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1. INTRODUCTION 

• • 
1.1 Introduction 

, .. t t 

ln many tall buildings shear walls are col'\structéd to 

pl'ovid(') il major ra,rt of the requil."Qd stl.'Onqth and stiffnass for lataral 

loading rosultil~9 from ~rnvity. wind ~u,d earthquake effQcts.· ·recen~~y, 
., 

other structural systems such as framos, tubes. and tUbes within tubQS 

haw a1so satisfactorily met thQ strength requirement and drift 

limitations of hi91~risé-buildin9s, It is usually up to the designer 

to seloct the basic structural system to suit ~he height and functions 

of the building and thQ preferablo mode t deformation. However, up 

~ 

to a certain height, shear wall structures are ~Q most economical and' 
i 

the most effective system in resi$ting lateral f6rces. Shear ~alls 
'\ 

are n6t only required for strength and stiffness requircments in 
\ 

\ buildings t bU~ ,alSo for oth~ human and functional requirements \such 

as core walls for olevator shafts r stairwells and separation walls in 

apartment buildings. 

Window~f'doors and servi~ ducts rêquire that certain shear 
, 

walls be provided with openings. A rGgular position of openings 

causes rows of, connecting beams. Depending on the sizes of these 

corinecting beams and the relat~ve bearn-wall stiffnesses, the overall 

behaviour of a eouPled shear wall system ten?s to that of two separate 
• 1 

\ 

/ 
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/ ln addition to tbJ limit states for .t~tban<!_!l.~têêtion. 
the- ductility requir(Hnel'\t arisas for seismic design'.. In the pas.-t, 

many national building codGS have traated' ,sheal:' .walla as stiff and 

" , 

.', bl.'ittle clements not suitable fOl' structures in earthqul\ke prone l."egions • 
......... , ... '- f 1 

""'" ",,~o St;uctural Engineers 1 Association of CalifoXt~ia l definod a numorical , 

, J 

\. 
'l< 0 " 

ooe~(ic~nt K th~t reflècted tho properties of the materials, the type 
'\ ", --?" 

\ ... 

of const,:f<uction. 
, ~'\:~\/ 

-.:, 

the structùl..~ • .. 

di\l'l\piug f ductility and energy-absorption capacity of 

It sug9t!sted a K v~lue of ~~~ati.on of 
, ~ 

earthquake load"for box sy!!tems in which the lateral forces ara -resisted 
't"" . , . 

" 

by shear walls. 
1 

, moment resisting space frame resisting lateral ~~A,~-fiS 0.67 suggestlng 
.J 

that sufficient attention should ho paid to ductility of component 

eloments in the design of structural systems. 'l"h.:t ductility of a 
J • 

coupled shear wall system ls dependent on the ductl1ity of the coupling 

beams or slabs and that of the walls themselves. 

The fundamental behaviour of typical shear wall structures 

has been idrtifi~ in numerous studies f in which the t~chniques of 

elastio ~ls have bean QSed or suitobly modified tieVAluate internal 

load distribution, stresses and deformations. Howewr, at present 

~ -
only limited éxperimental data is available from which the ranqe of 

validi~ of such analysis, as çplieQ to concrete shear wall,s, 

oould he assessed. In the following part i_ntal work f models 
\ 

of'coupled shear walls are tested under monotonically incr&asing static . 
loads. t;oads are applied at floor levels using an ~r triangular 

1 

, \ 

\ 

1 
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, 
distribution~ Frr desi9n purposGs t this pattern of~ loading is' 

contfdored to- ba a static oqui valent ~f earthquako loa.ds in tho first 

modo of vibration,. 

1.2 s 

use of shear·wllls in ~ultistorey buildings 
• 

fosterèQ investigations into the basic behaviour of suell structures. 
1 

During the last deeade. numerous studies on elastic analysis 6f eoupled . , . / . 
shear wall structures ~ave bean earried out while very little e~ri-

mental work, was done to e)tMline the posb-eraeking behaviour of these 

structures. 

'l'he earl.1",er suceessful attel1\Pts to solve the eoupled shear ' ~ 

\ 
wall proble~ were due to Chitty\. Be~k3. and R:>sman 4 , who arsurned that 

the diserete system ,of c6nnectin9 beams or floor slabs may he replaeed 

by an equivùent eontinuous medium. \ 
By assuming that the cross beam 

. 
has a poi~t of oontraflexure At midspan t and does not deform -axially, 

5
the beh~viour of th~ system can ~e defi~ed by a'single s~cond-orier 

diffè ntial equation with a gëneral cl.osed ~m solution.' 1 

\ 

Later~ by QOnsidering separately the cantilever action of 

individ\,\al. ~wallst and eoaposite eantil.ever action of the two walls, 
• S 

Coull and Choudhurry presented ~man ~ s solution as graphieal eharts 

whic:h enable a rapid eval~ation of stnsses and defl.ections in eoupled 

abear walls for use in design offices • .. 
)' , 

,. / 

. , '\ \ ...... 
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, ' 



/ 

, 
~, 

.. '""" ............... _ .. __ ..... ,, "N ........ ~ ~ ... 

\ ' 

\ 
\ 

A oomp~~~nsive SGriêS of ~hotoG1astic investigations of 

Si1\91e storey walls ,containing Itroctangub.r openings and subj~t;:têd to 

7 a single racking load, has béen made by Kokinopoulos • 
\ \ 

CUrvos have 

been produced. showing the cffoct of ~OmGtry of the panel on its 

stiffness, and the maximum tel\sile stress induced. 

DiffQrcnt methods Rave been attémpted ta $olve arbit~ary 

systoms of shear walls acting in oonjunction w!th 'frames. 
~ , 

An early 

computer progra*, for analysis of multi-store~ frarned structures wu 

extended by Clough, King and WilsOl\ for three' dimel,sional structures. 

'Ibe pro-gram. \oI1hich used the stiffness Mthod of analysis, was designed 

to include flex.ura1 t shÜr and. ax.ial distortions of Ithe members i . 

hOo.ver. ~", floor\ $lobs we"" ,~~d.~d to "'. rigid.in their """ plane 

and theretore the' axial deformatl.Ol\ of the bQams \oI1as neglected. 

These effective co~uter programs for sOlvlng frame problems 
, -

paved the way to "the equivalent frame" method for 'analysing coupled 
\ 9 -

she~ wall. problems .. , Schwaighogher deve1Ç>ped a table for the 

equivalent section of the stiff-ended beams oonnecting the equivalent 

~, 
,{ column to the coupling be~. 

ll, 10 
t~ j 1 From the point of view of duc~ili,ty~ Allent Jaeger and Fenton 

t c~assified shear walls into three eategori_es: the shear-sh&llr wall, 

the moment-~ear wall, 31t\d the ductile mœ'I8nt-shear wall. 'l'he ductile 
,. 1 

lft01t\Qnt-shea~ val~ is- ess,entially an axially loaded flaxural tnell'ber 

having a IftiniaUll ductility factor of three. Zn en -analytical stu!i}t 
' .... ~I. ... , 

they noteli that ductility' of a' dUctile tioàërii-shear wall itu:re~ses with 
" ... 

- a decrease in axia.l l~d or vith an increase in the flange area-gross 

\ 

•• 
\ 

\ 
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wall cross-sectional area ratio, and it decreases with a decrease in 
" 

the concrete st~en9th, and remains relatively constant with changes 

in the main steel area. Suitable design techniques have been -
suggested to achieve ductile behaviour by co~sidering the following 

factors~ 
.1 

(a) Minimum tensj,ol'l steel to ensur~ a ''well-behaved'' moment-

curvature ~elationshiP: Besides theYvertical and horizontal temperature 
, . 

. Jfteel r~quireme~ts for a ~ll, the ductile-moment- shear wall must have 
f. 4 • 

concentrations of.:-reinforcing steel at each end 'of the wall, which 
Cf 

p \ ~ 

shou Id be tied as-the longitudinal reinforcing steel in a column. 

(b) Prevention of a p~emature shear failure pefore be~ding failure: 

, The wall should be designed for an incr~ased shear strength. 

(c) Development of full moment capacity of wall at,foundation: 

1 

Foundation should.be'designed for ultimate moment.capacity and adequate 1 

~~choring of the reinforcement. 

\ 
(d) Prevention of a premature bond failure of the ten$ion steel 

before ~ending failure. t 
(e) Construction joint detailP: Use of the 1971 ACI Code containing 

\ -
reinforçing steel r~irenents for shear friction was sU9gested. 

1 

(f) Decrease in ~he concrpte strE'ngth: To be certain· of the' design . 

ducti~ty and strength to he attained, it was recommended that the value 
( 

of concr~te strength used in the càlculations should be somewhat less 
il r . 

,than the spécified concrete strenqth. 

, 1 
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11 
Jaeger'et al. solved the problem of elastic multiple shear 

walls connected by a large number of horizontal beams sUbciected to 

lateral loads. A reasonably accurate ~ethod for analyzing three-
, , ) 

dimensional mUlttPl~ .shear wal,l buildings was extended to study the 

dynamic behaviour of the structures. 

Mir~a and Jaeger
l2 

studied the behaviour of two-storey cb~led t _ 

shear ~all slab structures usinJ small scale direct models. '!'wo series 

of 1/10 scale shear walls coupled with two levels of slabs, were constructed 
" 

and tes'ted. The study showed that shear walls behaved as individual' 
, 1 

deep beams and failure occurred in a shéar compression mode with a 
1 ( 

ductility factor (ratio of ultimate strain~o yield strain) ,of four and 

abo~e. The ~l size had a significant effect on the ultimate strength 
\ 

of the assernbly. with improved reinforcing details, the shear-
\ 

compression mode of failure can he 
o // 

either delayed or eliminated to ohtain 

) a 'more ductile flexural failure. 
1 

The value of Kwas determined to be 

the same at 0.67. 
" • 

o 13 \ 3 
In New Zealand, Paulay tested a number of '4 -scale relati vely / 

\ 

deep and short spandrel beams for cyclic, near u:ttimate, al ternating 
i 

static'loading. 
\ 

Rotations wer~ apPlieJ to 'the beams by means of ,end 

blocks which sirnulated' ~rts of coupled walls. 

"'..;:: across th~eams was reported. 
, f 

Diagonal cracking 
\ 

'-

- 14 
paulay later tested two one-quarter sc .. ~.te, seven storey 

reinforced concrete coupled shear wall rnodels. He used identical wall 
1 • 

J 1 .r-

relnforcement for the two models but varied the steel reinforcement i~ 
('. ~ 

the cOuP1inq bearns, one with'the conventional parallel reinforcement 

1 
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1 1 

(at top and bott<;>ltl) and the ,other with cross-rr:;inforcernent followinq 

the stress trajectories. The di stress in the con crete due to shear 

at the bearn-wall interface was found to be not as severe in the cross-
\ 

1 . ' 
reinforced beams as ih the conventionally reinforced beams with parallel 

, steel reinforcem~nt (top and bottom) • Oorresponding ductility factors 

" of four to twelve were estimatêd for both models. 

Recently, Mamet~G at McGill University, has extended the 

finite element program developed by Mehr9tra and MUfti17,for a complete 
1 

three-dimensional a~aIysis of tall buildings by considering floors as 

substructures. He accounted for the flexural and in-plane deformations 

of the elements which were assumed to be~ave linear elastically: This 

pro gram can be used for a largë variety'of usual buil6ing configurations 

comprising ( slabs, ~hear ",ails, columns, 

Openings in the wails and floors are t~en 

beams, diagonal braces, etc. 

int4 account, along with the 

effects of torsi~n, axial load and shear deformations. The mesh used 

in tilis programwas a.rectangular parallelepiped griù. Two o.riginal 

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 

with plane ~rames. 
, 

'lhe. finite element m~thod has been utilized and made more 
j 

t · lb' 1 20 . th t t' l' 'f th' . . l versa ~ e y w~ son w~ a s a .1.C ana yS1S program or ree-dunensl.onfl 

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

analysis facilitated the solution of shearwall struct~s for both , ( 

static and dy~amic loads. 
, \ 

1 

" : . 
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1.3 Scape of tlle Present Investigation 
1 

Though co\'\pled shear walls have been "used widely in high-rise 

buildings in earthq~ake prone regions and other areas, the understanding 

of their behaviour does not even come close to thilt of frame structures. 
") 

The interest in understandrng the behaviour of coupled shear wall systems 

has increased si~ificantly ove~ the past decade an,d a corresponding 

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

The initiative of the university of Southhamptori in organizing the first 

international symposium on~tall buildings and shear wall structures in 

1966
18 

was a high1ight in the efforts to promote knowledge in this field. 

Mo~ recently, two syrnposia held at the Buffalo and Dallas AC! convention~ 

in 1971 and 1972
19 

dealt with various aspe~ts of analysis and design of 

ta11 concrete buildings, .and clearly sbowed the need for mo~e research 

in Understanding the behaviour of shear wall structures in earthquake 

regions. 

New techniques of elastic analysis of coupled shear wall 
} 

systems have been developep to predict their behaviour. Most of these 

techniques can be modified to accommodate the plastification of certain 

parts of the struct~ie. However, they can har1lY cape ~i th the real 

structures where brittle behaviour of concrete due to i~ cracking 

.. characteristics violates ~ assumption of isotropy and th~t of plani 

sections remaining plane. 

There is ~ little e~rimental data on multistorey coupled 

shear walls subjecte,d to eartbquake loadings. \ Not IIlUch has been done 

. \ 

\ 
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/ 

1 

: ,:.. '- <. ",. ~ 
,...:....----------- '-,.' 1~' 

J t 
9 

on ~e 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 occupànts of the buildings not properly designed. Especially 

in high risk earthquake r~gions, a need for 5uch an understanding i5 

1 unquestionable. 

'This research program was developed with the purposes: 

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

structures; 

lb) to develop suitable te,chniques for model studies of the 

~behaviour of reinforced concrete coupled shear walls/' 

~ 

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

p+ogram at McGill University. In the subsequent chapters, different 

methods of co~led shear wall and reviewed. analysis are devel~d 
, ~ 

A photoelastic study was aiso reinforced concrete 

J 

carrie~ out before the 

\ model study to check the stress patterns and trajectories in these shear 1 
wall configurations. 

1 
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# II.. ME'l'HODS OF Jl.NALYSIS OF COUPLEO SHEAR WALLS 

2.1 Introduc,tion 

A few methods of ana1l'sis of shear wall structures have 
~ 

appeared in the technical literature d4l"ing the past several years .. 

Most of the analysis methods have involved some forms of idealization . 

or equivalence of aIl or part of the st~ucture for purposes of simpli-

fication. 

Ta determine the internal forces and moments in th~ v~ious 

elements of a snear wall structure, certain idealizations need to'ie 

:' introduced. All methods of analysis whi~ ~ill be discuss~d in the 

following sections are based on the as't'U1tlption that :'the material is 

(a) homogèneous, (h) isotropie, and (c) linear elastic. From the 

design~r's point of view, the IOC>s~ import,ant methods of analysis are: 

(1) The Lamina 'Method4, 

(2) The EqÜivalent Frame Method9 

(3) The Finite Element Method20 

{4) The Photoelas~ic Analysis 
21 

(5) Model Analysis22 

ï 
f.t)st of "the basic understanding of sh~ar walls. hac:; beert 

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

4 3 5 -of Rqsman • Beek , and COull .. :r~ w~ recognized that the deformation 

. , 

. , 
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\t' contrÙ~ut.io~s due te bendin'g and shear in the 

c} l' 
- '1 

oonne~ting beams. and 
" 

due te bending and axial lead in the walls# are significant and have 

been incorpQrated in this analy~is of high-rise buildings. Presently 

the Lamina theory is used in d1sign offices for analysis of building 

structures with regular shear wa~l c6nfigurations for which design aids 

are av~ilable. 
:,0 

The versatile "Equivalent Frame Meth'od" has'become very 

,popular due to ~e ease with which it can be ,combined with the analysis 
i 

- " of the "framè" part of the structure. The basic concept ~s the replace-

ment of a given shear wall by a frame whi~",behaves in the same manner 

as je gi ven shear walL' 

cross-sectional properties of the v~rious' elements of\the frame. 

This is aqhieved by suitably selecting the 

The 

'methOd ~f an'alysis' is ba~~CallY the same as that for frame analysis and 

can be casily solved with the help of a larqe comp~t.~r. 

In recen~years the Finite Element Method has been used 

23 
successful~y for the analysis of shear wall and shear wall-frame problems. 

This method has proved te be reasonably accurate and advantageous in mest 

of the cases. Different plane 'Stress programs can he used with a wide 

choice of finite elements and the accuracy depends on the mesh used. 
\ 

A finer mesh would be 'more accu rate though'it can result in a hi~her cost 

due\to the increased computer time involved. 
\ 
\ 

The photoelastic method is use fuI in 

trajectories and in th,e location of regions of 

illustratiOj of the stress 

stress concentration. - ... 

However, jhiS method is limited in its application -te linear elastic 

systems. , 

J 

1 
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2.2 E1astic Methods lof Analys is 

~ 1 
2.2.1 The La~ina Analysis 

(a) ,Developrnent of the Me thod -------------------------
The fo11owing deriv~tion of the elastic lamina analysi, is 

1 

largely based on the Beck-Rosman appfoach. Besides the assumption of 
. 

mate rial behaviour already stated in section 2.1, the lamina, )malysis 

makes the following further assumptions: 

/ 

c 

(1) AlI openings are of the same size. 

(2) The sectional properties of the ",alls do not vary with the 

height of the structure. 

",,' 

(3) The sectional properties of all coupling beams are the same, 

with the possible exception of the uppennost couplinq beam 

which can have half the stiffness of the coupling beams at 
\ 

the lower leveis. 

(4) ~e axial deformations of the coupling beams are neglected. 

... 
(5) The shear deformations of the walls are neglectèd. 

1 
• 1 

(6) Each of the cou,pli!ng beams has a point of contraflexure at 

its midspan. 

(7) 'the externai Iaterai load can be.expressed. as a continuous 

function of the distance x, which is measured from the top of 

'the, structure (Fig. 2.1) .'.;....,,,. .... : 
<0. ...... -

9, 

\ 

1 
J, 

1 

.. 

1 

1 

1 

" 

~ : " 
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The properties of the substitute connecting 

dx are selected in such a way that 

Area of the laiân) = ~ dx 
h 

Second moment of area of the lamina. = 
l 
....e..dx 

h 

length. 

where A and l are the cross-sectional area and the second moment of 
p p 

are a respectively, of the discrete beams. 

~he actions, such as shear force and axial force, are similarly 

replaced by a continuous distribution, referred to as "lamina shear", or 

"shear flow", in terms of force par un\t length, an4 "separation ';~ce". 
/1 _ 

~--

It has been assumed that the points of contra flexure are 

located at the bearn midspans. r ~~(na shear and sepax:ation 

forces are taken as poS{tive wh~ acting in the direction shawn, in 

Fig- 2.2.b. 

If W = th~ total extemal Iateral load 

v = the total extex:nal shear at any IiI -

the total 'extemal' cantilever moment at any level 
'," 

"< (a continuo us function of x) 

Il.12 = the second lroments of areas of walls l and 2 respectively 

l . = the SUIn of the second moments of area of walls l and 2 

1 
{ . 

then, the basic relationships 'between the distrihuted forces between 

the aro walls are: 

\ 

\ 
1 

\ 

,.1 

\ . 

,.., 
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Il 12 
Wl "" -w and W2 ... -w (2.1) 

l l 
.14-

Il 12 
Vl 0 = -v and V2 0 "'" -v (2.2) , l , l 

Since \.he axial defo~tions in the coupling beams are 
ft _ 

ass\Ul\ed to be negllgl.ble, the deflections of the cantilever walls are 1 
\ 

the SaIne at evexy level. . . Bence, the moment Mo is distributed to 

each wall in proportion to its flexural 'rigidity: 

(2.3) 

1 
From ~ilibrium of a given segment of each wall, the axial 

1 

force Tl (x) or T2(x) ~s equal ta the(resultant of the laminar shear: 

X 

e 1 q(x)dx -, T(X) 
o 

(2.4) 

The final moments Ml and M2 in the walls can be calculated 

from the extenlal lOOment and the axial ~ot>ce by: 

! 

, , 
, 

. \ 

(Ml 0 -, l.T(X) }. 

? 

(2.Sa) ,-

(2.Sb) 

1/ 

j 

f 
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1 
vhere 1 is the distan'ce tro1l\ the neutral axi.s of wall l to the 

neutral axis of wall 2. 

Shear forces in the walls can be determined as the dffference 

between distributed shear and shear force generated by the separation 

force in the - lamina: / \ 

VI =IVI,O - ~' (2.6a) 
j 

,;;. ... 

~ V2 = V2 0 - 'Ip (2.6b) , 
\ 

Determination of the separaticm force "p is discussed later. 

In deriving the basic differential equation for this method, 
1 \ , 

, ' , • • • \ 0 

the lamina i5 con5idered eut at its llIid-length.', The displacements and 

aètion~ at the eut emls of the lataina are caused by the bending and 

axial defc;>xmations of the walls, and bending ~d shear de format ions of 

the latnina itself. ~e displa~nt dUT to flexural deformations of 

the valls is (Fig. 2.4a): 

r Modx 
x 

1. 
El 

(2.7) d 
m, = \ 

The displacement duel to axial defor.œationsaof the walls 
\ 

) i5 (Fig.~. 4b) : 

(2. al) 

1 1 \ 

1 • 

_2 ~&i&lb 2~ E ~;wAi lC ... 2UAii .. i 
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where 
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18 

'lbe displaeement of the lamina due to flexural deformations 

d = f 
(2.9) 

The displaeement of the ~amina due to shear deformat~ons 
1 

d = Fhs CJ(x) 
s GA 

F =: the shape factor and is 1.2 

G =:'the modulus of rigidity. 

e 
From the four diaqrams shown in 

o Il 

1 
(2.10) 

for rectanqulrr section. 

