ) 0.0660 B ] ©
= ba? £! w (1 - 0,59 u) | | 5.9 -

=
1
1]
i

T
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A triangularly distributed load pattern

-

The ultimate moment capacity of the coupling beams is

. D
i ‘ ! » / '\ ?
M o = RBfy (d-a' ) (5.8) i
L ;
=0.04 x 37 x 4 ” ‘ o L
/ o - _

/ - / K.

= 5.92 k in. . i
W\» ) s;,;} s \“_‘” D Sy i
' B - ' o ‘] T
The ultimate moment capacities of wall 1 and wall 2 are given 1

™ 1.25 x 14.52 x 4 x 0.0256 (1-0.59 x 0.0256)

s A ’ / I
- 26.5 dn. , r - :

= ba2 £l w, (1 - 0.59 wy o /
=, 1.25 % 14.5% x 4 x 0.066 (1 ~ 0.59 x 0.066)

= 66.67 k in,




" Mu _ 2x5.92 _ 1.316 k - / S

— ey b,u 3 9

The ultim7te laminar s}_aear :0f the lowest beam ;Level is:

{
qt'1 = 1,316/20.25 = 0.065 k/in.

/
. For beams at other storey levels, this shear distribution is:
, -

9, " 1.316/15 = 0.088 k/in.

The equivalent second moment of area of a cracked coupling

beam is: |

z; = 0.3 %x9.45 = 2,835 in.%

p—

© Stage 1: Elastic Design Load ¢ -

2

’I‘he\ elastic analysis was carried out %tion‘s.l using

design charts and a design load of 3 kips. The naximg/zm elastic laminar °

shear at beam 1 level is: . ,

»

: . 59.4 .1 ' é /
\\ L. 0729 x 0.1 x S2= = 252 = 0.0635 k/in,
,\, . "”"'ﬂ"‘":,
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6,} Stage 2: Elastic Limit of the Structure

— !

/ | The next increment of loading brings beam 1 to its elastic

limit, This maximum elastic load is given by:

'
!

» q' N
u 0.065 ! |
W, T W oess X 3 = 3.07 kips /
ax
- [i‘ '
\ The co'::respbndinci maximum laminar rotatioh and top level
deflection are: ‘ I /
. - ‘
o = hs’q _ 15 xq% x 0.065 5.8 x 1074 rad
y 12 EI) 12 x 4000 x 2,835 ’ rac.
— " ) - / ‘
‘ _.g. - -3-’—9—2- - - / i )
ye - W Y 3 x Ou.0652 0.0667 in!

“

Stage 3: Pull Plastification of the Laminas
i

Purther load fncrease/ causes other coupling beams to enter the
| ,

plastic range with:

W

9, "= 0.088 k/in.

and e, = 7.84 % 10~4 rad,

1

\' Becond moment of area of the cr)&cked sections of the wall

bases ares

Y, A . ) = 2
zwrnsz.z in.? , LIy .7 % 20 = 14 in, . /

:2 r ; 1022-3 1”0“" 'Bzé: = 17 X 20 l. 14 inozi

c

M 2
1 or = 184.5 in. 'a A cr = 28 in.

P o
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It is assumed that that laminas possess bilinear elasto-
1
‘plastic load rotation characteristics. At the end of this load
increment the laminar plastification is assumed to have spread over
it

the height of the structure while each beam sustains its yield capacity.

The critical stiffness ratio is defined as:

L - - - v - 1 / ' )
) Zc " T-o0.19v : (5.10)
. where : . o, —
0.2
/ vV * o616 - 4038
g 4,058 =1 _ 4. _

¢ = 1-0.19 x 4,058

~

The stiffness ratio of the structure is: -

2 .
[ 9, 8 - / .
_ 2:' 5"&?5; A\l AZ —f' ) . . (5.11)
x ; 5y
- | L 0.088 x 59.42 (2 242

2x 9 % 4000 x 7.84 x 10'“ 184.5 )

n
/

P * /
. i

= 17.96 > 2, = 13.36

Thus, the upp7rmst lamina must just attain the yield rotation.

» ’
L]

. The corresponding load is: ‘ /

)

o

e e e e - - —— o e e A W
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S
f s g1 (24 1) '
s + -
W, = 7 o, _ (5.12)
/ , . '
4 x 9 x 4000 x 184.5 : (;11.96 + 1) 0 oeax 107"
24 x 59.4
\ s i
- = 4/66 kips. . / y T i
The top storey defle on at the end of this stage is given
by : ' ) ‘
»' N
g3 /( Ll Lqu
Y, =g LG -5 ) (5.13)
59,43 11, 24 x 0.065 )
- = 7000 x 184,53 & 466 ( &) 3 } _
‘ / ' N /0

/ .
= 0.095 in. ' o ’

t

as compared to 0.13 in. and 0.16 in/. obtained from experimental results

o —

—~
for specimens nos. 1 and 2, respectively. The theoretical and ~
experimental deflection values are also shown on the load-deflection

curv\és of Pig. 5.3. ' . h e

|

Stage 43 /,Ultimate Strength of wan 1 . ‘ ’ Co-

A turther [load increment is ‘assumed to cause wall 1 to attain

its ultimate capa,city in tho presence of Tu axial tension. The ctitical

—

7

o
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TOment at the base of the wall is obtained from: ‘
- HLL 2,
My =3 [ (W, +80)(5)-00951q ) =m (5.14)
cr
. #
assuming that-both walls receive the 1load within the elastic limit until i
the end of this stage. ! ST Ty ' ;
solving for AW', one obtains: ~
AW‘-(’;lﬁE‘I+O.952%)?‘~ \ - (5.15)
1 . 2 ﬂy . /
( i
26.5 x 184.5 y - 3
= ( o anis s * 0.95x24x 0.088) S - 4.66
//

= 0.33 k.
‘ y

The load applied at theé end of this stage is 4.99 kips. The

N ; Fa
corresponding top storey deflection is found from: ‘
143

E Icr 60 -

0.33 x 59.4% (11, _ | |
2000 % 167.5 e ) = 0.017 n. 3 ‘ B

Hence, the total top storey deflection is:

4 , , o
Y, * b.095 + 0.017 = 0.112 in. ‘ -

i
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i /
(} At this load level-of 4.99 k, experimental top storey ’

deflections of 0.16 in. and 0.18 in. were obtained for specimens nos. 1
Ny . N\ ' s
-~ and 2, respectively.

'

\ L ,
[ L ) '
stage 5: Ultimate Strength of Wall 2

similarly, AW' is defined as the load increment which will cause

-

wall 2 to attain its ultimate moment capacity at the base in the presence
/

of Tu axial tension. wall 1 may be considered as ineffective because of
the formation of plastic hinge at the end of the previous stage. ‘Thus,

the maximum moment at the base of Wall 2\is:

. -

‘ HI Ier 2 \
My 272 [ (W + OW' + == AW") () -0.95 29 ) = M (5.17) N
1 y I 3 u 2,4 _ )
71‘ /

f \ N

Solving for AWY, one obtains: )

: %y 1 ‘ o
bue = [ (=2 4 0.95 49 (5 -w ) *
HI, u’ 3 u’ I
~ cxr
- / 184.5 % 66 6:I | 3 122 \3
’ » ‘x ” Ld
.'[ ( 59‘4 % 122‘3 + 0095' b 4 24 b 4 00088 ’ 2 - 4:99 ] 184;5‘
[ 3
. ' #
P = 0.371 %.
Hence, the appliqd load at the yielding of both walls can be approximated J
as: . / , \ ) ) ‘ . ’ ) i )
] W' = 4.99 4+ 0.371 = 5.36 k. ‘
] ;
/
/u - { /
/ J '
X o ) ’ ! l)j
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The' top storey deflection can be accordingly approximated

from the incremental gieflectid@:

i 43 11 ]
H = eeems—— — .
bys = £t (z) (5.18)
0.371 x 59.43 , 11 j
" —— =
AY7 = 000 x 1273 (8o ) =-0-029 in.
Hence: ' / ' — | ¥
71'3 = 0,112 + 0.029 = 0,141 in.
- /
The_theoretical ultimate strength of the specimens can be /

considered to be at this stage of 5.36 kips total applied load, as
compared to 5.3 kips and 5.0 kips obtained from experimental results
for specimens nos. 2 apd 1, [respectively.