" 
Fig. 2.4, it is evident that 

the compatibility at the eut of the lamina is satisfied when 

d 
m 

da - df - as = 0 

l 

\ Dy substituting appropriate terms from Equations (2.7), 

(2 .. 8) , (2.9),· (2.10): 

(2.11) 

1 
\ --, 

-_1., lB" 1
2 r 1 1 1 r hs 3 

- Hodx - - T(x) dx - -(- + - ) T(x)dx - 12EI q (x) = 0 
El x ~ x E Al A2 x \ 

J (2.12) 
1 

\ 

-- .... -
\1 

J 
1 ,, __ • ~ ,..-, . / 

. \ 
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J 

1 

-The integration constants can be found from the boundary 

condi tions and the moment function. Mo • 

The moment and shear force generated by the separation forces 

of the lamina can be determined from the axial force in the walls using 

the following relationships: 

l 

1 = 

T{x) 

c d\l'Oc) 
dx = 

CT{x) (2.19) 

~ 
(2.20~; c.q(x) 

\ 

) 

'lbe integration constants ~e found from the following two ...... 

conditions: 

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

'T(x) = 0 when x = 0 

(ii) if the wall is fixed at its base 

q(x) 

\ 

= dT(x) = 
dx 

1. 

.. 

o wen 

1 

x = U' / 

! 

l , 
• 1 

1 -

." . 

" ~ < 
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/ 
Letting a = aH, one obtainj the following expressions: 

where 

A = T (0) 
p 

tanh6 

B = - T (0) 

~ 

l 
acoshB 

1· 

1 
dTp (x) 

dx 
(2.21) 1 

(2.22) 

T (0) 
p 

= the value of particular ~ntegral when x is zero. 

\ 1 
1 

(c) !!!~_~~~è!_t.c..!~ 

1 ~ 1-
The moment intensity for an upper trianqul~ distributed load 

is expressed as 

1 

in which 

\ and 

1 
M=WH(e o 

~3 
-) 
3 

W ::: the total triangular load 

I~ = x 
H 

.. 

(2.23) 

q 

(0 < ( < 1) 

"1 
For this load, only the first two terms of the particular 

1 

1 

integral are non-zero, which inv01ve the zero and second order ~fferentials. 

~erefore . 

. ~ t2
-

~3 2 
T (t) = l --~(l () ) p B 3 B 

(2.24) 

>'< l , 
\ 

.' ,J 

1 .\ 1 .. 
J '. ,1 

''-'' 
? 

1 

1 

1 

1 
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\ 
and 

Tp(O) = 2~3 f3 
(2.25) 

d~(O) = - 2-ywH2 

64 (2.26) 

and -1 
dT.e (H) ~ ( l 

2 

T 
- 6,2 ) dx 62 (2.27) 

1 

For design purposes~ the equi~alent se'ismic load includes 

J j also a point load at the top of the structure. Therefor~, the addi tional , " 

1/ JI 
moment is 

1 M = PHl; (2.28) 
0 

Hence: \ 
- 1 

Tp (l;) 
JPH3 

and 
dT (0) ./, ~ = 

yPH2 
(2.29) r = 82 t dx 1 <lx 62 

The solution for the tri;/mgularly distributed load and a 

point load is obtained by substituting the appropriate values of the 

sum of the above two ~oad, cases into the integration constants of 
/ 
1 

,Eqs. (2.21) and (2.22). TheSe values "are then substituted into the 

equation of the unknown axial force (2.17) and (2.,18) to~ obtain: 

\ 

T «() - ~ [2 - 62 az 
J 

tanh6 sirihBl; + sinhBt 
coshB 

/ 

1 
IX 

1 
( 2,_ l p) 2_ 
~-i-i -W coshBt t 3 

. 2 ] - 3 + t2 + iT (1 - t ) + p' t 

(2.30) 
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() where p'= 
p w ' the constant load ratio. 

q(~) 
dT(~) -- -
,Hd~ 

~[ 2' e _62 tanh8 

/ 
.. >f' 1 

1 
1 
1 

.1 
The shear force per un 1. t 1ength i5 obtained from: 

f 

, 
1 

~ 
~ 

coshS~ 
. ~,§ - -:2 sinh6~ + 

coshS ( if j ~ - 'f) + 

.. 
f ... 

. 
1 ~2) -:3 + f ] - (2~ -
6\ -' 

(2.31) 

l 
Integrating twice and by introducing the boqndary conditions 1 

\ 

l 1 
for this case, one obtains: 

.' 

1 WH 3 {~ ( 4 - 1) [t5 _ 5~4 + 15~ 11-Y = El tt < 

1 
,t 

10P (~3 -
\ 

2>J X" [ 3t + a2 64coshS 
( sinh6t - sinhS ) x 

1 

(2 simB + ~ - B - P'B) - 2 coshB (oOshBt - coshB 

, / 
(2.32) 

• ._ ..... 4' 

1 

/,< 1 

• 1 
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c~ The deflection at the top _of the structure is obt~ned by 

putting t = 0: , 

WH 3 {Cl 1 t ) ( Il _ .e.' ) y = -~ 
0 El a 2 60 3 

(2 sinhB 
2 

+ - - a - P'a) -, coshB . - tanS 

(2.33) 

\ 

Reactions at the ends of a coup~inq f,eam 

x = Xl + ~ are obtained from the rrlationshiPr' 

/ . d Sl.tuate at 

1 

"fX+h V = . q(x)dx 
Xl 

1 
(2.34) 

, M = y~ 
max 2 

1 
(2.35) 

1 
1 • 

J 
/ 

1 2~2.2 The Equivalent Frame Method 
( 

The Equivalent Frame method has certain ~dvantages over the 

Lamina method. 
\ 

It is applicable to almost all tall shear wall 

structures encountered in engineering practic'e, such as shear walls with 

one or several r6ws of openiI\9S, stepped ~hear valls, and shear wall- \ ' 

frame structures. ,,> 

1 \ 
. , 

1 1 

1 
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1 1 
Because the analysis. of frames is quite well-developed. 

and since the engineers are reasonably familiar with computerized 

solutions, replacement of s~ear wali by equi valent frames and the use 

of existing computer programs constitute the basic attractive features 

of this method. Its main aJvantages are: 

(a) si~licity and efficiency, 

(b) applicabiiity to a~ost any shear wall oonfiguration, 

(c) such usual limitations as constant floor to 'floor height 

and constant size of openings are not a limitation in this 

method, 

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

type (wliform load, triangular load, "or joint loads of any , , 

magnitude) at any locations in the structure besides any 

\ 
vertical loading (therefore the performance of a shear wall 

due to gravit y loadlng can easily be assess~d), 
1 

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

apportioned to the ~arious shear wall bents. 

1 
EqUiVal~t f~ames can also he found for other frame-t~ 

structures with a large number of bays, and even for, column and slab 

\ 

structures. The accuracy depends on the relative stiffness of 

1 

different members of the structure and whether axial, defonnation can be 
1 

i.gnored or not. 

.,1 1 

.1 

,! 

l 

1 

\ 
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rf one compares the deformations under lpad' in a. coupled 

shear wall and in a plane frame with the same- number of stories, then 

'1 

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

frame" which' has the following charactefistiCS: 

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

beams form the "equivalent frame". 
. '. 

(b) The cross-sectional charac~eristics of aIl columns in the ,- . ) 

equivalent frame are identical with those of the corresponding wall 

sections. 

1 
1 

(c) The center pprtions of all beams have th~-same cross-
1 

sectional . area as the connecting beams of th~ shear wall structures; 

any corrections, in the deflection should be .reflecte~ in the value of 

the moment of inertia Ip' 

(d) The end ~ections of the beams which do rotate but do not bend 

should theoretically ,possess infinitely large areas and infinitely 

large second moments of aréa. 

~e ipfinitely large cross-sectional areas and se~onj momen~s 
of area of the stiff end of the beams may cause some' difficulties in 

c:orutation. 

cross-sectiçna1 

Renee, it has been suggeste~ for the use 'of an equivalent 

area A and the second moment of area le for the "stiff 
e 1 

endedn section and tife same Af and If for the middIe portion of the 

connecting beams (Fig. 2.5). If elf represents the ra,tio of the 

1e~gth of the st!ff ended te the'1iâ'if-lengt:b of center portion\, Table l 

can' he used te deter:mine Ae and le. 

/ 
! 

.,----------------------------------------.. 
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J 

TABLE 2.1 Equivalent Area and Second Morrent of Area 

1 
e/t Ae(Af Ie,/If 

0 

0.5 50 238 

LO 100 700 

2.0 200 2600 

3.0 ~ 300 6300 

5.0 1 500 21500 

,Schwaigho~er9 showedl that with these ratib~ of areas and 

second moments of area t 'the deformations of the rigid connecting links 

are within an error limit of one percent, and hence an overa11 error 

in the moments and forces of thJ wa11s and beams would be of the order 

of 0.1 percent. 

The shear wall is now properly simulated by a frame and can 

he analyzed using a suitable frame pro gram which takes into account the 

effe,ct of axial loads in the walls, and shear in the connecting beams 

~ides the flexural effects. 

The equivalent frame method is applicable not only in the 

analysis of coupled shear w~l problems but ~lso in the analysis of 
, 

shear wall frame structures. A single shear wall can also he replaced 
\ 

\ by an equivalênt frame with a single column connected to otlÎ.er fFam.e!ii- by 
; 

means of rigid rrms. So1utions can he obtained by using any ~tandard 

frame analysis program with a li~1e hand calcu1ation and minimum data \ 

input foroomputers. 

,. / 

1 

\ 
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\ 

2.2.3 The Finite-Element Method \ 

The Finite Element ~thod bas ~~en recently applied to shear 

wall analysis. It has certain advflltages over other methods because 

of its abili~y to account for: 

1. variation of thickness of shear walls, 

/ 
2. irregularities in loading, bod~ forces, etc., 

" 1 

! 

3. irregularities in the geometry of-the ~penings, 
1 

4. variation in material properties. . -~' 

,j -
\ - ';,( 

This method consists of di\Û:thng a structure aroitrarily into 

elements whose material properties and gen~ral behaviour are known. 
,J 

Finite element analysis is nO~lly carried out ~ing ,the 

26 method of analysis which is described in many texts • 

stiffness 

Triangular, quadrilatèral and rectangular elerents have been 

used successfully for analysis of shear wall problems. Conunonly used 

elemant for such proble~ is the constant stress triangle in which the 
. , 

stresses are aSsumed t~be constant througnout. It has the advantage 

of permitting easy representation of ir~gular geometrical s~apes.' 
Because of the constant stress assumption, however, a large 

number of small elements are ne,cessary in zones_ of rapid cli.ange of \ stress. 
\ 

"lbe number of elements required to simulat:e a colDllPn s~ear /wall, apprexi
i 

-mately ~O stpreys hi9h with one or more openings in each storey, makes 

. \ 
the ana1ysis cumbersome and èostly_ 

Elements within which the aSsumed displacement functions per.mit" 

, .~.go."'- ~ \ 

greater freedom than the dons tant stress triangular element are not 

,uncommon. 'lhis is mast often aieved by int=ducing one or two ROdeS / 

,-

.. 

) 

. -
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\ 

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

27 \ 
Hansteen , for instance, has developed such a triangular element; wi thin 

which cubic variations of displacement. are penrtted, while compatibility 
l ,1 ' 

is satisfied b~tween adjacent elements. This element p~ved sàtisfactory 

for she,ar wall analysis, but it has ~e disadvantage of le~ding to a 
i , 

large band width (the maximum dîfference between node numbers wi~hin any 

element of the structure) • For programs in which the entire banded 
. 

por~ion of the stiffness matrix is stored, there is a serious limitation 

on the number of nodes that can be accommodated. 

An alternative approach is a rectangular element W~th two degrees 

of fre~dom at each node, and an increased numbe'r of displacement within 
\ 28 

the element • 'lbe displacement functions u' and v' consist~of the following 

/' 

u': aO+ a}x + a2Y + a3XY + a4y2 + asxy2 + a6y3 + a7xy3 

v' = bO + blx + b2X2 + b~x3 + bltY + bSXY + b6X2y + b7x3y 

1 

'lhe vector lof nodal displ.acements becomes: 

{u} 

can be related to the vector Q.f coefficients 

. 
{A} = 

by the relationship: 

.. 

(2.26) 

(2.28~~ 
\ 

(2.29) 

(2.30) 

/ 
\ 
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A rectangular 
1 

element' with a ~tational degree of freedom. 

)"'~ 

at each no de lias been used by MacLeod to overcome the! difficulty of 

combining line elements in bending with constant stress elements. 

This element is most suitable for slender connecting beams, which can 
, " 

be represented by line elements in bending. 'lbe actual value of the 

1 
in-plane rotat~onal stiffness at a point in a plate'will normally be 

high especiaJJy ..men compared with the stiffness of line elements which 

might be attached at the point. This is one r~ason why this degree of 

freedom is normally neglected. 

Tocher and Hartz suggested a t"riangular plane stress e1ement 
\ 

with six degrees of freedo~ represented by u! v! auY3x, avyay, (3uY3y + 
~ , . 

The greater the number of degrees of freedom 
• 0 

per node. the greater will be the accuracy for a given mesh division. 

However, this must he set ~gainst the reslting increase in computational 

effort required for solution. 

For practical shear wall analysis the finite element method 

is generally ~nsive in special circumstances. It is, 

useful for testing xoore appr~ximate analysis te CLiqueS • 

hawever; 

'!'he method is 
/ 

particularly valuable for analy~ing the important effects of foundat;-ion 

flexibility, or the now COIJlIŒ)n arrangement of a coupled shear wall 

supported at C]round floor level in a frame structure. ., 

1 
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2.2.4 Photoelastic Study 

32 

elasticity, its simplicity 1 and the advantages of an instantaneous 

, pictorial representation of stress, make the photoelastic method of 

considerable value to designers and researchers. 

The photoelastic method was used in this study of coupled , 

shear walls~~th·the followi~g objectives: 

(a) Ta obtain a complete ,icture of stress distribution withili 

a four-storey coupled shea;; walo mo~el. 

.,(h) Ta study the 19ad transferring mechanism across the couP~in9 
" 

beam system. 

.., 
A loading device was constructed ~o transmit the 16ad at t'our-storey 

'ieveis to simulate an upper triangularly distributed load. \ 'lhe stress 
, 1 

trajectories across the beams in thi~ study provided information to 

design steel reinforcement p~ttern for the rei~forced concrete m1dels in 

this study. 

'/ . ' 
c. 

C01umbia Res"in 39 was used to construct the model because of 

its easy machiriability, lack of residual stress and high transpar~ncy. 
Q <;, \ 

Effects of prolonged loadinq is ~~ .prono~ced in CR-39 and it is not . -.- .. 
possible to give any fixed stress;5train relat~onship without introducing 

. the time' factor. According to a previous study2l at HcGill uiiversity, 
{ 

the properties of CR-39 are lisOed as: 

\ 

j 
.\ 
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Yqung's modulus, E ~ 3 x 105 psi 

PoiS50n's Ratio, v = 0.42 

Strength (_tens11e) 

Proportional limit 

Fringe constant F 

= 600 psi 

='3000 psi 

= 84 1bs~in/fringe 

" 

/ 

., 

of pzinoip~e stfess 
, l, 

Coefficient of ~ermal EXPan~ion = 72 ,x 10-6 - in/injOF 

, 1 

" ' t.!. , ; -, ) 

difference 

1 An aluminium template of ï5 scale of the reinforced con cre te 

~sing ~his te~~ate, a CR-39 , , iro,totype was c~t i~_ the IIlaborato_:. 

• ~-'~,-~otoelHastic model of ! thic~ness was later eut. 1 ;'he size of thé 

I,t 

model was 111 k 4" x 2.6" with four .6" x .7" holes spaoed at lin. (storey 
j 

height) and three. beams of .3" x .6" and a top beaDI of .26" x .6" 

(Fig. 2. 6>,. 1 1 

(b) The Photoelastic Benth 1"' _______________ ~------

1 

Il 
1 

A standard photQelastic bench with rail-mounted components 

was used for this study. The p~larizer and analyzer, which are the 
, 

~ nearer and farther filters for transmitting>plane polarized light, were . 
1 
graduated in degrees and ~ei;'~apable of being rotated about, an axis 

conforudng wïth the optical path. Perpendicular tracks'on which the 

quarter wave plates could he moved in and out of the optical path,were J 

a design feature of the instrument. 
l, i if 

The biaxial loading ~r~,;! ~,\d ';as connected to two hydraultc 

pump~; ono/for applying loads ~n ~ horizontal direction and)fe other for 

lapPly~ijI â vertical load. Only the horizontal îoad application was used, 

1 1 

1. 
CD ':A!:!W.&J; us. ; J @D .. . ~;, j . gU.IUiS 

: 
'-, 
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Fi9- 2.8 Photoe1astic specimen qpder 50 psi jack pressure; 

1 

1 

f 

"" 1'1.9_ 2.9. PhOtoeldtJ.C specimen under 100 psi jack pressure 

\ ' 
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/ 

Fig- 2.10 Photoelastic speci~n Under 250 psi jack pressure 
j : 

1 
1 

Fig- - 2.11 _PhO/las~iC sPecimen under 350 psi ~ack pressure. 

l ,vt / 

\ 

1 

\ 

, 

1 
J 



l"~ 

e 

, 1 

.1 

1 38 

with a loading device mounted on the vertical side, which can distribute 
1 

1 

the load into four point load to correspond to an upper triangular 

distributed load pattern. 

. l, 
The photoelast1c specimen was a'15 scale model of the 

l reinforced concrete model later studied or a 150 scale model of prototype 

structure. 

Observations: During the course of loading, the initial unloaded 

specimen and four loading increments of 50, 100, 250, and 350 psi of 
1 - 1 . 

jack pressure were photographe d'. The unloaded specimen shOws some 

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

1 Some isochromatic fringe,photographs are shawn in the 

photographs in Figs. 2.7 to 2.10. The reader's attention is drawn te 
1 

the~progressiveldevelopment of the tringe patterns. Points of particular 

:/ 
interest are at the corners of the openings and the cross fringes in the 

coupling beams. These colored isochromatic'fringes are iines of 

constant relative retardation al_~ng which the maximmp shear stre,ss1 or 

the difference betw~en the principal stresses, is constant. The photo-
t> 

elastic study also shows that the 10ad transfer in medium and deep 

coupling beams is principally along the diagonal acrqss the beam. This 
/ 

brings up the question of more effective steel desi~ and supports 

, • . 13 th . f . . Pau~ay s sU9gest1on at cross re1n orcement 1S more effect1ve in 

transferring load in coupling beams. 

i 
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2.3 Accuracy of Existing l-tethods 

The results of these stress and deflection analyses from the 

'existing shear wall analysis- methods note1 by many investigators 

to be in good agreement with experimen al results using elastic 

materials, such as plexiglass The finite element method 

Î 

has also been used as a check ethods. The continuoùs laminâ 

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

reached a stage where fuither developments in analytical methods are 

not likely to result in basic improvements in de1ign techniques. 

However, the major limitations" of the technique arises from 

the basic assumptions regarding the regularity of dimensions, opening .. 
locations and structural properties throughout the heighf of the coupled 

shear wall system. ~ If the wall system ts not regular, whether through 
<t, 

1 
changes in the wall thickness or concrete strength, or changes in the 

... , " 

number or location of bands of openings, the analysis becom~s conSidefablY 

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

continually ~difi~d to acèount f.C?r ce~ain special cases: 

(a) variation of cross sections of the walls, which c~uses 

stepped coupled shear waJ.ls" 

(b) flexible foundation 9Dnditions, 

-
(c) inelastic an4 dynamic arlalysis. 
\ '; 

'lbe assuplptions of aIl eXistin\ metbods ignor~.the effects of 1 

deformatli .. ons at the beam-to-wall junctions on the sti'ffness of 

coupling elements. Introduction of correction factors have been 

....... 
'" '" . /' 

1 

'\ 
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attempted to'account for these local deformations. One method is to 

consirler deflection due to end moment in a cantilever bearn-as the sum 

of the èffects of the wall and the--bracket 

e = e + e , 
m c w ., jQ '/ M', ~ 

= Mb+~ ( ,/. t 
El a 2 :I .. ;?.:--jf ,.' 1 

t:. A' + se + â 
Y x,./ = o ' m c,' w w S 

Mb2 2 Fig. 2.12 
," 

\ 1· 
= 2EI + 6Ms/Et + O.8H/Et 

\ Deformation of beam-wall 
junctions 

1 

, 
\ 

The stress concentrations at these po~nts of local deformations 

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

concrete. - This effect would 

and hence a deviation from the 

" 1 

1 

causi an early softening ff the structure, 

r~sults of the analysis. 

1 
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1 \ f 

~ 
1 

-

,> 

ci. 

'j 

~ 

l • ,. 



·m _____ '_:_·_:~~_~_:~·:_.~_'_:~ __ ·M: ____________ .. ____ .~~~~_,_lr~_~~~:~~ _____ ~ __________ ~ ________ ~ ________________ ~ __ __ 

1-

41 

II l • EXPBRIMENTAL PROGRAM 

) 

3.1 Introduction 
1 

The experimental program consisted of building the loading 

frame and the loading arrangement siJIlUlating a statical equivalent of 

..... the earfliquake, loading ta test the reinforced concrete shear wall 

models. 
f _ 

: The objectives of this experimentaI study wer~: 
1 

1 

(1) to develop,techniques for building and testing suitable 
t 

direct models of coupl~d shea; walls; 

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

when subjected ta laterai 'Ioads. / 

A simple method for tests of coupled shear walls under 
) 1 

monotonically increasing Idaqs was developed. The testing procedure 

can be SUitarlY modified to include the effects of' vertical loads and 

reversaI of applied Ioads, besides e~aminin9 the different load distri-

l~utiQn patterns. 
o 1 

1 
3.2 Description of the Test Specimèns 

'l11ree co""led shear walls, each f~ high, were tested 

...,.. vith COncentrated loads at the flocr levels to simulate earthquake lO~ 
, , . 

(u,pper trianqular loading). These one-tenth scale model specimens vere 

built usin9 micro-,confrete and annealed rein forcing steel wires
22

• 

'. ~ , , 
\ 

/ 
. 1 ,\ 
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l 

The,walls were reinforced~ith on~ layer of steel wires, 

while the-beams were reinforced with two layers of steel, oie on 'each 

side of the wall reinforcement. 
") 

The dimensions of test specimens Nos. l and 2 were as follaws! 

Wall croSjs-secti~n = 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. l, the external face of the shear wall was reinforced 

with three D4 wires while the internaI face was reinforced with one D2.5 
,... 

wire. This reinforcement pattern is siDiilar to that in real structures 

which are req~ired to resist applied 'lateral loads in bo~h l~rections 

,(Fig. 3.1). 1 
Anbther two D2 wires were provided ~t equal spacing as shawn 

1 

in Fig. 3.1. Horizontal shear reinforéements were provided with deformed 
l "" 

wires of 0.005 h 2 cross sed:.ion. The spacings of th~se wires werr 1.5 in. 

centres in the lowest storey, 2.5 ~ centres in 
, 1 

the seqond storey, and 

3 in. centres in the upper, two_storers
ll 

(Fig: 3.1). 

AlI four eonnecting beams were ,reinforced with two D2 wires 

at the top and the bottom fac~s (Fig. 3.1). A minimum concrete caver 

of 0.2 in. waD maintained ~hrOU9hout\ th~ specimen.\ " \ 

- ibe reinforcemet;lt in the walls of test speciman No. 2 -wfS 
1 .. 

similar to tthat of test 1pecimen No. l, ,except that it is proportioned 

\ for loading, in Jone direction only as shawn in Fig. 3.2. '!'he reinforcing 

steel at the inside edge of-~e co.mpressi~~all consisted, of ~o D2.5 
1 

... , -

'. 

. 
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1 vires (which is twice that in speci~n No. 1) while the rein forcement 

at the outside edge con'sisted on only one D4 vire, as shown, in Fig. 
- . 1 

3.2. 

The dimensions of test_speci~~,NO. 3 were as follows: 

Wall cross-section 16" x 1.25" 

Wall height = 60'" 

Beam dimensions ::: 7" x 1.25" x 7" 

The rei~forcement pattern 15 sh~m in Fig. 3.3. Details of 

dimensions and reinforcement of the walls and beams are also given in 

Tables 3.1, 3 ~I~, and 3.3. These coupl~d she~r walls vere designed 

acC?rding to the conti~uous lamina method with the helJ of the design 

{ charts reproduced in Appendix B. Properties of the mate rials are given 
~ 

in later sectioJ;ls. In the conventional design process, coupled shear 

walls are assumed to'have only in-plane stiffness and are considered ta 

" be "flexible in a direction perpendicular to the wall. Also, the inter-
J 

action of the shear wall assembly vith other elements such as floor~' 

slabs or frames was neglected in the experimental wbrk. 
1 

However, to 

prevent -laterai buck~ing and to keep the applied loads in the plane of 

the shear walls, laterai bracing vas provided as descr~d in section' 

3.S.i. 

,3.3 'l'he FOrDIork and Casting of COn crete 

• ~e formwork for the coupled shear.wall models consisted of 

blo platforms as shown in FiCJ. 3; 4, and the base block form as sbown 

in Fig. 3.5. 

1 
j 

1 

1.- ------------------------------.............. ~ •. ~J~.~2d2Nœ~ae 

: 



.... ~!J •• _._, _______________________ --.---___ -"-__ ~ ~ ~----

.,.! 

() 

1 

'. 

44 

The formwork was put od' six roilers 50 that it could be 

easily moved in the process of assembling the reinforcement or concreting. 
, 

1.he lower platform was braced underneath by four 3" x 3" wooden diagonais 

as shawn in Fig. 3.4. The upper platform was supported along the 

~per~eter ~d along the beam positions (Fig.,3.4). After assembling, 

the formwork was coated with a waterproof paint. The shape of the shear 

wall model was laid out on the upper platform and 1.25" x O.5"r-plexiglqss 

pi~ces. These plexiglass'pieces yere connected to the upper platforro by , 

means of screws. Wall rein forcements were held ~n pos~tion by s~ll 

metai Wires!wpich were strung across the width of forro and/the plexiglass 

1 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). 

3.4 Material properties 

0'3.4.1 The M1cro-concrete 

! 

/ 

1 

/ 

The micro-concFete mix was designed for a compres~ive strength 

of 4000 psi at an age of 14 days for S~imen No. ~ and 4000 psi at an 

age of 28 days for th~ remaining two specimens. High-early strength 'l, . . \ 
cement (~pe III) was use~ for aU specimens. The aggrrgates consisted 

of four .narrgwly qraded crushed. quartz sands (passing sieves #16,' '24, \ 
, ~ 

'40 and #70). The -details of mixee-~used for 'the three specimens are 
,. . ~ "" 

qiven in Table 3.1. The variations of micro-concretè ~ressive and 
1 

te~sile'strengths 7ith wate:-cement ratio are shown in Fiqs. 3.11 to 

\3.14 (ret. 22). 
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Fig. 3.2: REINFORCEMENT- P~TTERN OF 

SHEAR WALL MODEL NO. 2 
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Fi9~ 3.6 ae!nforcement pattérn of 
ebear wall No... 1. 
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Fig. 3.7 Reinforcement pattern of 
shear wall No. 2 
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~3.1 Mix Proportion and Stren<]th of Conc~t~ f~r 
Î 'lbree Coupled Shear Wall Models (2" x 4" cylillders) -

................................... 11!111._ .. ___ ... _ .... _ .......•• illllib>_ •• ,,"' ....... _ .. , .. b .. - .. • ... ___ ' ..... 'o!i0"" .. ,_ .... ., ... ..~~,,_ ........ ~ .... !a.~.a! ... !'.._~ ~ ","-- _ ..!.'l..,diW!ia' ...... _·II* ...... ---_ ... -_ .. 



'-

.. 
( ... 

---
\ ' 
1 

'" 

• 

" 
~ 

~ 

~'e, 

" 

-rMœ 3.2 S~UIlII\ary of properties of Prototype Vessel COncrete and 
• - c -E;---

~-! 

L-

, Properties of Mortar Model Micro-eonerete -f 

. (Mter ~hat Ref. 22) - __ 
i 

28 day cured 
, ""et concrete '" 

Averagè Range 

9Q day cured 
wet concrete 

Average Range 

90 day cured 
__ dry concrete. 

Average Range 
(\ of mean) (\ of mean) ~ (\ of mean) 

... 
Prototype VUs el O:me'hte 

Modulus of ela.stieity t pSi 3.2xlOS 25.0 3:4xl06 8.8 3.5~106 8.6 
Poisson' s ra.tio 0.22 36.4 0.18 66.7 0.18 55.6 
Col'IIpnssi ft atnngth. psi 6810 8.3 1540 4.7 6060 '~ 7.7 ----Split.t.ing t.«msi1e st.rength, psi 461 9.5 575 7.0 635 6.9 
Modu1us of ruptu~. psi 750 ~.l 818 2.1 747 6.8 
thit weight. ~/ft 

-------
147.3 1.0 147.8 0.7 145.3 1.2 

,~rte.:r Model Concret.. ---- -~lus·of elasticlt.Yt psi 3.8xlO6 . 
4.'2xl06 4.3x10G " 

Poisson' s ratio .. O.lsb 
CoIItpreS$iVè stren9th. psi 6840 17.3 - 6960 23.6 1010 35.1 
Splitting tansile stnngth. psi 761 9.9 743, -- 18.9 762 12.1 
tbdulus ~f ruptUHt psi .-- 803 ' 23.2 1189 23.5 1014 31.4 
Adjust.e4 1iOdulus of ~turet cpsi, 698 \ 1035 882 

cc:::: 

" 8:) tl\it. weights ~xe based on 6 x 12 in. cylinders only. -
b) Poisson's ra.tio vas obtained ,~rom dry spec;:imens at an age of ,2~days. 
e) Beea.us~ of a. signifi~t size effect, modulus-of-rupture data fo~ 3 in. deep beams are 

g@hera.lly about 15' above data foi~6 in. deep beams. The adjusted modulus values reflect 
J this differenee and~vide a better basis for comparison with prototype concrete values. 
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cbncrete wa~ preparcd and mixed with water only ten min~tes 

before being placed, in the forros, 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 conpressive strengths;of the micro-

concrete were obtained using 2 x 4 in. cylinders. These cylirl'ders 

werc testcd at the same time aB the parent specimens and the strengths 

are detailed in 'Table 3.1. 

After the curing period, each specimen was carefully removed 
1 

from the formwork by first cutting the tensioned wires, unscrewing and 

removing the plexiglass pieces, unscrewing and removing the base block 
\ . -

forma. 11: was then t~ansferred t!o a lif,t;.ing table to be prepared for 

instrumentation. 

1 
3.4.2 The Reinforcement 

(a)\ ~~!!!_~~~!~~!~~ 

~ The properties ~f steel which must bê considered in, simulating 

the prototype ste~l reinforcement in small-scale models are the yie1d 

and ultimate strength, its duçtility, and bond c~aracteristics (ref. 24 

ancS 25). . 
22 Recent .McGill work bas usaIS de~ormed steel wires obtained 

-from the 1~undY Jl'encp o,J.pany 1 Dunnvil~e, Ontario 1 in ~izes ranging f;pm' 
... " , 

D2 t.o D10. 'lb. 'c:hemical composition of thie vire steel is ~ follows: 

-.-- " . 

1 

' .. 
• ' .. 

• # 
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! ;; • Carbon 0.,13\ .. 
Phosphorous 0.007\ 

Sulfur 0.028% 

/ 
Manganese 0.68\ 

) 
,~ 

Silicon 0.15\ 

The effects of heat tre,atment 1 cold dra~ing" li>ond cbaracteristics 1 

ar~'described in dcJail in Ref, (22). It was noted that after annealing 1 

l -

followed by air cooling of D2, D2. 5 and D4 wires at temperatur-es between 

1l000F and l5DO Q F 1 the yield strength was lowered from 80 or 90 Ksi to 

a value between 35 aqd 45 ksi, and the peréentag~ ot' elongation was 
j 

increased from 3 or 6 Percent to a valu~ between 18 ,and 28 percent. 

Temperature above l200 0 F did not have Any additional effect on the yield 

or ultimate strengths as wel'l as the percentage of elongation. , 

AU rein 10 rc."",nt, vires, used, in the ,th>:e. coupled .hear wall "'del.f~' 
\tere heat treated at 12000 y for 60 min.) by a local company. The stres$-

- 1 strain characteristics of the wires used in this investigation are shown 

in Pigs. 3.15 to 3.18./ 

E~rime~tal investigations by Har;is 
25 

et al. ,Mirza and 

24 - 22 1 
McCutcheon ,and H5U 1 have shawn 

) \ 
that sufficient bond re~istance can 

. ) 
be achieved witb reasonable ratios of embeda!ent length to 'reinfot:cement' 

cUameter, L/d, even for the amall smooth wires 'coJllDlOnly used for model 
- J , 

rein forcement'. The comparison~ot ultimate 1x>nd .tr~ss 1 indicated tbat 

.uitably deformed wires will have pull-out bond strengtha reasonably close 
• 

\ 

to tbose meuured for prototype bars, Therefore one cannot expect bond 
\ , " 

to he a si911iticant prob1eJD in 'this stulSy. 
/ 

/ 

. , 
\ 
1 

< • 
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- TABLE 3.3 Steel Percentage of the Beams of Three Specimens 

... 1J> 
s 

Cr-oss- t 
, section ratio 
) , 

Test s12ecimen no.l \ 

Bearn l 1. 25x4.5 2 
\1 

Beam 2 1. 25x4.5 2 

Bearn 3 1. 25x4. 5 2 
-- Bea:a 4 1. 25x3.9 2.3 

Test s~cimen no.2 

Beam l 1 .. 25,,4.5 2 
.... 

Beam f 1.25,,4.5 2 

Bealll 3 .1. 25,,4. 5 2 

Beam 4 1. 25x3.9 2.3 

Test sf1'cimen no.3 

Beam 1 1. 25x7.0 1 

Beam 2 1. 25x7.0 1 

Beam' 3 1.25,,7.0 1 

Beam 4 1.25,,7.0 1 . 

- . / 

1 

type of 
reinf. 

pa~allei1. 

parallel 

parallel 

parallel 

crossed 

parallel 

crossed 

parallel 

crossed 

parallel 

' crossed 

para1lel 

, 

main steel 
percentage 

" 
.744 

.744 

.744 

.856 

.744 

.744 

.744 

.856 

).1l70 

.470 

.235 

.235~ 

1 

vertical 
steel 

~rcenta2e 

1 

O. 
1 

O. 1 

O. 

O. 

.924 

.~24 

.462 

.462 

1 

} 

~{ .. ) .594 

f 

.594 

.357 

.357 

-/ 
1 

\ 

/ 

.. 
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WALL l 

------
steel at- vertical Tota.l Hori-zon-

o\\tside inside shea.r vertical -tal -
ed~ edge steel steel steel 

SaeÏJM!l\ No.1 
-0 

lst storey .64 .133 .21 .ge3 .277 

2nèl storey .64 .133 .21 .983 .166 , -
3rd storey. .43 .133 .21 .773 .139 

.- , 
4th storey .. 21 ... 133 .. 21 .553 .139 

- - , 
- -- ~ -- -- _~_I ______ ---- - -- - - -

Speeimen 80 .. 2 

/lst storey .. 21 .. 261) .21 .. 687 .277 
-

2nd storey .. 21 .. 267 .21 .. 687 .166 -
3xd storey .. 2~ .. 133 .21 .. 553 .139 

~ , 
4th storey .. 21 .. 133 - .. 21 .553 .139 

1 

1 --------
Spesilllen No .. 3 

lst st.ony .. 125 .. 125 .20 .45 .. 277 

2nd. stony .. 125 .125 .20 
, 

.. 45 ... 166 -
3rd stc;>rey .. 125 .12~O .45 .139 

4th storey .125 .125 .20 .45 .139 

'-.... 

1 

1 WALL 2 

li 
steel at vertical 

outside inside shear. ) 
ed.çe edge steel -

~ 

.64 .133 .21 

.64 -.,;:-~~ 133 .21 

.43 .13'3 .21 

.21 .133 .21 
- -." 

1 

.... 
.64 .133 .21 

.64 .13'3 .21 

' ·43 .133 .21 
1 

.21 .133 
/ 

.21 

.60 .125 .20 

.60 .125 .20 

.40 .125 .20 
, 

.20 .125 .20 

Total 
vertical 
steel 

.983 

.983 

.773 

.553 

. 

.983 

.983 

.713 

.553 

1 

.925 

.925 

.725 

.525 . 

c 

Horizon-
ta1 

steel 

.277 

.166 

.139 

.139 

.277 

.166 

.139 

.139 

.277 
~ 

.166 

.139 

.139 

, --

ri --

, t 
,\ ~ 1 

t 
\ 

'" 

/-
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600w---------~----------~-----------

t'=6040 psi

Eë 288 v.'O(; ---
E,.:300x1J'" 
Ë= 3425,,10~ 
e::=365)C1?'" _ 

/ 

\( 

~ 1;) 3000 

o 2 

stroin - in 1 in 
1 

fl;.3.11 s C OMPRESSt ON STRESS" STRAIN CURVES 

MICROCRETE (AFTER MIRZA.REF. 22) 

• 

o 

t 

2'M" cyl/nder 
(81~85) 

~ xSN cyl Inder 
CA9-A14) 

:f xe; cyllnder 
(A1-AB) 

/ 

o 

- " 

.. 

O--------mr~~--~--~--~~----~~ 
, 'woter/cement ratlp -

' .... J •• 2 • V~fUAT.O'H OF CPMPRESSIVE. S1REHGTH W'TH 
WtrH WATER CEMENT RAT'O 
~ AFTER M JRZA • REF· 22,' 

/ 
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(b) ~!2~!X .. ~! ... ~2i .. L~!~!~!S!~22~ 1 
1 

'l'hfj rt:intorcOJlV;t1it for thu b036 J')lock of thfj ISh~tlr wall model 

W43 tir~t ~~uen~le4. ' l~ conu~6t~d of.thr~~ *4 bar~ uf tho top and 
1 

tha })t.)ttom (Ji: t»(t boom. 1 Th~ vcr.tictJl AJhoar roinforc(:!m~mt c<{ntsj tst<;d 
1 -, 

o! clt)ncd t>2 wir,(~ ~tirruv~l ut 2 in. ·fjJl"-cing. 
1 

'l'h~ r{1int'orccll\c.Wt, !<.JI: t.h~ w;)ll~ Wti§ ISIS<;JW)led' iri 
fI +~ 

~ontAl plan" and WUIS IJtit>T,xJrted by tCJtlflJlon d '~:ir<:ln 11t;J d~ticriJ';e ~arlicr. 
- 1 

1 
Finally, th~ rointorco~nt dot.ilB for thG #sp ci~n~ are .hown in Figt;J, 

ln fjpeciJlMfn" nuit. 2 and :3 1 tht,;' tint und th... third lcvd 
"' 

connCj(.:tin<} bCiMII woro reinforcc<1 with fler()"IiJ-r(ijj,~)i'orcomtnt" (.IlI11111 . . 

with that o! })(fllrn~ with th~ conventioJ'l.lJl v"rtill~l r.,int'ore~m<tnt. 

-
r4UCOd trorn th. photo*laMtic etudiéll# ~~lJcr.1bol1 in dlapur Il. 

, , ,.iIJP -

1 3! 5 Loading fWAlUm 
1 

'.5.1 toa4LnS Pr.~ / 
l, 

Th •. 1o&41n9 trAJMI wu &1.19""" lor, the to~lCN1fJ9 cOfJUdorationt

,.,-~ .. l",.aJ.n~ t&WfftII wu "equir.d to t>e large .no~ t.o contai 

1 

un4IJr A1DaKLAUI 10'4 of ,20 xi~ wb-Lem vAt _nlud iW .. an. of ,. 
! r ~. 

Il ~&t$1 A :pAJ:'t ot th. &W1J.414 loa.d 1.. -t-.n by tal. z~.tT b~,,'k 
f 

JIO&mèd,on tM ot'bft' .J. 01 iM f~ .. "441 ';19' .. 

/ 

/. 

! , ' , -
\ 

\ 
\ 

'. 

" \ 
\ 

;\ 

J 

/ 

\ 
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~ ,§' J . r 
~<:) 

r 

~ 

" , ( 
r l 1 

'ft) IH1titJfy the u!;lOV<-l fr~qUj,rf,Jmen'tf$' the ~Qt4t.iin9 !rwno wa~ 
})uilt to c:ollfJint of: tWQ pD.rD-ll!:l fr&nce' 6 in. I1purt. ! ~a<.:h trAJOO, 

# 9 

12ft • in wl<lth Md 12 ft. hi 1, Wlitl comstruct<td {rom tour cfu:mn(jlD, 
-, 

two Cl!)x33.9 horizontally lmd two' C12x25 vertü:ally. 

A 12X121lf~ / ÜI. rubbc:U: })lo(,,'Y. 

'l'h(~ })ulu1Viour Q! 1 thj,. r"~)0 
~ 

j n Y 19. 3. 22 • 

3.5.2 ~.d Di.tr~hut~r 

lb 
A two-w4y 

on", •• "u~"" 9014d tr"lII t~. of ~bo 'a1~i"' ... 1" • .1 
d18tril:tutor in tbo photo01a1lttc §tudy WAtI ~Od i~ dollfi9nÜJCj th11f 1011<1 

~~"--"--~ ditstrtbutor, 1'hi. dwico 1 (l'i9, .3.20) wu buHt 'with two .t9~1 Pltlttil$j " 

, - ~'4-IJ ~ fH iwd 4" x i" in dzel BoltAl of '" di4ILJDtJtor ",oro U§Od At th,oo .. ( 

'I;'~~~~ ~O-40t.riDi""d ~.u.on. al.ot>g"ltart1cal lion ,''''. pin """nectora Cor 1,~04, ' ~: 
trantlilli • ..,i"n, Tbt' 1044 diAStribut.or wu .&ud,9ne4 to achiêVII th. t()Uowinq 1 

/ 

* ,. Q ai~td.buto th. lat#r.1 forcfiI§ i1)to four point. lo.~ a-t 

th. t ~ Uvel§ 1 acco~4in9 to • tr.iAJ)9\SlÂily dillltdbUWd l".d 

("L9. J,21', 
~ J'; 1# l 

"'1 'Jo t.irAIUIJn.it tt14 lo .. cfiâ~cut .Dy' lo~.l J)l.lckli~ 1 

~ 
(a' < '10 ud&le. friction ~/plac~ ~ lo&4Sint ""'tH on %'ai~. 

mOuDtod on th. tv" M,u8 ât •• »o".if~cI uv.l, 

,1 

) , , 

A \ 

- ------1----'-....... ..:::.------______________ .21 .... __ 1 ...... 