N

The theoretical load-deflection curve from stage 1 to stage 5

is plotted in Fig. 5.3. Corresponding load-deflection curves for
specimens nos. 1 and 2 are also shown icm the same graph for comparison . 7
purpose. The théoret?.cal curve shows a good estimate of the-applied -
loads and deflgctiori valu;s near ’thé; yielding staqe:; of the laminas and /r
gzhc walls. Purthermore, it s;xows/the stagewise behavilour in terms of

the experimental load-deflection curves for both spacimns,
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5.3 Ductility and Lateral Strength of Coupled Shear Walls

In shear wall structures resisting~seismic forces, it is
necessary to examine the béhaviour over the entire load range, as well.
as ductil{ty. Ductility implies high deformatigns’yitbout appreciable
loss of étrength, and it also implies large inelastic deformation
associated with large amounts of strain energy. In this inve;tigation,
the available ductility is based on a monotonic loading condition
(Table 5.1). It would be reasonable to assume tha; a similar amount

‘ﬁaﬁ_ductilitf would be available under a reversed loading cycle. It is
recommended that further studies be made on shear walls subjected to

reversible loadings,

The ductility of a coupled shear wall can be defined as:
/ /

ym S8 . (5.19)

vhere . : /
Y- &uctility factor
N . Bu = aeflection‘at makimum load Pu
Ay = deflection at the totai'yielding of .
coupling beams and tension wall. J
./ | i h
Tga ductility factors for the walls and coupling beams of
the three test specimens are presented in Téb}q 5.1, Ductility factors
of 6.5 and 6.8 were obtained for specimens nos. 1 and 2 raépcc:ivcly. A
moderate ductility factor of 2. 14 was obtained for specimen no, 3 due to
thé/opening of the tension cracks of wall 2. ‘Ratios of maasured

deflections of other storeys, and measured rqﬂations of different beam

e

s
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TABLE 5.1 .

Ratios [from Measured Deflections and Rotatioﬁs
> P - | , Y
Ault. Afailure -Afailure
dy dult. Ay
Test Specimen No. 1 ) '
Fourth storey deflection 6.467 - 2,20 14,23
Third storey deflection . 7.444 ; 2.37 17.67
second storey deflec¢tion 7.833 2.%30 17.99
Pirst storey deflec%ion 8.864 2.53 22.39
|
Wall lrotation (sect.S ) 12.50 2.50 31.25
Wall 2 rotation (selet..%) : 7.33 2.50 18.33
Beam 1 rotation (midspan . 8.33 / 2,03 16.88
Beam 2 rotation (midspan) 9,52 2.60 24.76
Beam 3 rotation (midspan) 10.00 2.38 23.75
Beam 4 rotation (midspan) 14.375 1.67 23.96
Test Specimen No. 2 / .
Pourth storey deflection 6.85 . 2.08\ 14.24
Third storey deflection : 6.87 2.06 T 14.19
Second storey deflection 6.83 . 2.10 14.37
| Pirst storey deflectiom © 7.50 2.17 16.25 ‘
Wall 1 rotation (sect.%') 10.71 2,21 23!70
. Wall 2 rotation (sect. 5 ) 9.55 1.86 17.73
.# ‘
Beam 1 rotation (midspag) 8.5 . . 2,40 20,33
Beam 2 rotation (midspan) 10.87 2.80 30.43
Beam 3 rotation (midspan) 10.08 2.71 27.36
Beam 4 ‘rotation (midspan) 13.57 2.52 ¢ 34.14
Test Speciman No. 3 } /
Fourth storey doflection ' 2.14 2.67 5,72
Third storey deflection - 2.01 ’ 2.79 5,62
Becond storey deflaction 2.09 ~2.90 6.06 .
I :Pirst storey deflection 2,38 3.2 7.60

Wall 1 rotation (sect. 5% in.) 4.07 3,78 158,37 . g
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TABLE 5.2

e e oAb 5 e

Summary ol Calculated pesign, yield'and Ultimate

‘oads for the Three Test Specimens

/
i

{

/

a 1
, .
»
Design load Yield Ultimate Yield load
(elastic limit)" | load - load | Design load
_8pecimen No. 1 3.0 5.0 6,02, *1.67
Bpecimen No, 2 3.0 5.3 6.79 1.77
.Bpecimen No. *3 3.0 .| 6.0 '6.59 2.00
. s L §! . E
{
J:_ —— .
' : - !
_1/ ~ \ }
\? / , ! .
\
N .
AT LAY 4
¢ ‘ , . TN
» - ’ f
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(-; and wall ssctions at ultimute and failure loads to thogi at yicid load
are also pm;txnted in the same table as a sumnary of thelr behaviour /
' presented in Chapter IV. Ductility of cqupied shear walle can be
inquuy@d é; sultable dstufling and by consi@ering tﬁo ¢ffocts of the

4 : /
RS . confinement of co e due to closed stirrups, steel psrcentage, and

of other structural clements as stated £n scction 1,2,

/

B The dbserved strengths of the coupled shaa{ wall modals as
19 thaérctical alastic limit strength

compared with are prananted/in
Table 5.2. « Ratios of the yisld load to the slastic fnsiqn load
(thearctiaal strength) of 1,66, 1,77 and 2.0 worh vbthinad for spacimcns

o

nos. 1/ 2 and 3 respectivaly, In order to obtin higher avcrall ;
~ ~
] ductility, it is racommended that an ultimate load analysis &s presented
K in section 5,2 be carried out in the design as & check for the “ultimate

load ﬁfndition, /, * .

o « 3
P o ! 4

5{4 Projscted Bshaviour of #imilar Prototyps Btructures

= Results of this model study can be quatod to eimilar prototyps

. &
/ T structures by using the principles of similituds. Yor the models used -

/- . 1n thig/invsﬁtiqution, the linsar scale factor ) iss <’

x‘\" , * : _j 3{?

i =, )

R % NP PR T L . :
. L . ’
S no
r s bagic ralat%pnnﬁtpp betwaen the various prototype and the
{ N . N

-, odsl quantitios are as télibwus

o ~ - - ’
. ~ |




- Lo o e e i s o . 1 cm o s e mpm . 4 i
H
i

' /
( / Cross sectional area of the steel rciptorcqmentx
S/
, / " 2 L 100 ,
A o
sh:

The gross cross~sactional arsa 51 Concraets, including stesl -

transformad ratio n is gi&en by

~

At Ag # (n-1) Bs 12 ¥
Ao T A Finira, " M = 100
/ , tH g sM
" ° ‘\ / J ; *
'3  %he second moment of area I for the y”xobotypa/ iss
! oY ,
éh) - . 1 fy’an oo .
IM » 7{,—’-’2-4-; s A" = l.ODBb .
/ : ' -

/

Relationship of various types of loading; dead weight and
N /J e s

concentrated force: |

2
!

) \ ’ / ' 1
| . R T .
\._ ‘ ’M / 0”}‘” A'ﬂ , 7 )
N o W oup /
: r,‘ \ e 30 ;-,-Z:— ” ZJ » mo

s My M ;

Load por unit lengths - /

— e

- R
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(j . - ' ' 2 7

= » ¢

Cracking load, und. witimate load: o

, / . /
W W
B . EE = }‘2 = 100 - !
Wum Wern :
/ | /
\ \
P
Cracking moment and ultimate moment: . /
_ \
Mu Mcr Pcr" o 2
ol - r = A » 1000 .
Yy Meorm pch M
../l
Deflection of the coupled shear walls s /
/ I}
= under point load at ths top storey
/
\PMH 2 : /

n Cs Eyly

4

= under t;;innqularly distributed load

N
2L i -If——x)-zszo

Ku) (
, YM 120 EI 120 EMI

V& . !
. , /

Using the principles of pimiutgdc bcsczibod above, the
properties of brmtyéo coupled sﬁnr ;;ans can be obtained and its
bohnviour and stﬂnqth can bs predicted uccozdinqu. Table 5.3 shows

ptapcttics of prototyps structures of test dpacium nos, {, 2 md 3,
Applud loads at xi,{ldtnq of the laminas, ulltim/gto amg failure auqn

»

and corresponding deflections are Also predicted in Table 5.4, Yield

i
1
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™~ o ! p)
S , ’ -
. ™ TABLE 5.3 ?mpe;tiesof!’redictedl’th s
) . B Specimen No. 1 Specimen No. 2 ‘Soecimen No..3
' wall dimension | 1Z.5 x 49.5 x 1.04 ft 12.5 x 49.5 x 1.04 & 15" 10 x S0' x 1.04'
Beam dimension | 8.75 x 3.75 x 1.04 £t 8.75 x 3.75 x 1.04 ft 5710 x 5' 10 x 1.04°
£ | S ksi ¢ ksi . aksi
\ £y N 0 ksi 40 ksi 40 ksi
B _~ 29000 ksi 29000 ksi 29000 ksi
n - 8 8 $
) steel ‘ area of steel area of steel area of
. Meaber percentage reinf. steel | percentage reint. steel | percentage reinf. steel
¢ — ‘ tin.2) tin.2) tin.?)
Bean 1 {0.856 4.000 0.856 4.000 0470 2,000
Bean 2 0.4 4.000 0.744 4.000 0.470 4.000
Beam 3. | 0.748 - 4,000 0. 744 4.000 0.235 2.000
Beam 4 . 744 4.000 0.744 4.000 0.236 2.000
" wall 1 § IR
Outside edge 0.640 12:200 ) 0.640 12.200 9.125 2.500
nside ®ge | 0133 2.530 0.133 2.530 0.125 | 2.500
vert.shear/fe2 | ©.210 3 0.310 0.210 0.310 0.200  0.310
Boriz.shear/fe? | 0.277 0.5 0.277 0.415 0.277 0.415
OCutside edge 0.640 12.200 0.640 12,200 . 0.600 12.200
Inside edge 0.133 - 2.530 0.133 2.530 0.125 2.530 |
vert.shear/ft2 | 0.210 0.310 - 0.210 0.310 0.7%0 0.310
— goriz.shear/ft? | o0.277 0.415 0.277 0.415 9.2%7 ~0.415
=

IR e

R | el A P, St e vl T it

N
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s TABLE 5.4 / /
(' Predictionss of Behaviour of Prototype Coupled Shear Walls

(scale factor & 10)

o

Failure

Yield |(Yicld Ult. ult, Failure
load deflec, | load deflec, | load deflec,
‘ (X) (17,) (K) (in.) (X) (in.)
,_ Prototype S.W.No.i ; %
Beanm 1 leveld 53.9 0.2 4.5 2.0 $6.2 - 4.8
Beam 2 level 116.% 0, 140.3 4.7 122.3 10.8
Beam 3 level 179,5 1,0 216.1 7.0 188.5 16.0
’ Bean 4 level 150,5 | 1.5 | 181.1 | 4.5 158.0 | 22.0 :
500.0 602,90 / 525.0 , -
Prototype 5.W. No,2
Beam 1 level 56.8 0.5 72.7 0.3 62.5 6.5
’ Boam 2 level 123.? 0.8, 158.2 7.0 135.8 12.5
; Beam 3 level 190.2 1.5 243.8 111.3 209.3 19,0
- Beam 4 level |159.5 | 2.2 | 208.3 |14.8 175.5 / 26.0
- / ' 630.0 679.0 563.1 /
J Prototyps £.W.No,3 / - )
Beam 1 level 63.8 0.4 70.6 /| 1.2 47.85 3.0
Beam 2 levsl 138.8/ 1,1 153.5 2,5 104.1 6.3
Bean 3 level 213.8 2.0 236.6 4.5 160735 11.4 ‘
Boam 4 level ;zzég 2.9 198.3 | 6.3 134.4 16,0
595.6 659.0 446,70 N\,
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loads of 500 kips, 530 kips and 596 kips are predicted with top level -
doflections of 1.5, 2.2 and 2.9 in. for the corresponding three |
’ //

/
prototype structures. According to the principles of similitude, the

strain values at selected positions and ductility factors of the - ’ -

/ : ;
components are expected to be the same as in the model specimens. Other
guantitioes can algo be derived from the principles of similitude.
/
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VI  CONCLUSIONS AND ’chomémm'rioﬁs

¢ g

6.1 Methods of Analysis and Model Studies - /

- [

Analytical methods have been developed to predict the -

behaviour of coupled shear wall structures at working and ultimate
loads..  The Lamina method simplifies the analysis and design of

coupled shear walls with suitable design charts and can be modificd

A}

for ultimate load analysis. ) The Equiva,ufnt Pras ""méhod utilizes an
approximation to describe the behaviour oi coupled shear walls in terms
of an eguivalent fram.\ With the availability of large elcctzbnic;
computers, the Pinite Element method can be used for higher accuracy

. and wider applications. Photoslastic studies of coupled shear walls

1

>
k4

provide very useful intomtion on the load d/istzibutfon and stress
E . ) congcentrations in tho/cysum,
Direct modals can be used to ltudy not only the elastic range
but also the Lnelutic behaviour of caupled/ shsar wall systems, 'rha
~—— “inforpation obtained from model tests, which are not expsnsivs, can

result in significant cost savings and improved safety considerations.
/

\ ! . ,

-\6.2‘ gumpary of Tzperimental Observations

{

A method for dirsct modsl testing of cogpgad shear walls is -
N / Prosented if this study, The sxpsrimental set-up for this method o

consisted of & loading frams, a bracing system, a /fo;d“ distributor for

.
N
@ L F . ' -
.
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}65
; -
upper txianéularly‘di}stxibutcd load pattern, and a load transmission
. system to transfer a tensile (pull) force to “the gpecimen, Three Ig- -

scale reinforced concrete xﬁodels were tepted under monotonically
increasging loads. Complete load-deflection curves were obtained for‘
.each{ specimen. Early cracking in the connecting beéms caused an
increase in the wull‘ moments. .F;;rther ciacking in the wall bases
reduced the ofwrall stiffness of the structure. Pull capacity of the
connecting beams was achieved f£irst and mi‘ntained Aduring the test until
the reinforcement at the inside edye of wall 1 taiicd for specimens
nos..l and 2. | cConnecting beams with diagonal reinforcement showed less
damage (cxacking, cru-hing of the concrete) at tailurc when compared with
the conventionally reinforced beams. Diagonal cracking in the deep
coupling bea:;w of specimen no, 3 was also observed. Diagonal reinforce-~
;nant is considered toc be ; morse suitable reinforoing pattern for the
coupling beanms, .

"In analyzing the loud‘-&oﬂection curves, an ultimate load
analysis was carried out to attain the ultimate ca“pacity of the specimens,
m/rcpults of this analysis showed a qood agrumdm: with the experimental
strengths, 'n‘us malyuﬂ used a stop by s}up procedure to evaluate the
load and dctomgtims of the specimens until a collapse mechanism was
formed. An-elasto~plastic bfhaviouz ;uu assumed for all critical
ssctions, : BT | / '

In the first tsi'c( specinens, » large ductility was observed in
terms of the ratio of midspan section rotation at u/{tmtc and yield .
1loads., These czfiticni connecting beams must 'pOII’Oll a high ductility
factor of at least 14  in order to ensure an overall weli~bshaved
btruﬁga. Overall ductility factors of mors than 6 were obtained

for tha first two npo?imnn. A ductility factor of Z,ifwu obtained

s} ’

o
N _ »
s .
. s [

+
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J
for specimen no. 3 to the opening of the tension cracks’ at the/ insige
edge of wall 2, - / / _
\ — /
//
€ / / /
. : /
/\
6.3 - Suggestions for Desigp Considerations /
(4

The observationé from the model studies and the overall -

behaviour of the test specimens suggested thats

(a) Coupled shoar wall structures can be daesigned for adcqtia_be
ductility and are able to provide a.dcquéte safety under ahy lateral

load sysgtem (wind,/ earthquake, etc. ).
. W ' v

(b) Disgonal-reinforcemsnt pattern is more effective than —

trgr'
'

k\
L)

conventional rcﬂmtérumnt pattern in trammifting/load for medium

‘and deep coupling beams, .