) 

o 

• 

• 
.., 

.1 
1/ t' 

h~ $ 

~ 

1 _, 

• db 

, 
;' 

... 'a' 

\ 

06 

, 

.3~5. 3 !he ·Load TrMBJnil.:J6J.on Sy.tCf~ 

*~,-,---------

'l'he App1icd !orçe WAfli t.ranDmitted to the tefllt apoc:iJn"lJ} 
, ---1 

through the 108d difJ,tributOtt' h.) a pullin9 force generatec1 by the two-, 
" '" " vay bydr~ulic jack a~ .bown in F~9. 3.19. 1be'loac1 4i8tributor wa. 

1 . cormect<!1j ta the hy<lrttulic jack by two I" 4i.a.meter thrtja.d.~c1 ro4s and 4 1 

'. 

un ive r'Hl l joJ,nt te'") permit ~otaÜon of t.he lJyatem ti it movec1 horizontully, 

~he lOAd di~tr1butor WAY conn~ctcd to the rubber b1oc~ on tb. othér _ide , . 
by mean" of a ono-in"l1 diamet,esr .~oel rod. 

alonfl th~ 104d tranlJmits.ion lin. 'l'i1. 3.19) J 1044 coll no. '1 At the .. 

hy<lrAul1c jack t.o JOOA§urtt the total 10&4 e".r~4 on bath th. t,o&Jt Jfl'eeim.n 
1 

and th. rubbtlr J:>lock, 10&6 c.llss no."" 2 and l at tho two ai&'. of the 

Mpociloon to chc.ck the ba1ancin.9 ,If loadJi on tbil two .i40., and load cell . 
. fi .7' ,1 . . 

DO. 4 on th. oM-inch dia_ter rocS connectecS to the rubbor black. . 

~. 10.44 "~l!~ t.p th •• poc:1JMjn 1t any ~tA90 CAl) b., ca1c:ulat.cS 

by Mubtrac:tin; th. fOJ:Cfj on -tba rubb.r block fJ:OfI th. total load. 

.. 

~ 
,'/' 

'\ 

u, ~u 1lM'.1 At 12 .. 1S Ïft; troaDü. 

(i:11 .U-_u 2 Uv.1 ~t 21.1~ .in; tr~~ ... 

(iii' ~...., .toroy. , Md 4 At Sl :UJ.. Ira ~ ..... , 
f- I 

J, 
J 

, ,q' - .o! ~-

; 

" 
, 
~ .. 

, , 

---~-_ .... ~ -

l ' 

1 
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The bracin9 system ~on~i.tea of rollers wel~ca to thr~aded 
} , 

roc1~ und then bolt.~d t.o thG hotJ.zontal Angle. atÛlcmcd t.o the loudinç, 

\ 
frame At t.wo Bnd~. Th~ bracing .ye~cm Pfoved to bc effec~1v~ • 

- ! 

-, ' 

In.tr~ntation equipment consi§ted of dia1 g8ugDe and 8train 
" - . 

g'A:Uq(lM. Dial g'AugeIJ stith 1t#aet count. oI .0001 wore WIed to mcuure 
/ ' 

rotAtions and &tflGlctionl» ot the ya1l. and boa., a. shown in 1198.. 3 .. 23 

to 3.25 .. -

, 

li' 

~o types ot .~tric r •• istanco .train qaugo. vere uII.d-for 

.... urin9 .traiM), .urtaco .train 9aU9~. a;nd intorrusl or embed4e4 .train -

9au9GiI.. ~ typo. ot _train qauq01f u.Jd in the throo s90ciman. are 1 

alboMèd PL--2 Q4uge. (en tirJlt .~ciMn only) 1 ~44~a 3 .. H .. type ZF lA, 

and .~rfACO 1'HL -type n--~o ~ the concret.4t'. '%'ho ad~ant.9. s>t IJtrain 

< ,.r- 9&\19 •• i. their ad4ptability te autosutic M,:Jd continuou!J rea.4ing ot .train 

1 
~, ' 1 

- - ,,/ 

All load cell. w~:ro ~1Un'.t4a4 '4 how:. j)rior to u.tinq on 
> / ' - $. - • 

the Mlnstron" loAdint umJn... ca~r.tion ""o. tol'-~1.oa4 - . ./,' ,-~- ! 
" - . --- ~' 
_1~ "_4, in tJU~H-~.t§ .r •. 4jtai~4 in ~. A .. ,,/"" u.t rO"~UI'.-

1 -ttr cou,P104 .ëoa:r wail ~l. ~HtM ot-tM tol1~t1if,.u,p.1 ." 

, " 1, / t'M «meJ~".~ .n.àr ~.11 .9NÎ8A Ju CAu.ful1)' lift4t4' ~ 
,üc.4 0» .... 1 j:llat.41 lJt~ ~ '." • jM ,ttbteb :t. bot.tM t.o,~-~i. 

/ • •• 7 
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clAn'Pin; dovicoii woro mAdft of t,wo 

.'\0100 3i" x 5" K in And 21" x 31" K ." 

• WAY te> mak@ th\) oloarAnco oquAl tho 
( 

ho l;ht of tha baliQ block of 6 in. 
~ 1 

\ 

\ 

Throa ot. thORO pairs woro uaocl to aupport tho 

bueinç, roUara And th. romdlünCJ 01\0 pair of ano1Ga wu u.ed ta aupport 
1 

th. lOAdinq dov.i.cQ. <1'191 3.-19). 
r 

3 • 

. 
bo.rino_ mounted At the ~our storay lovola alen; tho htioht of tho wall. 

1/ 
4. SiKtoon cUa1 9Augoa woro ullod for ftIO"lurinq dof1ec::tioni\. --

Th.a. wax. Cftrefully .ot up (Fi9UI 3.~3 te 3.2S) and init1al road.i.no. 

wera xocordad bofot:'o o.pplyinfjl any loa.d. !'ou~ o~ th". 9au;01 wcxa 

uo.d to monuro latara.1 diaplflcQl'I\(\tltll of th. waU at th. boam 1avo1l. 

SoWJn of th ••• qaug&8 w.ro u •• d te moaaur. the rt>tation 'of mid-len9th 

.oction. of th. four couplin9 baama. 
\ 

Four othor 9&UO'1 wore uled te 

- 4 -
.. a.ure th. ~tation of a •• otiOl\ • diatanco i FOve th. bat. and on. 

9auo- wa8 ut.d to maalure th. Ul~liftino of the ond of the b .... block. 
l ' , 

~l.l di4l qaugea attaoh.d to the .poCllan wn 11\Ountod on' pleKiqlaaa arma 

in X .", x/ltn 91u04 to the b'.mI and -l" x 1" ~ 1" _ 9J.uoct to th. w.U •• 

1 

, 6 Ir 

----------~------........ -------_IfI!lII!I!l~ __ ~~~ 
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• \ . .-. ~ ~ hl" ~ 

16 

5. 

jointft batwéOJl th,,- ln dia, throlldod roda w~rQ II-ocul'f.lly ccmmu::\.cd. 
\ 

(i, 'l'ha b1:l\c1no' rollorn on beth lIh\~. or tho ahoiu:, ,,,\11 \o(cro 

1 U.vht~n{,d. . '1'hod~ rollol'fJ woro ~oqulrQd to rOl1\àil'f ln contaCt with tho', 

ooncrata .urf~e~ without oxartit\q Any .~qt\ifiet\l\t prcltlftUl.'(ll on i t. 

7. 1.ol\d WM APPliod in inorQlnOnt of 0 •. 5 kip. '1'0 êch,iova the. 

roqu,h:~d load "l\\vnb, eAch, .train tlltUC{\tor of tha lO{\d cOll. WA. lat 

in ~j\ch loading l1l.Gp, th1l dofloctiol\ vt\l\\(,} Will \\_~d 

fAotor for turthor QxpàrimantAl work (Fiqll. 3.26 nnc.\ 

O. 'rhe ro~\dinq. of th. IItrain qau;a8 And diàJ. 

A8 th, controlling 

3.27) • 

gl\Uq~1 waro tAkon 

thl.'OO minut~ul aftar Qach 10Ad incromont wal applicd. For Il')ocimon no. l, 

0/ 

. , 
o . ' 

at tho hOÇlinning of loading, the pump l'lAd to ,bo adjuatod .U--9htly to 

mdnt:llin ClÇlnatAnt load.. 'l'no, waHa, and th. bQftma weX'(\ .xal\\in~d for 

th. APpeaX'dl\QO and propa9ftUoll of orack. which 'fIot'a trt\cad wi th ê markin(J 

pon and tho 4tnda markod with th. nUl'l'lblr of the 10,adi1\0 .tQP. 

1 9. 

any do:maqo. 

\ 
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4.1 ~nca'âl BèlhAVioUl' - -
D\\dn~ thé llllè dOCH\do, lI10varal 11\V(\l!ItiqAtorl nl\Vè atucu'Cld 

• 
tha olllstic l1(}hiWlour of couplod flhcuu: walla. SmAll aealo modola 

conlttl.'uctud !l'Cm, pta'ApOlt, liItftcll QaU\1101d, l\luminuII\, oèc., haV\'l bClon 

"lOti. in tho dCAign of aconomic~l ,lIhMr w~l.l atructuroa ta rGaiat the 

fi(!ilJmlc forc('IfI. ). 

p.tüdy~,no t.ha onormr-Qbnorption cAPAcity of cO\\plad Ihol\r 

wdln, dJoct mQd~l. con.t.ruqtèd from l."oinforcod concrata hava bo.n utJ\"d 

/. 14 ., 30 
Iucccuf\\l.ly by Pa\llft,y And Fauchar. Paul(\}' ,uI',d two direct one-

walls "to st',Ù(\y th. offo;t Of, th. diffol.-on't typo of H1nfordnq pr~tt'r\S 

1 for the couplinq boam. on tho ovor~ll behav!our. Ha obaorvod th. 
1 / 1 

\ dQmago to b~ muoh la8R in tha modol with ii&qOnallY rainforcod boams 

than ln the modal with convol\tion&Uy rt!nforcod boama. Full oapac1ty 

/ 

of the connacting boams waa aQhiev&d and, main~ainOd dud:"9 the tOIt and 

!inally tht.' wall fa.U.ci At itl baso. ,Conaidatablo duct1lity ",as obaQ-rvod 

-
for both Rpccimona with only InOdcr{\t~ losa of Itrength un du progrossiw 

1 -

ravoraod lOllding14• 

ll~ roc.nt yel\r8, aOIl\Q.",analytical ~ork haa b •• n conducted to / 
1 \ 

prodict th~ bchl\viour of coupled ah.ar~all. aftor yiotling or\local 

29 bilure of 801lle paxta or .. 11 of thQ odtical aootiona. Paulay \ uaod 

/ 

\, ' \ 

~\ 

, 

, \ 



o , 

\ 

\ 

1 

" , ..0(/ ___ ..... _.w--.... _._ ..... ' _.-._ ... ___ .. -.._( 

\ 

. hb (lpPro\1tt\at~Q, Il,A.to-J~l.aatlc an.lvei. tôchn1.ctu-(\ t.o An~ly.o an 

Clightlol\ atorcay cO\lPlod ,ha." wdl, lU, l\n~ly.l1 lod te a coll\l~1.t.ft 

dculcdpt.ion of tha bohaviour ot tha atructuro at Any .tA9Q or 10&d1n9' 
- \\ 

. Tho r.TUIt~ of Paulay'a Itudy ar~~~~roducod in r1.91 •. 5.1 and S.l. 

E'f~ctl ot crackln9 on thé boall\ And wall actiol'\l aro- 'hown 

ft8BUming \\l\cl,'aekQd 8\11ctiO'" whila e\1rVoI a .how th .. intor'nal actionl ' 

cftlculatad att~r màkin<;J an ",llow~nco for tho 10.8 of' .tlffnoll eauaod 

of roduco~ at.iff"o .. of tho lafll!l\A and "'.U ~ (tonaion wall). , 
\ . - '" 

\ 

Accordin; ta ~auIay'l re.ulta, tho maxlf11um teftlile fore. in 

the couplod .hoar walla oceura at t.ho' wall. l;)aa.. whU. tho l&minar ahflar 
- - " ' \ 

\ 

attaln. a maximum valuo d't roughly ona-fourth of tho holght trom t.h. lnuio. ,-
This Acc:ounta tor tho Hduction of tho at.iftno.a of th. coupUng ololl\Qnt.. 

due t.o erack~l'\9, r1g. 5.1 alao .howi that a.f~r crAcking 'of th. lamina ' 

.' and ~All l. th ... action. il'\erOABG again t.o ~ Ili9ntly hi9~èr valuo. \ 

How.vor. the •• valuo. ara mueh le .. than the corraapondin9 maximum villuas 
, 

for th. unerackod eoet1on on \a9~o&;t' of t.h. additional cl.'aekin9 of w411 2 

(rof. 29). ------

Figuras ,S,~ a And b ahow valuo. of ft\Omontl and rot.ation. donç 

'1 " \' th. wall hGl9!'lt a. yiOldi~9 apH&da throuih t.ho tot.l ~,i9ht o,f tho 19-1\\1I\A 
, / 

and at th .. base of \tIn11 2. Th.- loeat.J.oo ",haro maximum rotation occ~ra, 1 

in th. lamin .. CiZ'.dual1y 11\0"_' \1pWa.rda froft\ çproxlm&t..l.y .. quart.er haiqht 
-' 1 

point. at t.hQ on.et of yieldin9 to a point At. approx1mately mid-hei9ht. At. 

a at.ago when the 'lafllinas ar., full.Y plaatifiQd and the CapaC1~y of wJ.18 l 

and 2 i~ att.ained. 
J~ ~ 

\ 

\ 

\ 
, 

Î 

1 

\ 
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Ho ê~'Ul\'\eld id~"ticAl l'roportioft for a11 coupling bOA1\\t, If the • 
l ' 

ultimllt~ Ntrel\Qth or. th" couplitvJ baAma WAIi vArbd aocordinCIJ ta th. 

alalde laminAr ahoar t tho trAl'Iait1011 trom alasti(: ta l'la.tic b.h~.\Viour 

of dl lAtninu would aceur At About the nlllé lOl\d • ',rhua, point 3 in 
. 

Fig. 5,2.0 would approQch point ~ And would reault in a amAllor ultimAto 
" '\ 

atl.'lttntJth for tha atructurCl aR l\ who 1. (li 29 • 

t'hie dlroct maclal atudy waa' undort.L\kon to Q)uu'!Ilno tho ofhctll 
, \ 

of crAcklnÇl al\d yioldin9 ot tho hmin •• an~ wall. and th. influoncé of 
r 

the vll:'iO\lll patterns of cOl\noctiug boam "inforeemont on tho ovol"all 

beh.viQur of co\\plod shoar wall.. The dotail. of the t •• t a.t-up and 

th. inlltl"um~ntl\tion ua\9d ~or. pro.ont.d 11\ Chaptal" Ill. 
, 

, con.i1tod of th. fol.lowinC;l 
! 

(i) t.oa,d-deUoct1on Qurvea at all four jatorèY lQV<\ls 

(U) Load"'l"otation curvoa for al1 four connoeting 00&\'1\5 

(ili) Str.in VAlue. et aelcctod poaitiona. 

Some typieal,data 1~ ·pr~8Gnt.d ir~hically'in tho foll~win9 
, . .,{ .. 

• ectton, and th. rait of th. datA 1a included in, ~pondix C. 

/ 

\ 

. , 

, 
\ 

\ , , 
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1OQO '5000 aooo .000 , 0".,1'1 \.oa4. 
:' 2 Onut of )"t"Unl in 'lminu. 

l Full p\a .. tittcation of \aminu. 
Capactty of Wan , j, attaintcl, 
Cap,clty of' WaH 2 ,. aUaintd = 

\ 1 lit ,_ JI", .L.l- s .-:o...J!:!~Jr ....... 
1 ~ " ~,Momlnh-M l , ' .."........~ f:" '." ~ .. 1 

.. 12 tO,O 500 
tt<ip. in~ 0 

0/ 

J 

',1 

~ "1-+\+1. o ... 
X ,8 " .... 

1,0 u,\tINII~"'. '\l',,e\\tl' 
e"u" ... 1.1'1\1" •• , ,t , ~...,..._~~~""t 

'" .., t-....... -~ ..... ~".-:I--+-.... or..+--+---t--t--+-.-+-

0 • 12 " 2Q 

FIG. 4.2 MSUt.'l'S OF AN stJ\S'l'O-PUSTIC' ANAL'lSIS OF AN 
18-S't01U!:Y saUR COM (.~.r P&ulay. Ref. 29) 
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4. ~ "8f1hAvi(')gr ft ~.t..§J,)oQi",on Nt). l 
\ 

, 
Th~ ninfo1.~~mont ~patt~rn and inatr\UI'Icntation d~taUa fol:' 

loadod in i~(:l."'Omont. ôf 1 k,1p fer tho tirat four loa~UnfJ atopa, . , , 

thiB 10Ad f th~ tORt WAI, cantinuod uain; controlled_ineromontl o~ dofl.ètion 
/' 

at t~. t.0l" atoray' wM:ch wcrr ,maintA1nod <:onatMt A.t a valuo of O,OS in. 
, " 1 \ 

Craoki"; w~a~ba~rvad to atart at a total ~~pliod 106d value ,. ~ ( 

of 3 kip~ (th!. waa di.tribut.d in tho form of four oencontratod 10&da 

Th. top Itorey ~.fl.otie~ A.t t~i. '~ 

l, atago wa.~.ol."VOd ta he 0.06 in .. (Fig- 4,4). ' ~o dOll'Citiona of 
, 

lc:iwer .tOH~1I an alllo proaonttlld in Fi;l. 4. S to 4.8. 

at tho b~aa of .ach ahoar watl waa about 0.006 râdian (thi. waa moasured 
Ir 

at •• ctiontl .diatant ~ above tho ba •• a) (Fig.. ".9, '4.10). 'rh. conel."Olto 

and atool Itraina A.t the bA •• of wall l worc ~proximatoly 150 x 10-6 

an~ 170 x 1.0-6 Z'Oapectivoly. ,'l'ho conereto and at •• l atrê1n valuoa at 

the ba.e of w~ll 2 WOI:'O &bout 220 x 10-6 and 780 x 10-6 re,poctivoly. 
\ - ~ . \ 

Figure 4.8 pros.nts tho load~d~fl.etion eurvos At variou.' 

storoy lov.ls. All ourv-ea show _ change in .lo~ at a load value nOAr 

t.hreo kipl f indioatin; a ~duc~ion of the o:arall .J1ffn'OSS of tho 

apecimen duo to cracking ~t tho bOA~Wftl1 junct1on •• 
\ 

in the, l~'or beams ftlmost simultaneously, bOWl'v.r, tb~~e w.H not , 

signifieant. Th ••• CjAeks:fOrm&d at an &ng1o of approximatoly 30· 

with the vertical Md wore widor ~t}.n, th. crack. in the uppoz: ~.w. 
, . \ ~ 

Rota~ons At mid-.pan seetions of th. four boUl. are shown in Figs., ".11 
- - - - - --

'to-l .. r4~-- erA.c:kini pattornj of th ••• 'boams are ahown in Fi9'S~ 4.15 to 

4.19. A eraek a.ppoAred in tb~ top boam at a point ~h.X'O the be.m 
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, 
l'ai" t'Ol~CèmQnt \~~m3,l\.tQd. ' At a load value} nQ~l: 5 k1.l)a, thb crro.ck 

\ . 

cracka in wo.ll ~ stftrted firat 1.8 dia;onal tonsion cracks 1.n 

tho tint *toray at M>out 1" from the. basa at a Aoad vduo nca.r 5 kipa. 

AlthOU'ilh most 

th. l'UptUl"Cl of the ninforc(!tll'tOnt at th. inside od;o of wall l that oau8od 

the load-deflootion curvo to drop off at & total lo&d valuo around 

S.4 l:tiPli (Fi;. 4.19). . Tho top atoray deflect10n at thia staie was 

Il.9 ,in. 
1 l, 

crushinV of the concreto in w~ll l at the out.ide od;o was 
'--

obaorvod at
l 
& load _valU. of 5 kips. At thi. staqà. thQ_5rack~ h~d 

propA;ateèl through çp~ill\&t.ly one-t,hird of th. W~ll dopth. Thoro 

waa no aivnificAnt eru.hi~; ?f ~\. concrore at tho in9ido odVO of wall 2 

(Fig. 4.16). cruahing of tho concrota at the bOM\ wall interface. of 
\ 

Purthor lOa~ng,bO~Ond a total 10&d value of 5 kips causod \ \ 

moro cr.ckin~ in' the wall base.. . Th. _*001 roinforeement at 1.11 

eonnoctil':9 -be&lII-waH junptiona an~ wall 2 ba •• yiolded. at a total loJd 

, \ 

. at this ata;o w •• 0.1'1 in. (Fig. 4.4) ancl tho xotati9n at the midspan 

•• ction of the boam a~ .toroy l was O.OO~8 radian. !ho ~lativ. ~tation 
d . ' 

.. t a section distant i fl'Om.thowa.lltbaso yas oba.rv.ct to be 0.0019 

radian (Figa. 4.9, 4l10).' ~! / 0 

/ 

, \ , , 
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'l'MlLE -4.1 Stnin GauÇJQSI' ~4~in9 V-'l.uaa foX' S~(llrn(m NO. l 

.. t Yiold Lo/W of 5 k1pa (\cro .t.ain •• lO~6) , 

. '\ \,~ 

Stocl atl:'ain Stoel .troin 
C ,~.8ion ond 'l'Gn.ion and 

6Sa 487 214 

Wdl'l 2 322 ' 70 1487 

Boam l (WAll l f_cc) 190 56S S55 
/ 

,BeArn l_ (WAll 2 face) ~57 -
l\eMl ~ (W~ll l fACO) ~64 260, 1010 

Bo&m ~ (WAll ~ faco) 162 8,0 201 

8tHlm 3 (Wall l f&co) 317 574 648 

Bearn 3 (\~All 2 f .. co) ~20 l6~ 892 

Bt'lQ\ 4 (W .. ll l f .. co) 250 . -
Q 

80atn 4 (Wall 2 f .. co) ~l6 230 579 , 

/ 

\ \ 

\ 

\ 

\ 

) 

\ 

\ 

, .' " 
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'0 'l'l\l.ltR ".2 Str.'\ill GAU~S' RN\di ng V'~luc:\it tm:' Sp-(!cimcn No. l ~ 

1 \ \ 

~t Ullim"t~ Load of 6.02 kipe (Micro str.llin t 10-6\.1) 

il 
il 

,~ 

( f., 
Coneroto strAin Stoel stl'Ain Steo1 8train \ 
Come,rt'IIS ion ~nd CO!!IPrt\R" ion f\nd '1."(\1\a10n end 

WAll l 2166 165 175 

W,ül·2 799 SIS 359 

1 
' BONn l (WAll l fde~) 1252 

BONn l (W~ll 2 face) 2365 ) , 
~ 

BNQ'II 2 (Wall l face) 463 '1 , 

\ 
,\ 

B6l\m 2 (WAll 2 faeo) 2437 ~ 
~ 
.~ 

0 

Bal\m Î (Wall l face) ,2560 904 

Ba~ l (Wall 4 face) 1379 43a 

Boarn ... (Wall l face) 72 182 

Doam 4 (W~ll t face) 493 352 

. 