(c) Adequate shear reinforcement, both vertical ahd horizontu, )

""""
Ve,
[P
.....
ey,
e,

should be provided in the bases of the walls to cnsure that their

* ultimate flexural capacities can be attainod. et e

(4) ; M&quaw bond and anchorage -hould bc providcd at the cré:al

sections ét bum-wall SJunctions, upccuny foxr the top beam uintorccmnt,

and wall bases, / 1t 1¢ suggsstsd tLu the coupling bcm have a

at

ductility factor of at least 14,

(8) Adequato stosl percentage at the inside edge of the cmyraui;n\

vall should bs provided for an increassd mofent in that wall in case of
cracking and ylelding of the coupling beass. /

/

4
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’(f) In the case of deep coupling heams, the reinforcement at
the inside edge’ and any vertical reinforcement provided should be able

to resist the net tensio[; force in the tension wall.

(¢) ' An ultimate losd analysis of the shear walls should be carried

-

‘out as a check at near failure conditions.

~
—_—
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SPECIMEN NO. 1

;
i
(3 / . Loads on Specimen - . %
’ ‘ . 3
Load | Load Cell #1 | Load Cull #2 load Cell #3| Iload Cell #4] 'Load on &
Step Total Load (approx. side | (side load) -1 {(xubber load)] Specimen ¥
load) - N\ . 3
y ! \ ’
0 0 0 0 .0 ; 0 _
1 .95 . .51 “a WA .85
2 2.28 o123 1.02 .24 2.0
3 3.30 1.65 1,65 . .40 2.90
4 4.35 2.15 2.20 .54 3.81
5 \s,35 2.68 2.67 .80 : 4.55
x 6 _6.35 3.28 . 3.07 1.25 5.10
7 : -
8 7.26 3.64 3.62 1.95 5.31
9 7.55  ° 5.80 3.75 12,15 5.40
10 7.85 3.95 3.90 2.40 $.45
11 8.12 4,05 a.07 2.65 5.47
12 8.36 4.19 .17 2.80° 5.56 '
13 8.62 4.31 4.31 2.95 5.67
14 8.76 4.38 4.38 . 3.10 5.66
15 8.93 4.48 © 4,45 ¢ 3.20. . 5,73
16 9.21 4.61 4.60 3.40 5.81
17 9.47 4.73 a.74 3.65 . 5.82
18 9.72 4.82 4.90 3.84 ., 5.88
| 19 10.09 5.00 5,09 4.19 5.90
20 10.52 5.24 5.28 4.50 _ 6.02
21 10.88 5.45 5.43 5.00 5.88
22 11.02 5.52 5.50 5.32 $.70
23 11.75 Y 5,88 . 5.87 5.93 5.82 . .
24 - 11.45 5.72 5.73 6.00 5.45
| 25 12.18 6.06 6.12 6.75 5.43
g 26 12.67 6.35 6.32 7.32 5.35 °
% 27 13.35 6.68 6.67 7.85 5.50
? 28 18.62 8.15 5.47
29 14.00 7.05  \ 6.95 8.55 5.45
v 30 14.50 7.32 7.18 9.05 V' 5.45
31 14.70 7.42 7.28 9.33 5.37
32 14.58 7.38 7.20 9.60 4.98
133 15.10 7.65 7.45 10.12 4.98 *
34 15.43 7.76 7.67 10.60- 4.83
35 15.95 7.88 8.07 11.06 . 4.89 ;
[ 36 17.04 8.41 \ 8,63 11,95 5.09 :
kY 18.53 9,17 . 9.3 12.25 6.28
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SPECINEN NO. 1
Lateral Deflection

Total
load 4th storey 3rd storey and storey 1st storey
"1

0 , 0 0 0 0 0

1 ¥ .85 .013 .007? .005 .002
2 2.01 020 - 018 .008 .005
3 2.90 .058 " ,084 .013 .006
4 23.8)1 .089 .046. - .029 R ) 81
5 4.55 116 .08 T .042 .015
6 5.10 . 166 " 102 067 .024
7 5.25 .228 <145 .108 L033
8 5.31 .263 167 .120 037
9 5.40 (313 .204 147 046
10 5.45 .351 ©.232 162 .053
11 5.47 .394 .263 .181 057
12 5.56 444 .299 .206 .069
13 5.67 435 . 336 .231 .082
14 5,67 543 .373 .256 .083
15 5.73 . 586 . 406 277 ©,104
16 5.81 .635 442 0 .303 118
7 —| s.82 . 685 . 480 327 127
18 5.88 .734 .516 . 355 " 139
19 5,90 .773 .592 .404 164
20 6.02 .933 .667 T .454 [ ~. 189
21 | 5.88 1.033 L7448 - .504 \212
22 5,70 1.133 .820 .555 .236
23 5.82 1.233 ~907 .615 264
24 5.45 1.333 .968 .647 .240 .
25 5.43 1.433 1.044 .703 304
26 5.35 1.533 1.118 752 .326
27 5.50 1.633 1.196 B80S ~L.352
28 j5.47 1.733 1.267 .851 .374
29 5,45 1.833 1.343 .903 .398
30 5,45 1.934 1.421 .955 422
31 5.37 2.038) 1.499 {.oov .448
32 4.98 2.234 1.594 .10 .493
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i
SPECIMEN NO.1 “ g
) . i {
(\ 4 < Dial Gauges Readings for Walls ‘ . / §
| | : %
. Rotation of base at 7 1/2" from base s 3
; N W
WALL 1 WALL 2 %
. (arm = 18 1/4") (axm = 18 1/8") Total )
Loading /| comp.side | Tension side |Comp. side |Tension side load %
step {in.) {in.) (in.) {in.) ~ (Rips) )
© 0 ~.000 . 000 .000 .000 0 .
) ‘ 1 . 000 . 002 - .002 .002 . .85 '
2 .001 - .00z : .003 .004 2.01
3 .00 “¥oo§, .004 .0086 2.90
4 . 002 008’ .005 .009 © 3.81
' 5 [ +003 .01l - . .006 014 4.55
6 . 006 Le? - 023 ~.006 029 5.10
7 .009 ' .039 .008 .044
'8 .01l . 050 .009 .049 5.3
9 .013 . 062 .010 : .059 5.40
10 . .015 .. .074 011 .069 5.45
11 017 .088 .012 .080 5.47
12 .020 .100 .014 .030 5.56
13 .021 112 ;. .015 .099 5.67
14 .023 L1325 .015 106 5.66
A 1 .026 | <136 017 2113 5.73
16 | 028 , . 149 _.018" 120 | 5.81
17 .030 .162 .019 .129 5.82
18 .038 .174 .020 .136 5.88
Y .0430 . 200 .022 .154 5.90
20 ,042 . 226 .025 . 169 . 6.02
21 .046 <254 .028 .190 5.88
. 22 .052 .281 .032 .210 5.70 .
; 23 - .058 - .34 .036 ©.226 5.82
: 24 .062 <333 ©.038 .244 5.45
25 .068 . 357 .042 <267 5.43
26 _ .075 .382 . 044 . .286 5.35
27 .083 .407 .048 .311 5.50
28 .090 .430; .050 331 5.47
29 .097 . 456 °.052 .354 5.45
30 .103 . 483 .055 376 5.45
3l <110 .51 .048 .401 5.37
\ 32 A1 .535 051 .418 4.98.
33 - .120 .562 .063 .435 4.98
34 W125 I .se7 .067 .442 5.43
35 L 131 .612 07 .450 5.95
38 .142 663 ©.077 478 -
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Rotation of RBeams at Mid=-span, Sections