\ • \ 1 

.. 
l' 

\ 

! 
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Fig. 4.XS Specinem No. 1 at failurc 

F-ig. 4.16 Cracks in the top béam, Specimen No. l 
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Strain values at this load stage are shown in Table 4.1. The 

, dl' lib d t b 4090 10-6 
max~mum concrete an stee stra~n va ues were 0 serve 0 e x 

and 1900 x 10-6 respectively (Table 4.3). 

A~ the applied load was increased from 5.1 kips ta 6.0 kips, 

jthe storey deflections increased almost linearly (Figs. 4.4 to 4.8); , , 

however, as exp'cted, the overall stiffness had decreased considerably. 
, 1 

At this peak point-of loading around~.O kips, the top st~rey 

deflection was observed to be 0.~4 ~n. (Fig. 4.4). The ductility 

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

At failure stage, this ratio was roughly 14.,3. 

The specimen was considered to have failed when the tension 

reinforcement in wall 1 failed. At this staqe, shear cracks in the' 

first storey of wall 2 propàgated to the outside edge and continued as 
1 

flexural cracks. Cracks in lower beams ~pe~ed wide (approximately 

i in. ~idth) and the top storey deflection was approximately 1.9 in. 

.' o 

4.3 Behaviour of Test S~cimen No. 2 

The rein forcement pat\ern and instrumen\ation details of test 

specimen No. 2 were described earlier in- section 3.2. ''rhis specimen 

vas reinforc~F for 

forcemen~ patterns 

, 0 

one-way loading only (Table 3.9). Diff~r.ent rein-

welôE}" used for the coupling bean'l!; ('l'able 3.8) " 

This specimen was loaded in increments of- 0.5 kip for ""the first"'" 

ten loading steps. 
'iJ 

Afterwards, the test·w~s corttrolled by 0.05 in. 
\! 

increments of the top storey deflection. Crack pattern of this specimen 

ct _,_ $~ 

'! ----

> • 

~ - , 
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" 

\ 
is shown in Fig. 4.20-. 

\ ; 
Defléctions of the four-storey levels are 

sho\o1n in Figs. 4.21 to 4.24. 

( Crack1ng was initially observed at a total applied load of 

3 _kips. The top storey def1ection at this stage was 0.09 in. (Fig. 4.21) 

while the rotation at mid-spa~ of :he lower beams was around 0.'0014 

radian (Fig. ~.23) r The relative rotations at a section distant % 
(7.5 in.) from the'base were 0.006 rad. and 0.009 rad. for wall-l and 

wall 2 respectively (Figs. 4.23, 4.24)_ 

Further loading to a t;ta~ load/value of 5.3 kips caused the 

specimen to reach ~he stage of 90~lete yielding at aIl critical sections 

and the wall bases. At this stage, the top storey deflectio~ 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. 
1 

As the applied load increased from zero to 5.3 kips, the slope 

of the' load-deflection curve was observed to change twice - at total 
I( 

load values of 3 kips and 5 kips (Figs. 4.21 to 4.25). 
~ 

After the load value of around 5 kips, the deflections increased 

morè rapidly with further increase in load upto the ultimate load value 
/ \ 

of 6.02 kips. As for specimen no. l, these changes in the elastic 
. /~. 

range indic~ted reductions 9f the overall stiffness of th, spe\cimen. Thi~ 
1 

reduction of ~iffnèss was caused by the'onset of cracking at the beam-

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

\ 

\ '. , 
1 
, ,. 
-\ 
~ 

~ 
~ 

j 
'1 
t~ 

,j 
~ 
~ 

~ 
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stiffncss, as the applied load was increased frOr 3 kips 

was due to the onset of yielding of the rein forcement in 

tQ 5 kips, 

cer~ain beams. 

Tbe yielding of the wall rein forcement continued until a total load 

value of 5.3 ~ips (Fig. ~~21). Due to the delay of yielding of the 

tension reinforcernent in wall l, more cracks appeared in wall 2 base 
-.....",~-~ 

in this specimen than in specimen no. 1. 1 ' 

Cracks initiated at the shear wa1l-bearn interfaces ~\~ total , :J~ , 
,- -' 

load value just less than 5 kips. Additional diagonal shear cracks 

were also observed along tge 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 o~ the opposite face 

(Figs. 4.20, 4.33). 

'l;'Pe rneasured rotations at inidspan of the three lower beams 

~eré v~ry close (Fig. 4.32). At u1timate load, the rotation of rnidspan 

of beam 4 was 0.018, radian compared to 0.024 radian for both bearns 2 and 

3 and 0.026 radian for beam 1. 

In exarnining the rotational behaviour of the midspan sections 

~\of the connecting bearns at failure (load value = 5.2 kips) with the 

corresponding top storey deflection of 2.9 in., the midspah rotation in 
1 

beams 2 and 3.was 0.07 radian, while similar values for ~eam l and bearn 4 
, 

were 0.06 raQian and 0.05 radian respectively. It shows that the 
/ 

location of the section where the maximum rotation'occurs, ~as shifted 

from storey l (roughly 25\ of total height) at yielding of steel reinforce-
..- ........ ~ ... , • i 

ment (Fig. 4.32) to a location between bearn '2 and beam 3 (roughly 50\ of 

\ t6tal height) at'failure. 

\ 

l, . 

~ . 
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~ 
A crack fo~cd 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 about 5 kips (Fig. 4.35). The width of this 

crack was roughly tin. at ultimate load and approximately i in. at failure. 
1 

This crack propagated further along the beam reinforcement to caqse bond 

failure to the top level beam. \ 

Cracks appeared almost instantaneously in b[th the diagonal and 

parallel reinforced be~~? However, the cracks in beams with diagonal 

reinfor~ement were not ak wide and there was much less crushing of the 

concrete. This shows the superiority of the diagonal reinforcement 

lover the 'conventional para~~el rei~forcement. Paulay has made a similar 

"-

deduction from his experimental work
l3 The stress pattern and load 

transmission between the walls ha9 been illustrated in the photoelastic 

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

of t~ansferring forces. 

Diagonal tension cracks appeared in the first storey of the 

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

(Fig. 5.20). Flexural cracks appeared at the inside edge of wa·ll l at 
1 

a total load value of 5.5 kips (Fig. 4J20). Cracks were also observed 

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

However, these cracks did not open wide as the cracks in the first storey. 

Crushing of the concrete on the outside edge ~f wall l ~nd at 

the wall-beam junction occurred at a load value of approximately/ 6 kips. 
,-" ... :0'''- • . . 

-------~ ~ The concrete on the inside edg~ of wal~.2 also crushed after another two 

loading steps. 

, \ 

\ 
l 
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/ The ~ncrete strains in wall 1 and the steel strain in 

,wall 2 at a 10ad value of 5.3' kips were approximately 1100 x 10-6 in/in. 

and 1300 x 10-6 in/in.t respective1y. At this stage, the concrete 

and steel strains in 
\ 

1 

the 10west bearn were 1840 x 10-6 in/in. and~18BO x 10-6 

in/in. respectively. Other strain va1uJs are detai1ed in Table 4.4. 

As ~he applied 10ad was increased from 5.3 kips to 6.7 kips, 

the top storey deflcction incre~sed almost rinearly to about 1.44 in. 

(Fig. 4.21). The load-deflection behaviour at other storey leve1s 

\ 
was also almost linear in this range. At this 10ading stage, the 

maximum rotation at the midspan section of the lower\peams was approxi

mately 0.025 radian, and the relative rotation at a séc~ion distant d 
2 

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 offo~lowly. At the maximum 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, this 
1 

ratro was approximately 14.3. 

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

the bearn-wall interfaces. Failure of wall l was due to a flexural 

mode leading to rupture of the tension reinforcement. At this stage, 

the top stor~y deflection was approximately 2.~ i~. Failure of wall 2 
, "\ ' 

can also he categorized as the shear-flexure mode.' Rupture of 

1 

reinforcement in berons 2 and 3 occurred three loadin:g steps after the 

rupture of wall 1 reinforcement. 

storey deflection exceeded 3 in. 

At thls'failure state, the top 
f 

~ . 
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TABLE 4.4 Str~~GaugeS'Re~ding 

at Yield Load of 5.3 
\ 

rncrete s~rain 
ompression end 

Wall 1 1096 

Wall 2 155 

Beam 1 (Wall 1 ~ace) 159 , 
L 

Beam 1 (Wall 2 face) 1839 
1 

Beam 2 (Wall 1 face) 1.218 

Beam 2 (Wall 2 facet 141 

Beam 3 (liall 1 face) 162 
\' 

Beam 3 (Wall 2 face) 132 

Beam 4 (Wall 1 face) 1073 

Beam 4 (Wall 2 face) 1453f- ~ 

~-

, 
/ 

/ 1 

- -.-.::.._--~---_ .. ---'-

Values for 6peci~n No. 2 

kips (in MicrosJl:~n, = 10-6~) 
\ .", 

\ 

Steel strain Steel strain 
compression end\ 

( 
Tension end 

/ 
,- . 

1329 

627 

435 1884 

J25 .Z' 

1607 

/ 1448 

451 268 

29 510 

339 1134 

f 

~I 

-\ 

. \ 
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1 

Behaviour of Test Specimen No. 3 

Re,inforceme1t pattern and instrumentation details of specimen 

descdbed in sectioh 3.2, and Tables' 3.8 and 3 ~9. The ,1 

span-depth ratio (~/tl of the coup.ling bearns was one and the length of 

no. 
1 
3 were 

the coupling beams to the wall width (s/2e) ratio was 0.44 as described 

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

diffe~ent from those of specimens nos. l and 2, and were described in 

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

1 

first five loading steps. Beyond.this·stag~, the test was controlled by 

a top storey deflection increment of 0.Q5 in. 
f 

Crack patte'rn of this 

specimen after loading iS,shown in Fig. 4.36. 

The specimen behavéd linearly up to a'total Ioad value of 
l 

about 6.1 kips (Fig. 4.37). The behaviour of the other 'storeys was 

also almost l~near in this range (Fig. 4.38). The corresponding top 

storey defiection 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 midsPari' sections of the four bearns are also presented, in 
1 

Fig. 4.41. 
o . 

The concrete and t:he steel strain (tension face of wall 2) 

values were 586 x 10-6 \ 
in/in. and 1760 x 1:0-6 in/in. resp~ctively. At ,. 

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

95~ x 10-é and 1072 x 10-6 in/Ln. respectlvely. 

are detailed in Table 4.5. 
\ 
\ 

'-~ 

\ 

Other strain values 

" 

, 
- :\ 
:, ';' 

r 

\ ) 

'., , 
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Diagonal tension cracks occurred in wall 2 at a total Ioad 

J \"-l 

value of 3.9 kips (Figs. 4.42,4.43). Cracks also appeared as diagonal 

shear cracks in the second storey of Vall 2 and as flexural cracks in 

the first storey of wall l at a total load value of approximately 5 kips 

(Fig. 4.42). 

Although sorne very narrow diagonal cracks occurred \qj:. the 
cCl' 

corners of -the lowest openings and in the middle of beam l in the elastic 

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

similar to the diagonal èracking pattern normally obtained in deep beams 
1 

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

l "h" 13 ~~u ay 1n 1S tests • 

As the applied load ~as increased beyond the yi~ld load of 

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

the top'storey defLection increased to toughly 0.6 in.; the load increased 
\ 

very slowly and almost linearly up toI a value of roUghl~ 6.7 kips (Fig .

r

4.37). 

Near maximum loa~, the rotation at a section at a height of 

5.75 in. above the base of wall l was observed to be 0.008 radian 

(Fig. 4.39). As the cracks in wall 2 widened, axial d~formation 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' l showed the largest 

rotationa'l deformation of about 0.0011 radian at midspan (Fig. 4.41). 

th l "\" " Fur er oading beyond the ult1mate load of around 6.7 k1PS 
\ 

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

t4Pcrements, the cracks propagated through 'thé depth of the wall. The 

vertical rein forcement of wall l ruptured at a load value of about 6.5 kips.' 

The top storey deflection at thi~ stage was 1.fi in. 

/ 

.. 
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c G 

The two ve~ical reinforcing wires next to the steel wire at 

the inside edge of wall 2 ruptured two loading incr~ments after Bhe 

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

cause a collapse of the whble structure; they greatly reduced the stiff-

ness.an~ the lateral strength,o: the strurture (Fig. 4.37). 

factors of approximately 2.1 and 5.7 were obtained from the 

Ductility 

ratios of 
\ , 

/ 

the ultimate deflection andfailure deflection to that of yield, respectively. 

THis specimen was considered ta have failed ~hen the diagonal 

. . 
tension cracks had propagated through the depth of the:wall and the 

1 
reinforcement ruptured. This tension failure of wall l occurred at a 

top storey deflection of approximately 2 in. 
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('1 
for specinf-n TABLE 4.5 Strain Gauges' Reading Values ~o. 3 \; , at Yield Load of 6 kips 

t 

'~ 

1 
, 

1 ( 
1 -

straln Con crete strain v Steel strain Steel 
Gompression end Compression end Tension end , 

': 
Il 

/ Wall 1 586 549 1760 
1 

Wall 2 
1 " ' 

Bearn 1 (Wall 1 face) .. 955 987 1072 

Beam 1 (Wall 2 face) 295 110 , 555 
:J 

Be am 2 (Wall 1 face) 518 623 

Beam 2 (Wall 2 face) 98 268 \ 393 

Be am 3 niaI 1 1 face) ,109 
1 

Beam 3 (Wall 2 face) 114 '215 

Beam 4 (Wall 1 face) 69 62 

Be am 4 (Wall 2 face) 56 

, /- ( 
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FIG. 4.36: SPECIMEN NO. 3 CRACK PATTERN 
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Fig. 4.43 Spe1imen No. 3 base of wall 2 failure 
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4.5 Summary 

The 10ad-deflection curves for aIl ~est speci\nens showed an 

almost linear behaviour within the elastic range. 
1 

1 
Changes in the 

,1 

overall stiffness of the specimens were caused by the cracking of 

concrete'~d the yielding of the reinforcement near the wall-~~am 

junctions; yie1dinà of the reinforcement at the ~all b~se caused the 

loa~-deflection to-level off. After the rein forcement at aIl critic4l 

1 

sections had yielded, the specimens could sustain li~tle Or no more 
( -

1 

inçrease in applied lateral loads up ta the ultimate load. \This kind 

of behaviour is very similar to the elasto-plastic assumptions made in 

l 
. 29 

ana ys~s 1 
The large' shearing 

paulay's 

forces~ across the coupling beams and 'the 

wall base, were responsible for an early onset of cracking in aIl test 

specimens. Cr.acking and y~elding in the coupling beams reduced the -

stiffness of the overall structure, and this was reflected in the 

observed load-deflection curves. 

\ 

Accordi'hg to p~ulaylS experiments and analysis
l3

, diagonal 1 
cracking has been observed to reduce the fle~ral stiffness to a much 

greater extent than flexural cracking. Diagonal reinforcement pattern 

was suggested for these coupling bea~. It was also sh~,by Paulay 

that cracking of coupled walls was largely affected by axial 

from gr.~ity 1oa~ and wall,< base. This axial load results 

accununulation of laminar shears. 

load in the 

from the 

1 

/ 

/ 

\ 
\ 
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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. ~e maximum rotational positio~ 

tends to move upward from a 

elastic range to a location 

location near quarter het9ht beam 

near mid-height at ultimate load. 

du~tility fac~ors for specimens nos. 1 and 2 were 6.5 and 6.9, 

in the 

The 

1 
respectivel~, which are in excess of the necessary ductility factor of 4. 

~is 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 les5 damage (cracking, 

crush~ng of concrete) at failure when compared with the conventionally 

reinforcad beams: 

(specimen no. 3) was 

DiagOnal cracking in the 

also found to agree wi th 

deep coupling beams 

paulay's observations. 

·~is inelastic deformation at the coupling beams and the wall bases is 

crit~çal and must be considered to provide safety and adequate resistance 
1 

to seismic loads. 

, •• .)iIlI 

\ 1 
1 

/ 
_'1 

/ 

1 

, \ 

\ 

/ 

.. n! 
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v. ANALYSIS 

- 1 
~ 

5.1 Elastiç Analysis of Test Specimens 

'l11e experimental results of the test specimens under lateral ' 
1 \ ~ \ 

Il 
1 

loads ,were analysed using the e~asti/c lamina, method. For a rapid 

evaluation of stresses and d~flections of the specimens, design curves 1 

derived from the continuous lamina thoeq were used. The design 

curves for uniformly distributed load, triangularly distributed load, 

and concentrated load at the top level, are reproduced in Appendi~ B. 

The fOl1owing quantities are required to use the desi!]n 

Çurv 5,6 
1 es : ;' 

1J = 1 AI, 
+ A~Ad (~.l) 

,. ( 
12 l 1 2 ]i (1 = e li 
'hs 31 • 

(5.2) 

1 
~ , 

B =- iwt ( 12 Ip ) 1 

hs 3 l 
(5.3) 

The analysis of test specimens nos. 1 and 2 was carried out 
\ 

using the ~ol1owing data: 1 
~-

H = 59.4 in. 

Al = A2 0:: 1.25 !St 15 a: 18.75 w. i 

1 

-A .... Al + Az/= 37.5 in. 2 / 
1 \ " 
1 1 l 

1.25 x 153 Il ., 12 a::: U x = 350 in." 

l; ... Il + 12 -= 700 in. It 1 
'( 

.... 

1 
1 , 
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1 
() The second moment 'of area of the two wall se~tions about 

their common neutra1 axis is: ! 

1 

( . 

-; 

1 

whence aH 

e 
/ 

l' = 700 + 

:= 70~ + 

l 

2 x, 18.75 x 

5400 =- 6100 

l2ê 

in. '+ 

\ 

fig.s.lA: sect~on of 

Wall l and Wall 2 of 

Spécimens Nos. 1" and 2 

1 

/ \ 1 

'_ The second moment of area of the connecting beams i9: 

J . . , 

r =;..!..x 1.25 x 4.53 ,= 9.45 in. 4 
p 12, 

Il 

, 
\ 

From equation (5.2) i t: follows tHat: . . 

. 12' Ip 
JI: hs 3 0.00963 

- -'-~~' . ,- ~ 

! 
" :: 0.0981 x 59.4 = 5.83 

,.. 

L. 

/ 

t " 

\ . 

.. , 



( 

» 

. 1 

), " 

... 

< • 

J { 

1 
for·a total applied load value at 3 kips, which is equivalent te a 

triangularly distributed load witp a ~ximum value of 0.1 k/1n. at 

the top. From design chart B.5, the percentage of individual canti-
\ 1 

~ever action KI and the percentage of composite cantilever action K2 \ 

is given by: 

KZ = 0.75 

From design chart B.6, the average value of the oonnecting 
\ 

beam stress factor K3 for triangular1y distributed load for each storey 

15 given by: 

Kg == 0.16 for the fourth storey 

Kg == 0.25 for the third _storey 

1 . 
Ka = 0.32 for the second storey 

,,~3 == 0~29 for the first storey. 

/ 

'!'he shear force acting [n the coupling be~ from thè fourth 

storey level to the first storey,level can then be calcu1ated as: \ 

" 

(5.4) 

hence: \ 

59.4 1 
Q4 &< h<l4 =_15 x 0.1 x 24 x 1~J,3 x 0.16 = 0.526k 

/ 
59.'4 l 

Q3 '" hq3 = 15 x 0.1 x ~ x ï:'IT x 0.25 ... 0.82lk 

59.4 - ...... ~ 1 
Q2 ,,"'hQ2 = 15 x 0 ... 1 x 2:1 x 1~13' x' O~32 0: 1.0S1k 

\ b 15 0 59. 4 l 0 9 53 QI"" Ql'" x.1 xï4 x ï:ï3~ .2 ... 0.9 k 

./ 

\ 

, . ' 

l 

\ 

\ -. 



1 

1 

'" 
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-Stresses at the extremr edges of .the wal~ bases are calculated 

as the SUm of the stresses due to composite cantilever action and 1· 

tridi vidual can tilever act.ion: 

2 
a =-3xWxH A, 

1 

1 7.5 J 0.75 + 700 x 0.25 

\ 

= ~. x 3 x 59.4 [:i~o x 0.75 - ~~~ x 0.2SJ 

1.'; b 

.60~ 

- 0.252 ksi 

\' 

-J 

'. 
• 2ft. 