i

BEAM #1. v BEAM #2 BEAN #3 | BERM #4 .
. . {aym = 8") (arm = 7,94")[ (axm = 8") ééém - 3,55"
Ioading | Total lower upper, |lowar upper lower wppoer Tower ‘ /
step, load side  side side  side side side side
[
| 0 0 0 0 0 0 0 0 0
1 .85 L001  .00) .002 . .00l .00l .002 .001
2 2.0 .002  .002 .003  .002 002,002 002
3 .90 ,003  .004 .004  .003 .003  .004° | .0DO3
4 3.81 .004 .005 .005  ..004 .004  .005 .004
5 4.55 *.006 .006 .007  .005 006 006 | ..005 ’
6 5.10 011 .0l L0111  .008 009 .009 | .006
7 .016  .015 016 013 | 013 .012 .008
8 5.31 .020 .019 L020 .07 J017. .0)6 .010
9 §.40 .025 (022 L0284 .ol .021  .020 .013
10 5.45 .029 .026 ] .028  .025 L025  .025 017
1 5.47 .036 ,031 .033. .030 .030  .030 .021
/ 12 5.56 .041  .032 L0377  .034 034 .034 .024
13 5.67 .046  .036 .041  .038 .039 .038- | .028
14 5.66 .050 .039 L046  ,042 L043  ,042 .029
15 5.73 L0584  .042 .050  .044 .048  .046 .034
16 5.81 .059 .046 | .085 .oqg .052 .050 037 |
. 17 5.82 .063  .050 .060 .05 .057 ..054 .04l
18 5.88 .068 1054 .064  .055 .062 .058 .044
19 5.90 077 .062 074,063 072 .067 .047
20 6.02 .087 .070 .083 .071 | .08l .Q75 .063
/ 21 5.88 .092 .079 .096  .080 .092 .083 .066
22 5.70 .092 .083 W107  .090 102,090 .072
23 5.82 .093 .086 L1220 | .14 (100 075
24 5.45 .093  .090 127 G112 123 0107 .078
25 5.43 .095  .093 W34 24 W32 .17 .084 |
26 |5.35 | .099 .102 | .045 .13 | .138 .128 | .091|
P 27 |5.50 .04 .110 | .15 .147 | .145 .140 | .094
28 5.47 L1099 .120 165 156 153,148 .097
- 7729 5.45 J11S .130 176  .165 162 .157 .099
; 30 5.45 W12 L1400 L186 174 {..17¢ (165 ,106
3 5.37 138 152 .196  .183 1790 0173 .093
] 322 J4.98 | .12 .61 | .20a .192 | .86 .179 | .087.
33 4.98 JA52 an .213  .200 194 186 .080
kY 5.43 .160  .180 .222  .209 .202 .194 .072
f 35  [5.45 <170 .10 | L2310 .21 (-2 .069
é
@ " | |
y {

‘
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SPECIMEN NO. 1

Calculated Rotational Angles ~

—~ N AN //"
’ > ‘ \ / . /
Walll Wall 2 Bean #4 Beam #2/{ Beam #2 | Beam #4
Step |Load |Sect.dist.74" | sect.dist.7i"
‘ from base from base r-
/ 0 o | 0.0 0.0 0.0 0.0 0.0 0.0 N
1 | .85 { .00011 .00022 .00025 00035 .00030 .00027
2 |2.00 ] .00020 .00039 .00050 00063 [00050 | .000S55
3 |2.%0 | .00033 "~ .00055 ,000875 .00088° | .000875 | .00082
. 4 [3.81 ] .00044 00077 ,+001125 .00113 .001125 | .00109 -
5 |4.55 | .00077 00110 ".00150 00151 .00150 | .00137 ‘
6 |5.10 | " .00160 00190 00275 .00249 .00225 | .00164
© 7 |5.25 | .00265 .00287 .00388 .00366 .00313 | .00219
8 |5.3 .00337 .00320 - ,00488 .00418 00412 00273
. 9 |5.40 .00414 .00380 .00588 .00567 .00513 | .00355 -
10" |5.45 .00492 .00436 <00687 00668 .00625 | .00464
11 }5.47 | .00%80 00507 ¢, | .00837° .00795 .00750 | .00574
12 |5.56 .00663 .00573 ’,00913 .00895 .00850 .00656
13 |5.67 ] .00734 . 00628 .01025 00995 .00963 .00765
. 14 |5.66 | .00817 .00667 .01110 01110 .01062 00792
15 {5.713 .00894 L00717 .0120 .01185 .01175 | .00929 |
16 |5.81 | .00977 .00760 0131 L0130 ' { .01275 | .01011
17 {S5.82 | .01060 .00816 .0141 .0141 L0139 \01120"
18 |5.88 | .01170 .00860 0153 .0150 .0150 | .01202
19 |S.90 | .0132 00970 L0174 L0173 .01735 01284
20 |6.02| .0l48 01070 0196 0195 |« .0195 .01721
¢ 21 |5.88 | .0l66 .0120 .0214 .0222 .0219 .01803
22 |5.70: .0184 0133 .0219 .0248 ,0240. 01967
23 |5.82 .0205 . .0144 .0224 .0281 .0268 .02049 {’/‘
24 |s.45 | .o28 ) .0155 .0229 .0301 .0287 02131 ¢
o " 25 }5.43 0235 .0170 0235 .0325 0312 02295
26 |5.35 | .0252 / .0182 0251 .0354 .03325 | .02486
27 [s.50) .0271 .0198 0267 .0382 .0356 .02568
28 |s5.47 ] .0287 .0210 .0286 .0405 .0376 .02850
29 |s.45] .0305 .° .0224 .0306 .0430 .0399 02705
30 |5.45 ] .0324° .0238 .0330 .0453 w0424 | .02896
31 |5.37| .0343 . <0248 .0358 | .0478 | .0440 ..02541
32 |4.98 ] .0388 .0254 1 0379 .0499 .0457 .02377
33 14.98 ) .0376 L0275 .0404 .0521 L0475 .02186
34 [4.83 .0393 02810 \0425 [/ .0543 v0495/ 01967

N
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‘ SPECIMEN NO. 2
' 1Load on Load Cells, Rubber and Shear Wall
- y ‘ !
Load Cell #1 1oad Cell #2 Ioad Coll #3 Load Call #4 :
north — south load on
Load { strain load ] strain side strain / side strain rubbar| sheoar / r
atep ] reading r\¢w reading load reading  load wall
0 0" 0 0 / 0 0 0 0 0 .0 N
1 108 .70 58 .36 64 .40 .0 0 .73 \
2 173 1.12 94 .6Q 39 .61 0 0 1.16 :
3 232 1.54 128 .82 137 .88 0 0. 1.62 j
4 326 2.2 180 1.16 189 1.21 8 .03 2,26
5 385 2.63 213 1.39 220 1.42 3 .03 2.69 |
6 446 3,05 247 1.61 \ 253 1.63 5 .06 3.08 © o
7 509 3.49 283 1.84 286 1.85 6 .06 3.53 N
8 . 616 4.23 343 2.23 341 2:20 16 .20 4.13 .
9 |/ 6m 4.62 375 2.45 369 2.39 16 .20 | 4.53 '
10 266 5.26 | . 426 2.79 416~ 2.70 .28 .35 5.03
11 815 5.60 452 2,95 "4l 2.85 38 .49 5,21
12 887 6.08 490  3.20 ''479 3.10 53 .68 5.51 g
13 980 , 6.70 543 3.53, 522 3.38 77 .98 5.83 :
14 1041 7.10 575 3.75 555 . 3.60 94 1.21 6.02 3
15 1085 7.40 598 3.89 580 - 3.7% 117 1.50 6.02 \
16 1125 7.65 617 4.02 601 3.89 135 1.72 6.06 «
17 |- a7 8.00 "644 4,20 629 4,08 | 182 1.93 6.21
18 1214 8.25 663 4.32 649 4.20 171 2.16 6.23
19 1249 © 8.50 681 4.43 668 4,32 190 2.40 6.22
20 1294 8.80 702 4.56 634 4.50 211 2,65 6.28
21 1348 9.17 730 4.75 79 4.87 234 2.93 6.37
22 1376 - 9.35 739 4.8Y 744 4.85 | 248 3.10 6.41
23 1446 | 9.81 79 5.10 782  5.10 278 \3.47 | 6.52
24 1506 | 10.20 809 5.30 812 5.29 308 ¢ 3.85 6.55
25 1566 10.58 834 5.48 839 5.45 333 4.12 6.64
26 1636 11.06. 874 5.7% 855 5.58 363 4.50 6.68
27 1696 11.41 899 5.89 906 §.89 393 4.85 6.75
28 1726+ 11,62 914 6.00 915 5.94 408 5.04 6.74'
29 1816 12.20 964 6.31 965’  6.27 | 453 5.60 6.79
30 1856 12.45 979 6.4) 980 6.35 488 s.oo/ 6.60
3l 1911 ' 12.82 1014 6.66 1015 €.60 518 6.47 6.57
32 1946 13.08 1029 6.75 1025 6.65 538 6.60 6.63
33 1986 13.32 1044 6.85_] 1050 = 6.82 568 6.95 6.55
34 2066 13.82 1084 7.11 1080 7.02 €08 7.42 6.56
35 2111 14.11 1109 | 7.27 1115 7.25 632 7.7 6.61
36 2176 14.51 1139 7.47 1145 7.45 668 8.13 6.59
37 2221 14.80 1159 7.60 1165 7.59 698 8.49 6.51
38 2306 15.33 1204 7.91 1205 ~ 7.85 738 8.98 6.57
a9 2361 15.66 1231 8.08 1235 8.05 778 9.45 | 6.44
40 2366 © 15.7 1234 8.10 .1230 8.03_ 841 10.18 5.74
4 2446 16.21 1269 8,32 1250 8.15 863 10.46 5.89
42 8986 1289 8.46 255 8.20 913 11.05 5.40
.43 7166 1354 e.ag 350 8.82 1018 12.26 5.25
4 7356 1419 9.3 14i0  9.22 | 1068 ,12.85| 5.47 %
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SPECIMEN NO. 2

gatarhl Deflection

# *
/.. \
B 4th storey 3rd storoy 2nd stoxey 1st storey
Loading | Total deflaction daflaction deflection daflection
step load dial gauge dial gauje dial gauge dial gauge
J ‘ reading© reading reading reading
0 0 0~ 0 0 0
1 .73 L0163 _o.on .007 .003
2 - 1.16 .032 .022 014 .006
3 1.62 L0850 ' .035 021 .008
4 2.26 066 .047 .028 L012
5 2.69 .080 .057 .033 .014
6 3.08 .08% .064 .038 018
7 3.53 .108 .078 .047 ,018
-8 4.13 .136 +100 .062 .026
9- 4.53 .183 114 071 .031
10 5.03 . 182 136 . .086 * .040
11 5.21 .215 <153 .098 .046
12 5.51 . 240 .180 119 56
13 5.83 .303 225 150 .075
14 6.02 L3857 .263 176 .089
15 6.02 .413 .301 204 .10%
16 6.06 477 .356 \234 .122
17 6.21 517 .394 259 135
18 6.23 .58 .438 .284 149
19 6.23 .642 .483 313 .163
20 6.28 L7283 .547 .352 .183
21 6.37 .786 .603 . 385 £, 202
22 6.41 873" .662 .42 .222
23 6.54 .935 201 451 .238
24 6.5% 1.020 775 489 .258
25 6.64 1.100 , 835 .524 .276
26 6.68 1.181 L .B96/ .564 .297
27 6.75 1.268 .963 .605 .318
28 6.74 1.350 1.026 .643 .338
29 6.79 1.439 1.092, .684 .361
30 6.60 1.529 1.162 127 . 384
"3l 6.57 "1.620 - 1.232 7 .407
32 6.63 1.701 1.295 .80% 428
| 33 6.55 1.799 1.370 .855 .451
34 6.56 1.883 1.45% .895 472
35 6.6 1.972 1.504 .937 494
36 6.59 2.055 1.568 977 .514
37 6.51 2,256 1.644 1.024 +539
38 6.57 2.244 1.2 1.066 .561
39 6.44 2,358 1.798 1.120 .590
40 5.94 2,431 1.904 1.187 .626
4l 5.89 2.592 1.982 1.237 .651
42 5.40 2.747 2.099 1.207 704
43 5.25 2.964 2.276 1.439 .782 -
/ [
¥
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"SPRCIMEN RO. 2

{

e

r~§~ Dial Gauges Readings of Walls
1. ’ e
( ) , Rotation of Section Distance 74" from base I
Lo Load WALl b WALL 2
1.0ad | on Compi| Ang. | Ten- ang. | Angle Conmp. Ang. Ten+ | Ang. Angle
-3ing | spect | side strain |[sion | strain |of rota- side strain ] sion| strain jof ro-
atep -monl {in.) sida’ tion {in,) side tation
N -
0 0 0s . Q 4 0 o]
1 .73 <001 | .000133 0 0 .0000373 001 | .000133 |.0011.000133 |.00011
2 1.16 '].002 ].000267 |.001 {.000133 .000; 2 003 L000400 | .003 {.000267 | .00023
3 (162 .003 |.000400 |.002 |.000267 |.00028674 . 003 000400 | .003:1.000400 L 00033
4 |2.26 .004 | .000533 {.003 |.000400 {.0004014 | .004 LO00533 | .009 [.001200 §.0007«
5 2.69 .004 |.000533 | .005 |.000667 |.0005161 . 004 .000833 | .00 {.001333°{.00080C
6 13.08 005 | .000667 | . Q0% | .000800 | .0006308 . 005 000667 | .011 [L001467 | .000%2
7 3.53 TBDG\ .000800 | .008 |.001067 }.0008029 . 006 .000800 {.012 [.0026800 }.00)102
8 (4.13 <007 ].000933 |{.012 |.001600 |.0010896 006 | .000800 |.014{.001867 |.0011%
9 {4.53 |.009{.001200 {.014 |.001867 {.001319 .007 | .000933 |.016[.002133 |.0013x .
10 |5.03 .010 1 .001333 | .019°|.062533 |.001663 | <007 { .000933 {.019].002533 |.00140 "
AR 5.21 +011 | .001467 | .023 |.003067 |.001950 ~ 007 000933 | .029 ].003867 | .00207
12 }5.51 013 §1.002733 §.031 },004133 {.002581 <007 .000933 §..035}.004667 |.00241
13 5.83 016 §|.002133 | .043 |.005733 |.003384 L0068} .000800 | .053{.007067 |.0033¢
14 6.03 .018 | . 002400 \ .051 |.006800 |.003%57 .006'| .000800 | .062.008267 |.0039
15 {6.02 .020 | .002667 | +067 |.008933 |.004989 .000 | .000000 |.088}.011733 {.00506
16 (6.06 023 |.003067 |.081 |.010800 |.005964 -.012 |-.001800 |.216].028800 {.0117x
17 |6.21 026 | .003467 | .093 {.012400 |.006824 -.018 | ~.002400 | .231 |.030800 |.0l122%
18 | 6.23 .028 {.003733 %105 |.0)14000 | .007627 -,019 |-.002533 ].235].031333 [.01243!
19 6.22 .031 1.004133 }.120 {.016000 |.008659 -.019 | ~.002533 ].241}].032133 }.01277
20 |6.28 .035 [ .004667 |.140 {.018687 .010036\\ -.017 |-.002267 |.246].032800 |.01318
21 {6.37 .038 ].005067 | .160 |.021333 |.011355 =-,.015 | -.002000 ].250}.033333 {.01362
22 6.41 .042 | .005600 | .179 {.023867 |.012674 -.013 {=-.001733 [.27) |.036133 |.01484
23 6.54 .045 | .006000 | .196 §.026133 | .01382) -.011 {-.001467 |.284].037867 |.01571
24 |6.55 .049 | . 006533 | .218 |.029067 | .015312 -.006 | -.000800 | .296].038467 |.01663
25 16.64 053 {1.007067 | .238 |.031733 |.016688 -.003 |-.000400 | .308 ]|.0410867 {OLVSS
26 |6.68 .057 |.007600 {.258 |.034400 |.018065 . 000 .000000 |.319},042533 01836
27 6.75 . 061 .008*%3 281 1.037467 |.019613 . 002 .000267 {.335].044667 (.01939
28 6.4 .066 | .008800.4". 300 {.040000 | .020989%9 <004 .000533 | .343 ].045733 |.01997
29 {6.79 <071 {.009467 |.324 |.043200 .022652 . 007 ,000933 ] .355(.047333 ].02083
30 |6.60 .075 | .010000 | .348 |.046400 | .024258 .008 | .001067 |.383].051067 |.02250
- 31 |6.57 080 | .010667 | .37)1 |.049467 |.025864 L011 | .001467 | .403{.053783 |.02362
32 |6.63 084 | .011200 {.393 |.052400 | .027355 L013 | .001733 [.419/.055867 }.02486
33 _|6.55 .089 418 | .055733 §.029075 . 017 .002267 | .430(.057383 }.02572
34 6.56 .084 .441 | .058800.].030681 019 «002533 | .,440{.058667 |.02641
35 6.6l ,%%9 .463 |.061733 |.032229 022 .002933 | .454|.060533 }.0273%
36 |6.59 <04 484 | .064533 | .033720 <025 .003333 | .474].063200 |.,02871
37 16.51 +110 .488 | .065087 | .034894 / J026 | 003487 | .490 |.065333 |.0296%
38 }6.57 <116 «534 | .071200 | .037276 .027 | .003600 | .5031.067067 |.03050
39 [6.44 <123 <563 {.075067 {.039341 w032 | .004287 |.520(.069333 {.03077
40 5.4 .130 <607 .080933 ﬁ042265 +041 | .005467 | .5381{.071733 |.03332
41 }5.89 <136 +533 ]1.084400 |.044100 048 .006400 | .552].073600 |.03353.
42 5.40 <149 / .666 | .088800 | .046738 .0862 .008267 | .5711.076133 |.03643
43 }15.25 <173 <701 |.0934867 | .050122 072 .009600 | .609[.081200 |.0391%
\ N
. /
-
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SPECIMEN NO. "2