= 0.603 ksi 

1 

1 

,1 

o 

.~~ 

Fig. 5.lB: Stress distribution dt wall bases 

\ of specimens nos. l and 2 

1 1 

-- . 
\ ,. 

, f 

! '" 

(5.5) .-

(5.6) , 

... . 

/ 

f 

1 

f 

ft 

1 

'1 
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are: 

1 
1 

Hence: 

1· 
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From design chart B. 7 1 deflection fë!çtor K4 i5 obtained: 1 

KIj ::: 0.19 
( -

Second moment of area of cracked/sectio~ ,of the wall bases 

"" 

Ilcr ="'"62.2 in. '+ 

( 
1 I2cr = 122.3 • '+ 

111. 

l ::: 184.5 ±n'+ 
cr 

1 
oeflection at the top storey level iS,,\iven by: 

.11 wH'+ 
Y max = 120 X El IÇ"4 

,y ~craclt 0.0077. in. 

y = 0.0290 in. crack 

(5.7) 

as c:ompared to O. 06 in. 'and O. 08~ in. obtained for specimens nos. 1 

and 2 respectively,;and 0.010 in. obtained fram elastic finite e1ement . . 
-

.. ' . 

\ 

analysis. The experiœental values are generally higber than the ca1culated 

values due to cracking- in the. connecting beams and the shear walls under 

applied loads. \ 
\ 
, 

Strain values obtained for specimen no. lare a1so plotted \ 

against the total applied load as com.pared ro theoretical values obtained 
, 0 

fram Finite ElementfAnalys!s using,SOLIO SAP in-Appendix 0 from Figs. 0.2 , . , 

te D.7. 

\/ 1 

Concrête strains are noted lower than--tbeoretical values wbile 

• 
\ 

.'" 
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steel strains show higher values. This is due ta the cracking effects • 

at thes~ critical sections where strain gauges were applied. On the 
"r; 

average of concrete and steel strains, the strains at these locations 

show good agreement with the resu1ts from the finite e1ement ana1ysis. 
\ 

The analysis of 1'est specimen no. 3 was carried out with the 

fOllowing wall ~nd beam propJrties: 

( 

d 

\ 

hence: 

/ 

\ ! 
H c: 60 in. 

, Al ;:: A2 = 1.25 x 16 = 20 in.--2 

A = Al + A2 = 40 in. 2 

Il 12 
l 

1.25 x 16 3 426.67 in. 1+ == = 12 x = 
1 = Il + IZ = 853.34 in~ 

1 ::: cr 142 + 34 1: 176 in. 1+ 

Il = 853.34 + ~x 20 X 11.52 ... 6143.33 ~n.~ 

1 p = 12 x 1. 25 x 7 3 :: 35.73 in. If 

/ Ev~luatLng the -constants for the design charts as .. 
, _ ___ """,N 

AI 40 x 853.33 
JJ :: 1 + A~A2tZ = l + x 20 x 232 = 1.16 

20 

'> 

a 2 ::: 12 le t 2 12 x 35.75 232 
1.16, ... 

16 x 7 3 x x 
hs 31 1).1 853.33 

1 \ 

1 
I 
J 

i 
\1 

• O.23~ 
aH" 14.2 

• i 

-. - ( . \ 
0 

\ 

fo11ows: 
/ 

\ 

\ 

=:: 0.05.628 
~ 

1 

~ 

i.l' 

! 
\ 

\ 

\. 

\ 

r-

'J 
1 

1 

1 
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From design. ch art B.5: \ 

1 

stress fa1tors From design ch art B.6, the average value of the K3 
v 

each storey are asl fo llows : . 

K3 = o.ofr for the fourtq,storey 

K3 = 0.20 for the third storey 

\ 
K3 = 0.37 for the second storey 

K3 -0.45 for the ffrst storey 

kips, " , shear forces For a total load value of 3 the 

coupling berms from the fourth., stoorey level tJ the first 

gl,.ven by: 

Q2 • hq2 

H 1 = hw - - K3 R. li 
60 0.07 

:: 15 x O. 1 x E lÇ ï:ï6 = 0.2 3k 

60 i = 15 x 0.1 x 23 x l.ï6 x 0.20\. = 0.674k 

15 60 1 = x 0.1 x ï3 x ï:ï6 x p.37 

/ 
= 1.247k 

QI - hqI = 15 x 0.1 x 60 1 
23 x ï.'T6 x ? .45 - 1.517k 

1 

.1 

( '\ 

! 
1 .. i "-

,/ 

/~ --:-
1 

.' 

acting on 

storey leve! 

... 
~ . 

\ 

1 
l 
" 

{ 
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1 1 
\ 

\ From design chart B. 7 1 the 
1 

ia givèn by: para:nater Kit 

/ 
and the top storey deflection Y

max 
is: ,/ 

• 0.027 in. ~ 

1 , 

The expetimental VAlue of def.1ection for .pec~n no. 3 at 

the top .torey level vas 0.12 in. at A total load value of 3 kips. 1he 

41fference betveen'the'experimental and calculatéd values iB~àgAin due 

to cracks \thich fint forméd in the fint storey of sheAr WAll no. 2. 

'!'bete cracks reachad the inside edge tiret, vhich wu reinfo~ce4 with 
\1' 

~ch li9bter .teèl percént4ge than tlle 'outlic!e edge. '!'bu., one can 

expoet a ~ le .. ,.tJ.ff cracke~ oection ~ the b .. e of wall 2, 

and CO~eq~1Y, a higher top storey dellectton. ~ , '4P l· 

-\ 
( 

/ 1 
5.2 Ultl1l\Ate tea4. Ana1y.!!. 

Prediction of the 'b.ha~ioJsr of COUPle4 .heu wl'11. up to the 

JDAXimwra lo-~d can be cardee! out,,~ th. ultimate 1o&d analy.i~ 
Il. J ~~'" .fi' 

, 29 
.U99 •• te4 br 'aulay. '1hl~ Jll8tboc! account. for a .tagewi.e development 

r / , 

1 
. 1 , 

, . '" " ~ 

1 

, 
" 

a. j aSU&il AL QJUiliii,lilJ1JJtMJIt#!'llGiJ 
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of the collapse mechanism._ A triangularly dis~ributed lo~d pattern 

1s used-in the analysis. 

The ultimate moment capacity of the couplinq beams is 

ealeulated as; 

K • AiLy Cd -. d ') -,b,u 

• 0 .. 04 " 37 x .4 

1 
1 

• 5.92 Je in. 

, 
" 

(5 .. 8) 

~, 

Ult1 ... ~ ...... nt capacitiea ot wall ~ an;·~~.ll ;'::Jiv~J 

"!x. 37 -

~1 • Pl s, 0.002!6 x '4" S 0 .. 0256 t , 

te -' 
~ 

il"2 s p !x. 
2 te • ' 40 

0.0066 " -"4 S 0.0660 

1 

- 1.25" 14.52 " 4 " 0.02sè (1-0 .. 59 x 0.0256) 
, '" 

/ 

" 

• 1.25 x 14.52 x 4 x 0.066 (1 - 0.59 x 0.066' .. , 

• 66.67 k in. 
l 'l 

/ ! 

1 
1 

il 

, r ' ... . .. / 
'- .. \ 

/ 

~ 

.. 

/ 
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] 
The ultimate shear' strength of the beams is: 

l ' 

V .. 2lb,u II< 2 x 5.92 • 1.316 k.: 
b,u 3 9 

1 

The u1ti~te 1aminar shear ;of the lowest beam ~evel is: 

beam is: 

q' ... 1.316/20.25 - 0.065 k/in. 
u 

/ 

o For beams at other storey leve1s, this shear distribution is: 
..-

1 

q ... 1.316/15 ... 0.088 k/in. 
u 

The equivalent secon4 moment of area of a cracked coupling 

! 
l' • 0.3 x 9.45 ... 2.835 in.~ x 

, Stage 1s E1astic 08.192 toad ! ' 
1he\ elast1c analysie wu 

/ 
cardeeS ~t ::~tion, 5.1 usinq 

4e.ign Charte aneS a deei9Jl 10ad of 3 ki9S. Tlie maximum elaetic laminar 
" 

.hear at beam 1 level tas 

\ 
, " " .. ,~ , 

, , 

" . 

1 

\ 

.. \ 
/ .. ' 

----~-------........ -----....... ~----II/!IlI!II!I==_:.1 __ ~ 
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Stage 2: E1astic Lirnit of the structure 

The next Increment of loading brings beam 1 to its elastic 

1im.it~ This maximum~lastic load is given by: 

\ 
deflection 

q' 
W .. ---E....... 

e 
w -- 0.065 x 3 .,. 

0.0635 

The corres~ndinq maximum laminat 

are: 

hs2q 
15 x q2 x 0;065 el .. u -y 12 El' 12 x 4000 x 2.835 x 

1 
3.0-7 kips 

1 . 
rotation and top 

'i 

.. 5.8 x 10-4 

y , • 
e 

W e 
-y -W 

1 
0.0652 '. /0.0667 in! 

3.07 
- x 3 

Stage 3: Full Plast,it'i'çation ot the Laminas 

/ 

level 

! 
rad . 

! 

Further 10ad fncrease cau.e. other coupllng beams ta enter the 

pta.tic range vith: 

q • 0.088 k/in. u 

and .ey • .'.84 ,,"10-4 ra4. 

\ Secon4 moment ot area of the erre~ed .aetions of the wa1~ 

11er • 62.2 in. 4 , Aler • .7 " 20 • 14 in. 2 

12er .. 1.22.3 in. J/.., 'A2' 
t;r • .7 " 20 • 14 in. 2' 

1 cr • 184.5 in.~/f , 
A • 28 in. 2 

,J 
cr 

, 1 v-

t ( 1 

I 

,'if~~/-

. \ 

1 

1 



-, -
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/ 

'. 

e 
r 

, 
/ ' 

, , 
I~ i8 assumed that that laminas p~ssess bilinear elasto-

plastic load rotation characteristics. At the end of this 10ad 

increment the 1ami~ar pluritication is assumed to have spread ~Iver 1_ 
the height of the structure while each peam sustains its yield capacity. -

,mere 

! 

1 0 

The critical stiffness ratio i8 defined as: 

Z 8: 

C 

- 2(" 9 

- 17.96 

v - 1 
1 - 0.19\1 

0.25 
.0.616 • 

1 

1 - 0.19 x 4.058 

0.088 " 59.41 .' -

- 13.36 

'; 

2 242 

x 4000 x 7184 " 10-4 ( ï4 + ms 
t 

fL / 

> Z • 13.36 c 

) 

'1'h~, the u~.t lamina ~t jWlt. &ttain the yie14 rotattçm. 

_ '1'be corr •• pon4ing load h f "; 

l , 

/' 
f 1 

(S.IO) 

, 
(5.11) 

"J j 
~, 

1 

/ 
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1 
4 sEI (Z + 1) e 

Wy .. tH Z y 

• . 

(5.12) 

~ 14 x 9 x 4000 x 184.5 x (1p.96 + 1) x 7.84 x 10-4 . 

24 x 59.42 1 
\ 

, ... 4166 kips. 1 1 
, ') 

1 

, " -' 

The top storey def~- the end of this stage i8 given , 

59.4 3 
• 4000 ,x 184.53 {4.66 

!.!.) _ 24 x 0.065 } 
60 3 

/ " 1 
/ 

• 0.095 in. , . 

/ 
.u C011I?ued to_~~~~. and 0.16 in;. obtainecS froua e~risœntal re.ulta 

for speci~ns nos. 1 and 2, r~spectively. 1'l)e theoretica1 and . 

, experimental, deflection values are also shawn on the load-deflection 

curve. of Fig. 5.3. 
\ 

-:-/ 

S~e 4. ,Ultimate Strength of Wall 1 
1 

/ 

p 

A furt~er /jJ.o~ increment 18 'bsumecS ta cause wall 1 to attain 

it. ultimate' cal?Acity in the l?resence of TU axial tenaiàn. 

'. 
? 

.} 

1 

, " " 
" , / 

1.1 
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rment at the base of thE: wa.ll is obtained from: 

( (W + ÂW') ( ~ ) - 0.95 1q ) .. Ml Y 3 U lU 
(5.14) 

l' -
assuming that-both w~lls reeeive the load within the elastie limit until 

the end of ~his stage. 
;' 

Solving for AW', one obtains: 

1 

AW' • ( ~lHU 'I + 0.95 ~ ) t ... Wo 
1 - Y 

l ' 
_ ( 26.5 x 184.5 + 

59.4 " 62.2 

• 0.33 k. 

- 3 
0.95-x,24 x 0;088) 2 ... 4.66 

/ 

(5.1S) 

The load applied at the end of thi. stage i8 4.99 kips. The 

corresponding top 8torey defleet,ion 18 foun~ from: 

âW'H3 ( _11 ) ây' • 
E 1er 60 

-

• 0.33 x 59.4 3 ( ll. ) _ 
4000 " 187.5 60' 

,0.017 in. 

Bence, th,. total top .torey 4et'lecti.9n i. s 
. ' 

! ' " 

11' • b.09S ~ 0.017 • 0 .. 112 J.n. 

/ 

, 
/ 

(5.16) 

( 
1 

/ 

1 

. 
/ 
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~t this load level-of 4.99 k, experimental top storey 1-

1 

deflections of 0.16 in. and 0.18 inA were obtained for specimens nos. 1 

~~ and 2, respective~y. 
1 ; 

,",-

- ", 

1 

\ 

stage 5: Ultimate strengt~ oJ wail 2 

Similarly, Aw' i8 defined as the load increment which will cause 

wall 2 to attain its ultimate moment capacity at the base in the pre&ence 
/ 

of Tu axial tension. wall 1 may be considered as ineffective because of 
1 

the formation of plastic hinge at the end of the previous stage. Thus, 
1 

the maximwn moment at the base of Wall \ is: 

\ l 
(W + IlW' +..E Aw") (~ - 0.95 1qu1 • M Y / l 3 Z,U _ 

\ 
So1ving for IlW", one obtain.: 

1 M " 
Iltfl' ., ( ( cr Z~u + 0.95 Lqu' ,~ -w !2. 

HIZ 3 u 1 cr 

\ 
, [ ( 184.5'x 66.67 + 0.95 " 24 x 0.088 3 4.99 l 

122.3 - -- 59.4 x 122.3 2 184.5-

jj 

• 0.371 k. 

Hence, the applie4 10441 at the yie14ing of both 1f'al1. can be approximatecS 

us 
• 

IW f • 

\ 
4.99 + 0.371 - 5.36 k. 

u 

/ 

/ 
l 

, , 1 

/ , , / 

1 

" 

. ' 

t " 

/ 
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The top store y deflection can be accor~ingly approximate~ 

f~~ the incremental ~eflecti~ 

He.l}ce: 

ny" -p -, 

!J.y .. <= 

, r 

r~ · 

0.371 x 59.43 ( !!. ) = - 0.029 4000 x 122.3 60 

1 
-1 

0.112 + O. ~29 .. 0.141 in. 

\ 

(5.18) 
" 

in. 

;' 

'l'he,_theoretical ultimate strength of the specimens can be ! 
considered to De at this stage of 5.36 kips total applied load, as 

compared to 5.,) kips aneS 5.0 kips obtained from experimental re.uIts 

1 
for specimens n08. 2 and l, respectively. 

1 

'l'he theoretical load-deflection curve from stage 1 to stage 5 

18 plotted in Fig.- 5.3. Corresponding load-deflection curves for 
1 

specimens nos. 1 and 2 are also .hown on the same graph for comparison 

purpose. The theoretical curve shows a 900d .stimate of the-applieeS -
• 1 ! 

loads and deflection values near th. yielding stages of 'the laminas and 
1 

the wa~ls. Purthermore, it shows the stagswise behaviour in ter.ms of 
/ , 

the experimental load-deflection ourve. for both 8p.cimon~. 

" .' j 1 ,. 

" , ) 

1 

1 

1 
/ 

1 

/ ) 

1 

\ . 

/ 

.. , 

~ . , 
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ÀNALYSIS OF 'LOAD - DEFLEctlON CURVES 

.. 

Q SffC.MEN NO 1 O~SE1WA1l0N 

a . SPECIMEN NO 1 OMfRV~i\ON 

'J 

0.08 0-10 O.IL 0.14-

------

Tf.lEOR.~TlC.AL 

\' SPe.CIMEN NO. 1 (EXPE.RIMENTAL) 

SPECIMEN NO- t (E.XPERIMENTAl) 

'" 

o I>E~IGN LOAD 

~ 
U1 
.t>. 

® ONSer OF YIELOING IN LAMINA 

@ FULL PlASnFJCATIO~ OF LA~INA t 

--- 1 

® CAPACllY Of' WAll 1 I~ ~EACHED 1 

® CAPAtlTY OF WALL 2. I~ ATTAINEO ; 
( 
\ 
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5.3 Ducti1ity and Lateral Strength of Coupled Shear Wa1ls 

ln shear wall structures resisting seismic forces, it 1s 

neccssary to examine the behaviour over the entire load range, as weIl, 

as ductility. Ducti1ity imp1ies high deformati~s'wit~out Appreciable 

- loss of strength, and it also implies large inelastic deformation 

llSsociated wi th large amountl? of strain energy. In this investigation, 

the available ductility i8 based on a monotonie loading condition 

(Table 5.1). It would be reasonable to assume that a similar amount 

\~( ductility would be avai1able under a re~ersed loading ,cycle. It is 

recommended that further studies be madé on shear walls subjected to 

rcversible loadings. 

The ducti1ity of a co~led shear wall can be defined aB: 

.. ( 

\J' -
6u (5.19) 
6y 

/ 

whero 
( 

Il' .. ductility factor 
. , 

Au - deflection At maximum 10M Pu 

Ay • def1ection at the tota! yielding of 

coup1ing beams and tension wall. 

/ 
Tbe ductility factors for the wall. and cougling be4m. of 

the three te8t specimens a~o pre.ented iri TAbr~ 5.1. Ductility factors 

of 6.S and 6.6 were obtaine4 tor .p8cimens ~8. land 2 re8pec~ively. A 

goderate ductility factor ol 2.14 wa. obtainod for specimen no. 3 'due to 
l ' " 

the opening of the tension crack. of wall 2. 'Ratio. of measured 
. 

deflections of other storeys, and measured rojatiens ot difforent beam 

/ 

.~ 
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TABLE 5.1 

Ratios from' Measùred Deflec~ions and Rotations 

" 

Test Specimen No. 1 

Fourth storey defle tion 
Third'sturcy deC1ec ion 
Second storey defle ,tion 
P'iret storey deflee ion 
1 

Wall l'-X-2J.~ion d 
(sect'2 ) , 
bd' WaU 2 rotation (sc
i 
t., 'i ) 

Beam 1 rotation (midsp~\ 
Beam 2 rotation (midspan) 
Bearn 3 rotation (rnidspan) 
Bearn 4 rotation (midspan) 

Test SEecimen No. 2 

P'ourth storey def1eetfon 
Third storey defleetion 
Second s~orey deflection 
Viret st rey deflection 

Wall 1 rotation d 
(sect'2 ) 

Wall 2 rotation d 
(sect. '2 ) 

Beam 1 rotation (mid8p~, 
Beam 2 rotation (midspan) 
Bearn 3 rotation (midspan) 
Beam 4 'rotation (midspan) 

Test Speciman No. 3 

Fourth storey 4of1eetion 
Thire! .torey deflection -
,S.cond storey 4ef1Gction 
: Vint ,~~riY deflect10n Il 

Wall l rôtat10n 's.ct. si in.) 

\ 
\ 
\ 
1 .. 
\ 

, \ 

1 

Il 
! / 0-

6u1t. 
Ay 

6.467 
7.444 
7.83'3 
8.864 

12.50 

7.33 

e.33 1 
9.52 

10.00 
14.375 

6.85 
6.87 
6.83 
7.50 

10.71 

9.55 

8.50 
10.87 
10.0S 
13.57 

2.14 
2.01 
2.09 
2 .. 38 

4,07 

-

/ 

Afallure 
Ault,. 

" 2,20 
2.37 
2."30 
2.53 

2.50 

2.50 

2.03 
2.60 
2.38 
1.67 

2.0~ 
2.06 
2.10 
2'.17 

2.21 

1.B6 
- Al 

2.40 
2.60 
2.71 
2.52 1 

2.67 
2.79 

-2.90 
3.20 

3.7S 

-Afailure 
Ay 

14.23 
17.fJ7 
17.99 
22.39 

31.25 

18.33 

16.88 
24.76 
23.75 
23.96 

14.24 
14.19 
14.37 
1.6.25 

1 

23170' 

17.73 

20.33 
30.43 
27.36 
34.14 

"5.72 
5.62 ' 
6.06 
7.60 

15.37 

.. 

" 

• r 

" 

t , 

• i 
! .r: 

,,. 
il 
' . . 
f' 

~rt 
J-, 
,; 
f 

- - ----_._""-~_.- .~ 

1 
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TABLE 5.2 

Summary oJ Calc~lated Design, Yield1and Ultimate 

'oads for the Three Test Specimens 

'/ 

, 

No. l 

No. 2 

No', "3 

< 
1 
r 

Design load 
(elastic limitf 

, 

3.0 

3.0 

, 

3.0 , 

1 
f 
1 

Yield 
load 

5.0 

5.3 
0 

6.0 

-

/ 

/ 

" 

Ult.bnate Yield 
load 

1 
Design 

6.02, . 1.67 

~ 

6.79 1.77 

, 

6.59 2.00 

• 1 

, 

~. i 
} 

1 

load 
l,oad 

\ 

.' 
~ 

" ,~ 
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and wall ~l'1Gtton~ at.. ultilt'lf.At'Y am:] failuro 10li"" to thr)l!Jè At yiold 1Q41'1 

l1ru aINe) J)r~~/,mttjd in thu t;liJOO tAble: lUS t.l 8umlRJ.sry of th~ir Î>"haviuur / 

vr~~~f1t(,11'1 .in "<"hfJvt4r XV, Duc:tility ot c~uVbd tshoQt' wallf:S can b<s 

im;)fJdtl/trj ly l;u1 ttù'~l(j "~tl.lJ.Hn9 and by c('m~i~riog th(f oHtJct;J ot the 
/ 

CtJnt.1JltlJlltJrlt " dU(j tQ <.:1080d IItj rrup., utool. v.rc(tnt~4, And 

thet int~r,·ttct4.m) o! at,hol' Ijtru~tul't&l tJlolll4ntJ .If IJtat.d iri f1"c:tion 1.2. 