Rotation of Baams at Mid-span Sactions

kY
i

Beam #1 Beam #2 , Boam #3 Beam #4 !
(lowast) -
loading Load lower upper lowar uppar lower wppey lowey |
stap applied side side side side sida sida side
C 0 0 0 0 0 0 0 0 0
1 .73 .00 . 001 .001 y001 .001 .00 .000
Lo 2- 1.16 ,003 .002 .001 .002 .002 .002 .00
3 1.62 003 © .002 .002 .003 003 .003 .001
4  2.26 .004 .003 .003 .004 .004 .004 .002
5 2.69 005 .04 | .003  .004 | .005  .004 | .002
6 3.08 .006 .005 .004 .005 .0Q5 .005 .003
7 3.53 .007 .006 .0D% .005 .006 .006 .003
8 4.13 .008 .007 ,006 .006 .007 .006 .004"
9 4.53 .009 .008 .007 .007 .008 .007 .004
10 5.03 011N L010 .008 , .008 .009 .008 .005
/ 11 5.21 .013 011 .003 008 { .00 /‘010 005
12 © 5,51 .016 .013 .00 .01l .012 .011 .006
13" 5.83 020 .018 014, .015 .015 .013 .009
14 6.02 .023 .021 |]..018 .019 .017  .018°] .ol
15 6,02 .025 024 .022 .02l .022 .021 .013
16 €. 6 .032 .026 [~.023 .023 024 .023 ,014
17 6.21 .033 .028 .025 .025 | . .026 .025 .016
18 6.23 ..036 .030 .029 .029 .030 .029 .0186
19 . 6.22 .04 .036 .035 .034 .035 033 .022
20 6.28 .057 .043 .042 .041 .042 .039 .027
21 6.37 .055 .049 .049 .047 .051 .047 ,032
\ 22 €.4) 061 .054 .085 .053 .055 .053 037
23 6.54 .066 .058 . 060 .058 .059 .058 .040
24 6.55 075 .063 |} .065 .064 .085 .063 .044
25 6.64 .077 .068 .072 .063 .07 .069 .052
26 6.68 .084 074 | .078 .075 .078 .076 .053
27 6.75 .091 .081 .086 .083 .087 .084 .06l
28 ¢ 6.74 .098 ~, .087 .094 .089 .092 .092 .064
29 6.79 . .094 .102 .098 .103 .100 .070
~ 30 6.60 .xg:@% .100 .109 .105 .110 .108 075
31 6.57 .123 .108 L119 Ja3 [booe 17 .081
\ 32 6.63 11131 L118 .128 L1221 \.118 W127 .087
(33 6.55 .139 J123 .138 .132 .138 .138 .093
34 6.5 .148 J123 <149 <142 .148 +148 098
35 6,61 .156 .132 .159 LI .158 .157 .104)
36 6.59 167 139 .168 .159 167 .165 <110
37 6.51 176 2147 .179 .169 .178 176 117
! kY:} 6.57 J186- (156 | .189 179 .188 .186 .123:
39 6.44 .201 .165 .202 .192 L201°  .199 132
- 4D 5.74 .222 176 .219 .208 .219 215 | .14
@ a s.89 | 235 .92 | .232  .220 |'.232  .227 [ ..152
, 42 5.40 .252 .202° | .250 .226 .251 .244 .165
43 5.25 .269 <216 274 277 .285 .262 W175
/ b
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SPECIMEN NO.

2

Calculated- Rotational Angles (Radians)

v

[}

Total

Loading Roam #1 Roam #2 Boam #3 Beam #4
stap load {lowest)
0 0o 0.00000 0.00000 - / 0.00000 0.00000
1 .73 .00025 .00025 . 00025 .00000
2 116 .00062 .00038 . 00050 .00027
3 1.62 .00062 .00063 00075 .00027
4 2,26 .00087 .00088 . 00200 .00055
5 2.69 .00112 .00088 .00112 00055
6 3.08 00137 .00113 . 00125 .00082
7 3.53 .00162 .00125 .00150 . 00082
8 - 4,13 .00187 .0015) .00162 .00109
9 4.53 00212 .00176 .00187 00109
10 5.03 00262 .00202 .00212 00137
1 5,21 .00300 .00227 00250 .00137
12 5.51 00362 .00265 .00275 .00164
13 5.83 .00475 .00363 .00350 . 00246
14 6.02 00550 .00466 . 00463 .00300
15 6.02 .00613 5 . 00542 00537 .00355.
16 6.06 .00725 .. 00579 .00587. .00382
17 6.21 .00762 .00630 .00637 00437
18 6.23 .00825 .00731 .00737 7 .00492
19 6.22 .00963 . 00869 .00B50 .00601
20 6. 8 .01250 .01047 .01013 .00738
21 €.37 .01300 .01209 .01225 .00874
22 6,41 01440 01360 .01350 .01011
23 6,53 .01550 01486 .01363 .01093
24 6.55 .01730 .01625 . 01600 .01202
25 6.64 .01813 .01776 .01750 .01428
26 6.68 .01975 .01928 .01925 .01448
27 6.75 .02150 .02129 .02137 .01667
28 6.74 02313 .02305 .02325 .01749
29 6.79 o »02500 .02520 .02537 ,01913
30 6.60 ~.02680 ,-02696 .02725 .02049
3t 6.57 .02890 .02928 .02950 .02213
32 6.63 .03080 .03137 03188 - 02377
33 6.55 .03280 .03402 .03450 .02541
34 6.56 .03398 . 03666 .03700 .02677
35 6.61 .03600 .03905 .03938, 02841
36 6.59 03738 4119 _.04150 .03005
37 6.51 .04038 .04384 .04425 .03196
) 6.57. .04275 .04636 .04675 .03360
39 6.44 04575 .04963 .05000 .03606
40 5.74 .04975 .05379 05425 ,03934
a1 5.89 05338 .05634 .05737 .04153
a2 5.40 .05675 .05996 .06187 .04508
43 5.25 06061 .0694) 06837 / .04781

FOBE
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; SPECINEN NO, 3 -
| Load on Load Ceils,‘ bzu\ and Shear wall | f
- : \ "
=T ioad Gell ¥1 Load Cell | #6 Load Cell #3 Toad Cell #4
. south north load load on
Load *«trnn load strain sEdé 4 strain side strain on sheax
step (reading reading  1pad reading load 17 reading rubber | wall
0 0 0 0 0 0 0 0 0 0
1 72 .49 ) 04 59 .39, 2 .02 Y
2 381 2.58 202 1432 168 1.12 ) .03 | 2.50
3 475 3.20 251 1.63 219 1.9 4 .03 3.13
4 593 3.97 313 2.0 279 1.89° s .03 | 3.93
5 765 5.15 399 2.61 364 2.45 | 6 .03 | s.08
6 923 6.22 479 3.15 ‘446 3.02 'S .03 | 6.17
7 939 |  6.32 502 3.3l 455  3.09 4 .03 | 6.33
8 966 | 6,50 | 505 3.33 470 3.20 8 06 | 6.46
9 997 6.72 521  3.44 a85  3.29 15 .4 | 659
10 {39 7.0 | sa3  3.60 507 3.44 68 5 | 6.28
11 |uses 802 | 625 4.0 583 3.9 | 21 2.46 | 5.59
12
13 |97 swo09 | e 47 589  4.00 | 264 3.10 | s5.03
14 1324 8.94 697  4.60 650 4.4 268 3.5 | s.83
15 1360 9.20 719 4.75 670  4.54 | 390 4.60 | .65
16 | [is18  10.26 807  5.33 748 5.09 486 5.75 | 4.%59
17 1640  11.09 873  5.76 | _ 810. 5.50 568 6.72 | 4.56 |
18 1634 11.06 | 87 5.80 802  5.45 645 7.65 |, 3.51(?f
19 1649 11.14 88¢  5.84 807  5.48 690 -  8.17 3.oe(§
20 1819  12.28 979  6.45 897  6.09 760 . 9.00 | 3.4 1‘
21 1889  12.75 | 1019  &.72 932 6.3l 795 9.40 | 3.49
22 2074 14.00 | 1114 7.35 1022 6.90 855 10.12 | 4.02
23 2319,  15.65 | 1249  8.25 | 152 7.76 930 11.01 | 6.82
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|- SPECTMEN NO. 3 \
. / : Latoral Daeflaction '
() | / :”
' “ Tnd T : i
: L°:€i;9 o softection | aeflecuien | defieccion |aefleceion 1
(in.) in.) (in.) (in.) y
: 0 0 0 0 o "o - 3
1 .4 .01 .005 l.002 .601 §
d 2 .| 2.50 .083 _.089 .033 013 g
S 3 p 3.3 ] .aes .085 .049 .022
3 3.93 178 .105 ’; .061 .031 :
5 /5,08 232 +158 " .085 039 y
6 6.17% 310 +207 1S 1,045
7 6.33 ©.403 279 .159 .068
8 | .46 .513 .350 \.:ov 094
! 3 6.59 . .593 417 1240 .107 i
10 6.28 .689 .480 .97 129 E
‘1 5.59 .810 .579 .336. L1857 :
12 - .895 .541 .375 a7 ,
13 _5.03 1.000 “717 .420 . 200
14 - 1.110 .798 479 .227 g
. 15 4.65 1.219 .879 .521 .257 ;
16 4:59 1.414 1,021 .608 .294
17 .56 1.599 1.164 1697 .342
/ 18 3.51 1.850 1.342 .805 .344
19 3.06 2,008 ' 1.458 875 429
20 3.41 2.222 1.616 .970 a7 f
N 21 3.49 2.453 1.1 " 104z .507//
22 4.01 2.570 1.871 1.127 .557 |
23 482 3.210 '2.279 1.320 .654.
. . .
,
o . ,




Rotation of Section

SPECIMEN NO. 3

Dial Gauges Readings of Walls

o

[

T YT £

W

5§" from Base
WALL WALL 2
Load | Ten-
Loading on Comp . Ang. aAng. Comp. aAng. sion ang.
step speci- side strain strain side strain |side strain
men (in.} (in.) {in.)

0 0 0 . 0 0 0 0 0 0

1 .44 , O 0 0 o) 0 0 0

2 *2.50 .001 | .000174 .000696/ -.002 {.000348 | -.005 . 000870

3 3.13 .001°f .000174 .000348 -.005 |.000870 |--007 .001217

4 3.93 .001 | .000174 .000087 -.008 |.001391 |~-.010 .00173%

5 5.08 .002 | .000378 .| - .001217 -.017 |.002957 [-.014 .002434

6 6.17 .007 7.001274 .003478 -.037 .006435‘ -.022 .003826

7 6.33 .011 | .001913 |- .007478 | -.067 ;.011652 |-.063 .010957

8 6.46 " .016 | .002783 |- .012000 " -.104 |{.018087 —.llé .020696

9 6.59 / .020 | .003478 | - .015652 -.134 |.023304 |-.162 .028174
10 6.28 .024 | .004174 .019826 -.164 | .028522 }-.201 .034957
l& 5.59 .030 { .005217 .02543 -.205 | .035652 | -.240 .04173%
12 - .035 .606087 .0286%96 -.235 |.040870 {-.293 .050957
13 5.03 .039 | .006783 .033391 -.271 | .047130 |-.324 .056348
14 = 045 | .007826 .038261 -.308 | .053565 ‘j-.355 .061913
15 4,65 .050 | .008696 .043130 ~.346 |.060174 |-.393 .068348
16 4.59 .059 | .010209 .051655 -.413 |.071826 | -.435 .075652
17 4.56 .069 | .01200 .066174 -.480 |.083478 |-.513 [.0B9217
18 3.51 .082 | .01426 .071652 | -.571 |.099304 |-.605 -105217
#9 3.06 .092 | .016000 .079130 f -.631 |.109739 |-.724 :125913
20 3.41 .099 [.012712 088696 | -.706 [1122783 |-.786 | .136696
21 3.49 .107 | .0}18609 .094434 -.766 |.133217 |-.88% 154087
22 \ 4.01 .117 | .020348 .104348 -.861 |.149739 |~-.891 .154957
23 4.82 .142 | .024696 .123478 |-1.011 }|.175583 }1.039 .180695

\
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SP;-:CIM.EN NO. 3

Rotation of Beams at Mid-span Sections

Beam #4 Beam #3 Beam #2
{lowest)

Ioading Load lover upper lower upper lower upper lower

step applied side side side side side side | - side
0 0 0 0 0 0 0 0 0o
1 .44 0 0 0 .000 0 0 0

2 2.50 .001 .001 | .0005 .001 |\ 001 .00l 0

3 3.13 .002 .001 | .001 .001 | .001 .00l 0

4 3.93 .0025 .00l | .001 .001/ .001  .001 0+
5 5.08 .004  .001 | .002 .002 | .0015 .0015 | .0005
6 6.17 .0055 .005 | .0025 .002 | .0D15 .0015 | .0005
7 6.33 .006 .006 | <003 .002 { .002 .002 .0005
8 6.46 .006  .006 |'.003  .002 | .002 .002 | .0005
5 6.59 .007 .006 | .003 ..002 | .002 .002 .0005
10 6.28 .007 .006 | .003 .002 | .002 .002 .0005
11 5.59 .007 .006 | .003 .002 | .002 .002° | .000S
12 7 .007 .0065| .003 | .002 | .002  .002 .0005
13 5.03 .007 — .0065| .003 .002 { .002 .002 .0005
14 - .007 .0065| .0035 .002 | .002 .002 .0005
15 4965 .0075 .005 | .0035 .002 | .002 .002 .0005
16 4.59 - .008 .005 | .004 .002 | .002 .002 | .0005
17 4.56 s .005 | .004 .002 | .002 .002 .0005
18 3.51 .008 .005 | .004 .002 | .002 001 .001
19 3.06 .007 .005 | .004 .002 | .002 .001 .001
20 3.41 /| .007  .005 | .004  .002 | .002 QO | .001
21 3.49 .007 .006 | .004 .002 | .002 .001 | 001
22 4.01 .007 .005 | .004 .002 { .002° .00l .001
23 a.82 - | .007 .005 |°.004 .002 | .002 .00l .001

. v
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SPECIMEN NO. 3

Calculated Rotationgl Angles of Beams

N\

i.oa?iing i;;: ed Bedm #4 Beam #3 }Beam #2 Beam #1
step load
0 0 0 0 0 0
1 <44 0 / 0 0 \ 0
2 2750 .000193 .000195 .000193 0
3 3.13 .000289 -000193 .000193 0
4 3.93 .000337 .000193 .000193 0
5 5.08 .650482 .000386 .000289 .000096
6 6.17 .001012 .000434 .000289 : | .000096 -
7 6.33 .001157 .000482 .000386 .000096
8 6.46 .001157 .000482 .000386 . 000096
9 6.59 .001253 .000482 .000386 .000096
10 6.28 .001253 .000482 .000386 .000096
11 5.59 .001253 .000482 .000386 .000096 !
12 - .001301 ls‘.000482 1.000386 .000096
13 5.03 .001301 | .000482 .000386, .000096
13 - .001301 .000530 .000386 L000096
15 4.65 .001205 .000530 .000386 .000096
L6 " 4.59 .001253 .000578 .000386 .000096
17 4.56 .001253 .000578 .000386 .000096
18 3.5 .001253 .000578 .000289 -000193
19 3.06 . -001157 .000587 .000%89 .000193
j ,
20 3.41 | ~001157 .000578 1.000289 .000193
21 3.49 .001253 .000578 .000289 .000193
22 4:01 .001157 .000578 .000289 . 0
23 4.82 .001157 .000578 .000289 0
K !
\ = ey )
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