" .,~ Tho vIHtrvod .ltroo9tht.l j(;)! thOl coupJ 0<1 "J'Joar wall suodo1. 4~ 

c01Wttrod with JO t.hoorotical CIIl .. tic Hm1t .tron9th~ .%'0 pro.onUd. in 

'1'Mblfij !), 2. . RÙtio. of. th. yiold 10Ad to the 0141t.Lc f-dt;tl 10&" 

(tlH~Qnt1C41 Itron<jth) of' 1,66, 1.77 An4 2.0 wc-rl 'Obtlliried im: tlV"ciJllOIl'i 

no"', ,/ 2 .rl(1 3 r08poctiv(ily. 1 In or~t' to obt"1n hi9htr cv.t'aU 
• • 

ductiHty, j-t j§ rocoanon6od that .n ultimate 10&<1 analydM •• l'r ••• nto'' 
, ' 

in liIoCt1f)n !J,2 1:10 'cart'io4 out in th. So.,iqn .. a cboc:k .for th. ·Ultimr.u 

1 . • 

j 

5(4 ,Uo1oct'd Dohêv1our of 81"IIUar prototyp! 'Btt'uetunlJ 

~ ~§ultfj ot thh JII0401 _tudy c:an ho r~t1.t.tJ to dmi1ar vrowtypo 

,fltrue1..unt; by u~it)9 l..htf pdneiplofl of "'lm.! lit~. J'or th. JIlO~l.cs 1.1.IIod 
'\ 

" (. ' ç,1i 

irl thh;1nvj#Jtl9Iition, thIJ Un(i&r .10410 taetor " i8. .. 
1 

,,"J 

'Â • ...!:: Il 10 
"foi 

1 1 
'l'h4 b4tdc j.".lIt~on.Ai.P. b.tvMn ·tb. VÙ,io~ p.&'oWtyp.' And tti. 

l ' 

, 

/ 
>! 

l f 

1 

. .. .. 

! 

/ 

" 
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1 1 
1 

Crotl.8 .ectional Arca of the .to.l reinforcc,JllE:nts 
1 

! 

- , 
tran.to~d_~ ratio n i. 9ivon byl 

'/ 

At -AtM 
~2 • 100 " 

. , l, 

.oco~~'mom.nt ot Ar~ 11 for tb~ 9~ototY~.1 i •• 
• ,1, 

lOOO() • 

/; 

.L. aA ~ Â2 - • ~ ., - .. - • 100 
'.M D.!-.M \s 

1 .. 
1 

1
2 / ...!. • ..J!L. 

~t' : . . .. 100 • ,[ 

~ WH U,f" 

1 
10" ,.r un1~ 1ctnqtl,. 

1 

. if ' ,,;tJj A 10-- . • • 
~ iiJj 

1 
1 

(, ,. 

, 1 

, 
\ 

"-

! 
, 
- ~ -----~ .... 

/ 

jJ 

.. 

J ' 

/ 

1 
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1 n nt 
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160 

, 1 

100 

\ 
1 _ 

Cracking JIlOJOOnt and ultimate moments 

M 
U *--

"IJM 

/ . 

• 1000 

Dotloction of th. couplcld .bur walh 1 

/ 
- un&ar point loa.d. at tivl top .torey 

, 1 

- undor t,ianqular1y di.trLbuto4 10.d 
, , 

f 

.:t.. 
, Y" 

w.Jc/t 
( 11 wJtlf ) t ( ....ll..l1.lL X ). Â • 10 • no Tl X". 120 E.tM ij 

/' 
f , 

1 

\ 

/ \ 

/ 

U,inq the princip10' ot ,diDi1it~~ M8cr.ibed abova, the 

9~o.PIrti .. 01 protot~p. cO\Wlad .bur ,.11. CAn )). (1)tained and it. 

J' 

/ 

»ebaviour and .trenttb can b. pre4ict04 aceor4inq1y# ~abl. 5#3 .now. " --:e. 

f"~roportL .. ot l'r_,... .t .. uctur •• ot te.t ._~. "'''! i, 2 ;....s l, 

A,ppU.4 lcach ,At ~~14iJl9 of tbe 1&minu, ul~i~t. an~ t&i1ur~ .tato. 

and oorr •• pÔn4Ln9 dlt1ectLon. are al." pr.du~d in-Tr1e~ 5~4. fLe14' 

/ 
III 1 

/ 
, l '; , ;/ ,~ 

, , / 
-~------ -..-., .. ~-
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ftBLE 5 .. 3 Pmpert.ies of Phdiet:ed Prototypes 

r 
~Mo .. 1 §!eei.-eh No.. 2 

........ 
U-.. S • olS .. S • 1 .. 0l ft 12 .. 5 • 49 .. 5 • 1 .. 04 ft 

8 .. 75 • 3 .. JS • 1 .. 04 ft 8 .. 75 • 3 .. 75 ~ 1.04 ft 

Sbi .. ksi 

-4.0 ksi <t() ksi 

"- 29000 ksi 29000 ksi 

S " 8 

axea of sbeel 
~ta.ge 

~ of 1 steel. 
ftinf .. steel pe~tage reinf .. s~l 

t.'l'II_ ~} if 1 .. n .. 

Bn. .. 2) 

lJ!Ma l 

~2 
__ !!O ,1 
~~, ~.--~~.,.. .... t:..':: ...... . .-
8Ha .. 

all,h 

~.~ 

1IlSb,é~~ 

~ .. ~ 
aod=t .. ~h~ 

'!Yl 2~1 

CN.tsi~ edcJe 
lhside eclge 

_rt .. s'bêa:t/ft2 

~-~rit .. Sbea%/ft2 

.-ç 

~0 .. 8S6 

- 0 .. ' .... 

0 .. '44 

th,« 
"... 

.& .. 000 

" .. COQ 
· .... 000 

4 .. 000 

1.2-.. 200 O .. &lO 

0 .. 133 

0 .. 21.0 

O .. ~.,? 

-' 

o .. ~ 
0 .. 133 ' 

0 .. 210 

0 .. 2n 

2 .. 530 

,} 0 .. 310 

O .. ~5 

12 .. 200 

2.S3'O 

0 .. 310 ' 

O,,'US 

~ 

0 ... 856 

0 .. ,,« 
0.7~~ 

0 .. 7« 

0 .. 640 

0 .. 133 

0 .. 210 

0 .. 2;7 

0 .. 640 

0 .. 133 

0 .. 210 

0 .. 271 

--

.... 000 

4 .. 000 

.... 000 

4 .. 000 

1'2 .. 200 

2 .. 530 

0.310 

O .. ·US 

12 .. 200 

2 .. 530 

0.310 

0 .. 415 

1 

'" 

J 

~cUten No ... 3 

15' 10 x 50' • 1 .. ~4' 

5~lO ~ S' 10 x 1.04' 

" ksi 
40 ksi 

29COO ksi 

" s 

stèel area of 

"--.. 

percentage reinf .. steel 
(in .. ~) 

0 .... 70 -4 .. 000 

O .. 47a -1 .. 000 

·0 .. 235 2 .. 000 

0 .. 236 2 .. 000 

~ .. 125 2 .. 500 

0 .. 125 2 .. 500 
" 

0 .. 200 0 .. 31.0 

0 .. 277 0 .. 415 

0.600 12.200 

0 .. 125 2 .. 530 \". 

0.:200 0 .. 310 
" ... o.:fn '>.,0 .. 415 

= 

"'" 
~ ''',.>-, 

~ 

"\ 

""-
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1 
Prc(1ic:tion~ of B~haviour of rrototyp~ Couplcd Shnr Walls 

(tscaltt factor'" 10) 

, 

Protot~)" ~.W.No,l 

Boam l lcv~l 

Beam 2 love l 

Blam :3 levd 

Boarn 4 levd 

Protot~io S.W.NO.? 

B.fun l Iovo l 

Baam 2 love l 

1 B •• m 3 lovol 

BOAl1l 4 levol . 
Protot~~o S.W.Uo,3 

a.m ~ 10"01 

aou 2 lovol 

"U 3 10".1 
80II1II 4 lovol 

j 

/' 

"-

, . 

1 
J 

'field 
1011.<1 

(l<) 

\ 

53,!j 

H6.5 

179i!i 

~o. !i 
5 0.0 

56.8 

123.~ 
1 

19$>.2 

lS9 .• ~ 
" 

. 
630,0 

63.8 

13e.B 
/ 

211,8 
17 ,2 
595.6 
-

1 

L.---

Yic:UI Olt. Olt. railuro 
dethc. load ~en(te. load 

(in. ) (K) (in. ) cjo 

1 .1 

0.2 64.5 2.0 56.2 

0;9 140,3 4~7 122.3 

1!O 216.1 7.0 16S.5 

l.5 18l.1' if. 5 1S8.{) - '6Oi'":O 
b 

/ 525.0 

0.5 72.7 0.3 62.5 

0.8, 1S8,2 7.0 135.8 

1.5 243.8 11.3 209.3 

1 2.2 204 • .3 14,. !) 17~.5 -679,0 583,1 

0.4 70.6/ 1.2 147 ,85 

1.1 153.5 2.5 104.1 

2,0 236,6 4.5 160:-35 

2.9 198,' 6'(,3 134.4 
6.&9,0 446,10 

l j 

J~ 

l"ailure 
dallée. 

(in. ) 

4.6 

10.a 

16.0 

22.0 

6.5 
/ 

12.5 

19.0 

28.0 

/ 
~ 

3.0 

6.3 

1l~,14 

16.Q 

" 

! 
\ 

1 

/ 
1 

\ 1 , 

\, 

1 

-_J_",--~-___________ !I!'!l'd 
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() 
lQ4d~ of 500 kjPN, 530 kipfj and 596 kipil are predicted with tov lcvel 

da!lcction~ of 1.5, 2.2 and 2.9 in. for the corrc81>ondinq three 1 

1 Il 
prototyp~ ~tructure~. Aceording to the principle~ ot .imilitude, ths 

Dtrain val~~ at 8el~ctcd pOlitions and 4~ctility factor. of the 
/ 

oxpect'td to be the 84100 a~ in the model I.iIr!eciJoerua. componcntlf are other 

quant i ticl!:I can al,;p he der! ved trOm. tho IJrü'lciple. of .imiHtudo. 
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VI 
, 't 

CONCLUSIONS AND 'REC01fZNDA'1'ION8-

6.1 M8thodllJ of Analysi. and Mo&!l St~i .. 1 

AnalyticAl mr:thod8 have bcen d.eveloped to pridict the

behaviour of coupled ~he"r wall .lJtructure~ at worJ'>1:n9 and u1.timato 

1~"c1.~ , The Lamina IM'!thQc1 .implifielJl the anal)'8i" ~c1 de.i9n of 

coup16d .hear w~ll. with auitab14 ~.i9n c.hart. and can be modified 
" . . ; "'-..-

/ ' 
1 

for ultimat.c 104d lifllll)'.i8. The E~uiva~nt Frr~t~d utilize. an 

approximation to d~lcribe the behaviour of çOupled wb_ar wall. in t.rma . 

of an eQU1vatnt f".'.:î W1th th. ava1 t.bi lit y of largo el.ctron1~ 
co.mputer., th~ Flnite z11mont M*tpod can ho u.ec1 for bigher accuracy 

and wider' appl~cation.. PhOtoola.tic .tudi •• of couplee! .hoar wall. 

prov1"" very "".ful 'nlomatian on the loa<! "'ttribution ""~ .t~ ••• 

concontration. in th. :.y.tom. 

Dir.ct ~l. eAn b. u.od to .tudy flot only th. .la,tie ranq. 
~Io r 

but abo tb. inelutie bohaviour of eoupl.~ .~ar wall .y.u~. 

r •• ult in .i9nifieant coat .avin9~ and improv.d 'Af.ty eqn_idoration •• 
j 

1 

.' 6.2 1;1#IIIDAF{ ct ~?W'r*=ntA1 Ob~orYatrio1a 
1 

A\ IlIthod for dir.ct mo~l t..tin9 of. COÇ!.d .htJar val1. i. 

l ' '1 
.:fJ:' ••• J1U4 in th1. .tudy ~ TM .".,_riMnt&l •• t...up to~ thJ.. IlIthod 

con.tJ..ted ot • 10&41"9 t~amti 1 • b~&Cinf .y.UIII', a 10 .. 41.tdobutor to~ 

... / , 

',.( 

~( .1 ? 1 

, 

, 

\ 

/ 
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upper trian9ularly' di'tstributed load pattern, and a load transmitslSion 

.yrstem to trtlTls!er a tensile (pull) force to the specimen. Three fo -
1 

,;cale reinforced concrete mod.el. were tellltcd under monotonlcally 

incrca.ing load6~ Oqmpletc load-6efloction curves w~re obt~in§d tor 

cacl/ 8pgcimcn. Early cracking in the coJ}ngcting be~JIIS ca.'us~d an 

f incrcaoe in the wall moments. .Further cracking in the wall base. 

reduè:ed thr; ove ra 11 atiffnc8. ot the "tructure. 
1 

Full capacity ot the 

oonnecting bcama was achieved !ir8t and maintained d.uring the test until 

,~ the reinforcement at the in.ide edgo ot wall l taiied tor spocimen. . " 

no •• , l f.nd 2. ,Con~octin9 i?~amI witri diagonal reintorc:ement .howed 1e.15 

4amaqt (cra~in91 cru.hin90t tho concreto) et failur. Vhen cO~Ared,with 

tho convontionally roinforced bOAml. Diagonal crAcking in th. 40ep 
( 

09upHnq bolUlllJ ot Ipecimen n.o~ 3 was ailo ob.orv.d. Diaqonal rein torc.-

ment 18 condl1orod te b. a mor. luit4blo t;.inforoing pattern tor th • 

. ' 

analy.i. V.J carriod' out to attain th. ultimato cap.city ot the .p.ci~n •• 

The /re,ult. ot thb analyd • .tuw.4 a 9004 agreemtnt with t~ .",Podmental 
1 --

.tr.n9th" J,i. anal)'.t. u,.'" a '.to; ~ .~~ proc.4uro to ovaluato th4t 

load and dotorMAtion. ot th •• p.cimon. ,unttl • collap .. JI~cbani.m ,wu 
1 _ J ( 

, 

tormod. An-.latto-plutic behaviour w, .... um.4 for all critical 

- l ' 
ln th. tint -tw~ .p.c~n" a ur,. 4uetility v. ... 'é>1:> .. rvo<i in 

ur. ot the tAè.to QI .i~p.an •• ction rotation at ~tilaato and yu14 

Tho •• cdtical c:onn.ctin9 l'J ... IlUilt po ....... bitb 4u.ctUity 
< , 

factor of at J.e .. t 14 in or&tr to .n.ure 'an cv.rall vell-btbav.4 
\ 

, , ' 

Ov.ra1~ duetility factor. ot JDOro tban 6 ",ere oJ:)tainod 
! 

tor tb4I firfft t'Wo .p.cd .. nl. A 4uctiUty factor of 2, l--vu ol1t.aiM~ 
, , 1 

o 

/ 

, , 

1 
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for spocimen no. 3 to the openinq of the tcneion c:roc:k.l at th.! 1n./48 
1 ec1CJe of wall 2. 

/ 

jI 1 
) 

Ca) Couplod .hoar wall IJtructure. c:an be doligrled tor a4equate 

4'uc:tility an~ are able ta provi<1e a<1equfÎtc .atety un<1er lany 1atetal 

1084 .y~):-.m (vinc! 14huth,quake, ote. ). 
" \.,' \ \ 

(b) Piaqonaf-rdntorctlmont S'attorn i. JIIOre .tfoctivo th an' ._ 
, ~ 

1 ----r" ~ 

conv.ntion.l r~~ntoruNnt p.turn in trantm1ftiJl91l0ad for mocu,wn ~ 

an4 de'9 coupl.1.ng bOAIII # <' ' .•.• 
", I, "" 

"l, 
l "," """ 

Cc) Adequate .hear r.1nfor~nt, bath vortical ahd,horizontil, 

.houleS b4I prov14ed in the baJo" ot th, wall. to on.ur. that thoir 

.. ult1.mato ft.Xural cap_oitu. can ". attAin04. / 

(II) _ A40qu.t.o bond ..... " .. d1ora9~ Mbou14 bo providoll at th. cLat 
./ 

.ection. ~t b.~-wall.junctlon., •• peCial{Y for th. top boa. r.i~fOrC4tlllOnt, 
ane! wall b4 •• ', ,1 1 l t J.j ,u99""d' that th. cou.plill9 ï,.AJIII bave a .' . ' 

. , 
4uœility tactor ot at l ••• t 14, 

" ( " 
Co, ~q~at •• to.l 9'~Q.ntaq. at tnd Ln.ide edq •. ot the ~r ••• ion' 

vall ~ou14 b. vrovi4t4 tor an .in~rI ... d ~nt in that wall .in ca.. ot 

" / 

1 , ; 
•• 1 

1 l, 

$ 
/ 

t. 

/ 

~ 

~ 
j 

~J 

~ 

~ 
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(t) In the 'Cllee of dcep eoupling beams, the reinfo,rcement lit 

the iMide od98/ and any vertical reinforcement provided .hould be êle 
( 

to l'odet th~ net ten8:ior forcQ in tho ten.i~ wall. 

(~.' ' Ar1 ultimatc loa~ analy.!. of the .boar walll .hould be cardeeS 

'out AS a chock at near t"Hure condition •• 
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1 

Load LN\d ex>- 11 fil 
Stop Total Load , 1 \ 

i 

0 0 
1 .95 
2 ,2 • .2~ 
3 3.30 
4 4.35 
5 \S.35 
6 6.35 , 
7 
8 7 • .26 
9 7.55 

a 

10 '.85 
11 8.1.2 , 

1.2 8.36 
13 8.62 
14 8.76 
15 8.93 
16 9.21 
17 9.47 
18 9.72 
19 10.09 
20 10.52 
.21 10.88 
22 11.02 
23 11.75 
24 11.45 
25 1.2.18 
26 1.2.67 
27 13.35 
28 1~.62 
2~ 14.00 
'301 14.50 
31 14.70 
32 14.58 

'33 15.10 
34 15.43 
35 15.95 
36 17 •. 04 
37 18.53 1 
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SPECIMEN NO. l 

Lo.\ds on SPQCi.mt'n 

Load a..ül. t~ Load Coll. t3 
(.\pprox, sida (sida load) ~ 

loadl ' . 

0 0 
, .51 ~ 4-4 

1.23 - 1",0:2 

1.65 '1~ 65 
2.15 2.20 
2.68 2.67 
3.28 , 3.07 

0 

, 

3.64 3.62. 
5.80 3.75 
3.95 3.90 
4.05 4.07 
4.19 4.17, 
4.31 4.31 
4.38 4.38 
4.48 - 4.45 
4.61 4.60 
4.73 4.74 
4.82 4.90 
5 .. 00 S.09 
5.24 5.28 
5.45 5.43 
5.52 5.50 

), 5.88 5.87 ,J. 

5.72 5.73 
6.06 6.12 
6.35 6.32 
6.68 6.67 

7.05 \ 6.95' 
7.32 7.l8 
7.42 7.28 
7.38 7.20 
7.65 7.45 
7.76 7.67 
7.88 8.07 
8.41 , 8.63 
9.17 9.36 

........ ~ ..... . , ~ 

\ 

Lo~d ca ll. t-4 
(ruhb(lr load) 

. 
0 r 
.1· 
• .24 
.40 
.54 
.80 

1..25 

1.9S 
2.15 
2.40 
2.65 
2.80 
2.95 . 3.10 

, 3.20. 
3.40 
3.65 
3'.84 
4.19 
4.50 
5.00 
5.32 
5.93 
6.00 
6.75 
7.32 
7.85 

\ 

8.15 
8.55 
9.05 
9.33 
9.60 

lO.12 
10.60· 
11.06 
li.9S 
12.25 

~ 

'Load on 
Spêciman 
'\ ' 

0 
.85 

2.01 
2.90 
3.81 
<1.55 
S.10 

S.31 
' 5.40 
5.45 
5.47 
5.56 
5.67 
5.66 
s .. i3 
5.81 
5.82 

\ 5.88 i 
5.90 
6.02 
5.88 
S.iO 
5.8.2 
5.45 
5.43 
5.35 
5.50 
5.47 
5.45 

\ 5.45 
5.37 
4.98 
4.98 
4.83 
4.89 
5.09 
6.28 

-

-

" . ~ 

" ,> 
~"!,,,,-_.....J. __ "':'('-:". ---~ ~~ 

.,., ... ,~ .:' 



" 

a 
l 
:2 
3 
4 
S 

'6 
r 
8 
9 

10 
11 
1:2 
13 
14 
15 
16 
l7 ~ 

18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28,.., 
29 
30 
31 
32 

1 

. \ 

Mt <Ii l, ... 1 _ ..... _ \ -. ,. ... _ ~ .. _ ... ~ ..1.. ~ _ 

/ 

Total 
load 

, 
'0 

f) .85 . 

2.01 
2.90 

- 3.81 
4.55 
S.10 
5.25 
5.31 
5.40 
5.45 , 

5-.4' 
5.56 
5.67 
S.67 
5.73 
5.81 
5.81 
S.'SS 
5.90 
6.02 
5.88 

-5.70 
5.82 
5.45 
5.,43 
S.3S 
5.50 . 
)5. 4~ 
5.45 
5.45 
5.37 
4.98 

, 

SPECIMEN.NO. l 

LAt~ral ~fl~cti~l 

1 

4th stort\y 31."(\ storey 

0 a 
.013 .007 
.040 ~ .018 
.OS8 .08'" 
• 099 .046- . -.116 .0 8 
.1.66 .102 
.229 .145 
.263 .167 
.313 .204 
.351 .232 
.394 

( 
.263 

."'44 .299 
495 .336 

.543 .~73 

.586 .406 

.635 .442 

.685 .480 

.734 .516 

.773 , .592 

.933 .667 
1.033 .744 
1.133 .820 
f..233 ,.907 
1.333 • 968 
1.433 1.044 
1.533 1.118 
1.633 1.196 
1.733 1.267 
1.833 1.343 
1.934 1.<&21 
2.038\ 1.<&99 
2.234 1.594 . 

i , , 
t 

21'\d sto~v lst. stOl'(lY 

1 

a a 
.005 .OO~ 

.008 .005 

.013 .006 

.0:29 
J', 

.OU 
l' .042 .015 

.067' .0.24 

.108 .033 

.120 .037 

.147 .046 

.162 .053 

.181 .057 

.206 .069 
- .231 -,-082 

.256 .093 

.277 , .104 

.303 .US -

.327 .1:27 

.355 
. .139 

.404 .164 . .454 ".189 
.• 504 .212 

/ 
/ 

.555 .236 

.615 .264 

.647 .l.tO . 

.703 .·304 

.752 .326 

.805 - .352 

.851 .374 

.903 .398 
- \ . f955 .422 

.007 .448 

.10 .493 . 

.. 



1.89 

SPECIMEN NO.l 

, Rl,,>ta.tion or ba.s~ a.t i 1/:2" from bàSIt' 
, 

W1\Lt. l WALL :2 
(a.rm w.t ta 1/4") (.'U.:m .. 18 l/S") '!'otai 

Lo~d~ng 1 co....!&'. sido 'l\'lns ion s id~ cO~" sidc 'l'c.''nsiOl\ sido loa.d 
st~p (in. ) (in. ) -fin. ) (in.-) (kips) 

0 .000 .00'0 .000 .000 0 
l .000 .002 . .qo~ .002, .85 
:2 .001 • dO:2 

, 
.003 .004 2.01 

3 .001 
, 

JO~-
.004 .006 2.90 -

4 .002 0'0 f .005 .009 . 3.81 
S } .003 1 .OH . .006 [014 4.55 

J 

5~10 6 .006 t", .023 .00_6 029 
7 .009 .039 ~OOS .044 

'8 .011 .050 .009 .049 5.31 
9 .013 .062 .010 .059 5.40 

10 .01S .074 .011 1 .069 5.45 
11 ~017 .088 .012 .080 5.47 
12 .020 .100 .014 .090 5.56 
13 .021 .112 i .015 .099 5.67 
14 .023 .125 .01S .106 . 5.66 

, . 1S .026 J .136 • 017 .113 5.73 
16 f)l .02a .1:49 .018' .120 1 5.81 . 
17 .030 .162 .019 .129 5.82 
18 .038 .174 .O:W .136 5.8S 

, 19' .040 .200 .0:22 .154 5.90 
20 .042 .226 .02S .169 .. 6.02 
21 .046 .254 .028 • 190 5.88 
22 .052 .281 .032 .~10 5.70 
23 .058 .314 .036 .~26 5.82 . 1 

24 .062 • 333 .038 .244 5.45 
2S .06~ .357 .042 .267 5.43 
26 .075 .382 ~ .044 .286 5.35 -
27 .083 .407 .048 .311 5.50 
28 .090 .43OJ .050 .331 5.47 
29 .097 .456 " .052 .354 5.45 
30 .103 .493 .055 e-.376 5.45 
31 .110 .511 .048 .401 5.37 
32 .114 .535 .051 .418 4.98 . 
33 ~ .120 • 5~2 .063 .435 4.98 
34 .125 1 .587 .067 .442 5.43 
35 .Bl .612 .071 .450 5.95 
36 .U2 't66~ .077 .4'18 0 

1 
, 

f 

\ 
1 . 

î ' 



1/ 

.1 

(l 

B&AM o.. 
- (u:m • ~") 

Lo.ading 'rota l lowar uppcu.', 
st<lP, lo.ad sid<, sidc 

'0 0 0 0 
l .85 .001 .001 
2 .:2 .01 • 00:2 .OO:! 
3 ~.90 .003 .004 
4 3.81 .004 .005 
5 4.55 , .006 .006 
6 5.10 .OU .Oll 
7 .016 .015 
S 5.31 .020 .019 
9 5.4Q .025 .022 

'10 S~45 .029 .026 
11 5.47 .036 .031 
12 5.56 .041 .032 
13 5.61 .046 .036 
14 S.66 .OSO .039 
lS S.73 .054 .042 
16 5.81 .059 .046 
17 5.82 .063 .050 
18 5.88 .068 \054 
19 5.90 .077 .\062 
20 6.02 .OS7 .070 
:n 5.88 .092 .079 
22 5.70 .092 .083 
23 S.82 .093 .086 
24 5.45 .093 .090 
2S 5.4), .095 .093 
26 5,.35 .099 .102 
27 S.50 .104 .UO 

..2S 5.47 .109 .120 
~ --/'29 S.45 

" 
.US .130 

30 5.45 .124 .140 
31 5.37 .134 .152 
32 4.98 .142 • 161 
33 4.98 .152 .171 
34 S.43 .160 .180 
3S 5.45 .170 .190 

\ 

190 

I,SPl:X'IMEN NO. r 

T BE1I.M *2 

(.al.'IlI· 7,94") 
l.owar 'll)por 
sida sid~ 

0 0 
.002 .001 
.003 .002 
.004 .003 
.005 ,.004 
.007 .005 
.ou .OOS 
.016 ,013 "1 

.020 .'017 

.024 .021 
/ .02$ .025 

.033 ' .030 

.037 .034 

.041 .038 

.046 .04::2 

.050 .044 

.055 .o~ 

.060 .05 

.064 .055 

.074 .063 

.083 .071 

.Og6 .080 

.107 -;~~~~, .1.22 

.127 .112 

.134 .124 

.145 .136 

.156 .14'7 

.165 .156 

.176 .16S 

.186 .174 

.196 .183 

.204 .192 

.213 .200 

.222 .209 ................ , 

.231 .21 .,. 
é,:' 

SEAN .3 

(am • 8") 
lowcr \\ppar 
sid~ sido 

0 () 

.001 ,002 

.002 .OO~ 

• 00) .004 . 
.004 .005 
.006' .00'6 
.009 .009 
.013 .012 
.017· .016 
.021 .020 
.0,25 .025 
.030 .030 
.034 .034 
.039 .038-
.043 .04:2 
.048 .046 
.05:2 .050 
.OS7 ,.054 
.062 .058 
.072 .067 
.08l. .q7S , 

.092 .083 

.102 .090 
I.U4 .100 
.123 .107 
.132 .117 
.138 .128 
.145 .140 
.153 .148 
.162 .157 

..• 174 .165 
.179 ' .173 
.186 .179 
.194 ~186 
.202 .194 

•• 211 

/ 
/ 

1 

\ 
SEAN '4 

~ • 3,55" 
lo~r 1 1 
sido 

0 
.00l. 

.~O" 
• 03 
.004 

•• 005 j 

' .006 
~ooa 

.010 

.013 

.017 

.0:21 

.0.24 

.028 , 

.0:29 

.034 

.037 1 

.041 

.044 

.047 

.063 

.066 

.072 

.075 

.078 

.084 f 

.091 J 

.094 

.097 

.099 

.106 

.093 

.087 . 

.080 

.072 

.069 

.. ' 

~. ' 

~ ~ j '---~-----'-----------------------------
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SPECIMEN NO. l ' 

\ 
/ 

WAll l WAll 2 BOAII\ *4 BèAm *2/ BeArn *2 Bo&1'I\ *4 
St(\}) Loa.d S~ct.di$t.71" Soct.dbt. ,. Il 

;, 

, 
fl."Ot1I b.t\Stl fram b~~a 1 ~ 

/ 
0 0 0.0 0.0 0.0 0.0 0.0 0.0 
1 .85 .00011 .00022 .00025 .00035 .00030 .00027 
:2 2.01 .00020 .00039 .00050 .00063 :00050 .00055 
3 2.90 .00033 .00055 .000875 ~0008a ' .000875 .00082 
4 3.81 .00044 .00077 , ~001l25 .00113 .00H25 .00109 
5 4.55 .00077 .00110 ' .00150 .00151 .00150 .00137 
6 S.~O .00160 .00190 .00275 .00249 .0,02:25 .00164 
7 5.25 .00265 .00287 .0038S .00366 .00313 .00219 
8 5.31 .00337 .00320 .• 00488 .00418 .00412 .00273 
9 5.40 .00414 .003ao .0058e .00567 .00513 .00355 

10' 5.45 .00492 .00436 .. 00687 .00668 .00625 .00464 
11 5.47 .00580 , .00507 ,; ,,00S37 ' .00795 .00750 .00574 . 

12 5.56 .00663 .00573 ; .0091.3 • 00895 .00850 .00656 
13 5.67 .00734 .00628 .01025 .00995 .00963 .00765 
14 5.66 .00S17 .00667 .01110 .{01110 .01062 .Op79.2 
lS 5.73 .00894 .00717 .0120 .01185 .01175 .009~9 

16 5.81 .00977 .00760 .0131 .0130 \ .01275 .01011 
17 5.82 .01060 .0081,6 .0141 .0141 .. 0139 .01120" 
18 5.88 .01170 '.00960 .0153 .0150 .0150 ' .01202 
19 5.90 .0132 

" 
.00~70 .0174 .0173 

\ 
.01735 .01284 

20 6.02 .0148 .01070 .0196 .0195 ' .0195 .01721 
21 5.ès .0166 .0120 .0.214 .0222 .0219 .01a03 
22 5.70 " .0184 , .0133 .OU9 .0248 .0240_ .01967 
23 5.82 .0205 .0144 .0224 .0281 .0268 .02049 
24 5.45 .021S .0155 .0229 .0301 .02a7 .02131 

( 
o 

, 
25 5.43 .0'235 .0170 .0235 .0325 [\ .0312 .0~295 

26 5.35 .0252 .01a2 .0251 .0354 .03325 .. 02486 
27 5.50 .0271 

1 
.019a ~0267 .0382 .0356 .02568 

28 5.47 .0287 1 .0210 .0286 .Q405 .0376 .0~50 
29 5.45 .0305 

1 .0224 .0306 .0430 .0399 .0 OS <, 

30 5.45 .0324 ' .0238 .0330 .0453 \.0424 ' .02896 
31 5.37 .0343 c .'0248 .035a .0478 .0440 .• 02541 

/ 

32 4.9a .035a .0254 .0379 .0499 .0457 .02377 
33 4.98 .0376 .0275 .0404 .0521 .0475 1 .02186 
34 4.a3 '.0393 ,,02al 1 .0425 .0543 ",0495 .01967 1 , , 

, 

" " 

, \ 

• 
> , 
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SPECIMEN NO. :2 

\ ' 
Load cell U Load ~ll fI.~ Load C<lll fi. 3 

~,orth 
$tr&"n~1 

south 
Lo~d 8tr~in lo~d strain sid(> llido 

___ tcCl!'l 
~",dil'l,Q l'N\dinQ lOAd rê~dinQ 10.&d 

\ 
1 

-
0 0'" 0 0 0 0 0 
l' 108 ·70 S8 .36 64 .40 
2 - 173 1.12 94 ... 60 99 .61 
3 232 1.54 128 t .82 137 .a8 
4 326' 2.~1 180 1.16 189 1,.21 
S 3aS ~.63 ,~13 1.39 220 1.42 
6 446 3.0S '~47 1.61 \ 253 1.63 
7 509 3.49 283 1.a4 28'6 1.85 
8 \ 616 4.2j 343 2.23 341 2.20 
9 /',673 4.62 375 2.45 , 369 2.39' 

10 766 5.26 _ 426 2·79 416, 2.70 
11 S15 S.6D 452 2.95 '441 2;85 
12 887 6.0a 490 ,3.20 1 .. 

479 3.10 
13 980 , 6.70 543 3.53" 522 3.38 
14 1041 7.10 S7S 3.75 SS5 __ 3;~ 
15 1085 7.40 598 3.89 S80 o 3.7$ 
16 1125 7.65 617 4.02 601 3.a9 
17 ·1177 8.00 '644 4.20 , 1 629 4.08 . 
18 1214 8.25 663 4.32 649 4.20 
19 1249 8.50 681 4.43 668 4.32 
20 1294 8.80 702 4.56 694 4~50 
21 ~348 9.17 7la 4.75 719 4.67 
22 . 1376 9.35 739 4.81' 144 4.aS 
23 1446 1 9.81 779 S.lO 782 5.10 
24 1506 1 10.20 809 5.30 a12 5.29 
25 1566 10.5a 834 5.4a 839 5.45 
26 1636 11.06. 874 S.75 855 5.55 
27 1696 11.41 899 5.89 906 5.89 
28 1726 ' n.62 914 6.00 915 5.94 
29 1816 12,20 964 6.31 965' 6.27 , 
30 1856 12.45 979 6.41 ·980 6.35 
31 1911 \ 12.82 1014 6.66 1015 6.60 
32 1'946 13.05 1029 6.75 1025 6.65 
33 1986 13.32 1044 6.85_ 1050 6.82 , 
34 2066 13 .. 82 1084 7.11 1080 7.02 
3S '2111 14.11 1109 \ 7.27 lUS 7.25 
36 2176 14.51 1139 7.47 1:145 7.45 
37 2221 14.80 1159 7.60 1165 7.59 
38 2306 15.33 1204 7.91 1205 7.85 
39 2361 15.66 1231 8.0a 1235 &.05 
40 2366 15.71 1234 8.10 ,1230 8.0,L 
41 2446 16.21 1269 8,.32 1250 &.15 
42 ~86 1289 8.46 t255 8.20 

·43 7166 1354 8.~ 350 8.82 
44 7356 1419 9.3 1410 9.22 

r 

1.0:\<..'\ Coll fl.4 

.trAin rubbot' 
r<'A.dinq load 

0 0 
0 0 
0 0 
0 0, 

! .03 
3 .03 . 5 .06 
6 .06 

16 .20 
16 .20 

- ~~ .3S 
38 .49 

'53 .68 
77 ~98 

94 1.:21 
117 1.50 
135 1.72 
152 1.93 
171 2.16 
190 2.40 
211 2.65 
234 2.93 
248 3.10 
278 \3.47 
30a ' 3.aS 
333 4.12 
363 4.50 
393 4.8S 
408 5.04 
453 5. 60 1 
4ee 6.00 
S1e 6.47 

~ 

Sl8 6.60 
568 6.95 
608 7.~2 
632 7.71 
668 8.13 
698 8.49 
738 8.98 
778 9.45 
&41 10.18 
&63 10.46 
913 11.05 

1018 12.26 
1068 o 12.85 

lo~d on 
shoar 
wAll 

a 
.73 

1.16 
1.62 
2.26 
2.69 
3.0S 
3.53 
4.13 
4.53 , 
5.03 
5.21 
5.51 
5.S3 
6.02 
6.02, 
6.06 
6.~1 
6.23 
6.22 
6.28 
6.37 
6.41 
6.54 
6.55 
6.64 
6.68 

. 6.75 
6.74 
6.79 
6.60 
6.S7 
6,63 
6~ 5S 
6.56 
6.61 
6.59 
6.51 
6.57 
'6.44 

• 5~ 74 
5.89 
5.40 
5.25 
5.47 

/ : 
, .' 

a' , , 

- \ 

( 
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f l,. SPECIMEN NO • .;! ~ 
. 

LAtal"-Al De-fl~çtiol\ 

(l , 

" 1 
... 

, 
4th stOl.'t'\Y 3rd stoX'(\y ~nd $tony ht at.or'\\Y 

LoAdil'l~ '1'0 t<\ l dafllletion d\'\Uoction d\)floet ion do flèetiOl'l 
atop lOAd di Al 9~W9,\?"_ diAl 91.Uillll di31 9AU\JQ dial 9au'J~ 

i ~"di 1,t,t'0il ' l,"(\3dinQ nl\dil\q roading 
-,t'"' {< 

0 0" o - 0 0 0 
1 .73 .01~> .OH .007 .003 . 
2 1.16 .032 .O~:! .014 .006 
3 1.6~ .OSO 

. 
~ .035 

1 
.021 .008 .. :2.~6 .066 .047 .028 .01.2 , 

5 .2.69 ! .080 .057 .033 .014 
6 3.08 .085 -, .064 .038 '.015 
7 3.53 .108 .678 .on .018 

08 4.13 .136 .100 .062 .Ol6 
9' 4.53 .153 .114 :071 .031 \' 

la 5.03 .182 .136 " .0136 • .040 
11 5.21 .215 .15;3 .098 .046 
12 5.51 .240 .180 .U9 .~56 
13 5.83 .303 ~ .225 .150 , • 75 
14 6.02 .357 .263 .1'76 .089 
15 6.02 .413 .301 .204 .10S 
16 6.06 .477 .356 

/ 
.234 .122 

17 6 • .21 .517 .394 .259 i .135 \ 
18 6.23 .581 .438 .2S4 1 .149 
19 6.23 .642 .483 .313 .163 
20 6.28 .723 .547 .352 .183 
21 6.37 . .786 .603 .385 ' • .20.2 
22 6.41 .S73 • .662 .421 .222 
23 6.54 .935 .711 " .451 " .238 
24 6.55 1.020 .775 .-489 • .258 
25 6.64 1.100 

1. 
.a~s .524 .276 

26 6.68 1.181 , .896/ .564 .297 
~7 6.75 1.268 .963 .605 .318 
28 6.74 1.350 1.026 .643 .338 
29 6.79 1.439 1. 09.2, .684 .361 
30 6.60 1.529 ~.162 .727 .384 

'31 6.57 '1.620 . 1.23,2 .771 .407 
32 ~.63 1. 701 1.295 .809 .4~e 

\ 33 6.55 1.799 1037

1\ 
.955 .451 

34 6.56 1.883 1.451, .895 .472 
35 6.~1 1.972 1 .. 504 .937 .494 
36 6.59 2.055 1.568 .977 .5l4 
37 6.51 2.1\56 1.644 l.02-4 .539 -38 6.57 2.:244 1.712 D 1.066 .561 
39 ' 6.44 2.358 1.798 1.120 .S90 
40 5.94 2.491 1.904 1.187 .626 
~l . 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 . 

, 

Ci 

• 
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r 

1~4 

s l'l-; Cr ~ffiN NO. :2 

bi~l G~~Qû8 ~~~dings cf W~lls 

! 
\ . 1 

.. \ 

Lo.,d W'1\ L 1. l WALL 2 
Load on Co11\l)~ Al'lg. 'I\"n- Ang. Angle.'! COnll)· An9. '1'61'1'" 1\1\9· Al'\glt' 
-ing !;l"~~t sidc.'l stl.'Ain s;ion s~l.'ain of l.'ota- sid(\ stl:'Ain sion, strdn of t'O 

stèP -",t'l\ (il"- ) :sid(\' tien (in. ) sido tAti<.':ll 
1 \ 

0 0 O~ , 0 0 a 
'1 tJ.73 .001 .000133 a 0 .0000f3 .001 .000133 .001 .000133 .00011 
.2 1.16 .002 .l)00.267 .l)Ol .0001'33 .000l. .2 .003 .000400 .003 .OOO~67 .0002 ' 
3 1.62 .003 .000400 .002 .000.267 .00029674 .003 .000400 .003' • OOO~OO f. 0003' .. . 
4 2 • .26 .004 .000533 .003 .OOO4qO .0004014 .004 .00.0S33 .009 .001200 .0007' 

5 2.6Q .004 .000533 .005 .000667 .. 00051.61 .004 .000S33 .6'10 .001333 . .OOOS( 

c 
6 3.08 

~ 
.000667 .006 .000800 .0006308 .005 .000667 ~Oll ~00HG7 • OOO~' 

7 3.5.1 .0 .000800 .OOA .001067 .0008029 .006 .000800 .012 .001:600 .0010,' 

8 4.13 .007 '.000933 .01.2 .001600 .0010896 .006 .000800 .014 .001867 • OOll~ 
9 4.53 .009 .001200 .014 .OOH~67 .001319 .007 .000933 .016 .0,02133 .0013:: 

10 S.03 .010 .001333 • 019- .00-2533 .001663 1 ,;007 • 00.0933 .019 • .00.2533 . • Oùl·4 . 
U $.21 .OU .001,4(:,] .0.23 .003067 .001950 .. 007 .000933 .0.29 .003867 • OO;!O 1 

12 5.51 .013 .001733 .0 .. 31 .004133 .00.2591 .007 .00093~ '.03S .004667 .OO~4 1 
13 5.93 .016 .00:!133 .043 .005733 .003394 .006' .000900 .053 .. 007067 .00339 
14 6.'01 .019 .002400 \ .051 .006900 .003957 .006' .. 000900 .062 .008267 .0039'1 
lS ftJ>.2 .020 .002667 .067 .008933 .004989 .000 .000000 .OSS • Oll 733 .0050(: 
16 6.06 .0.23 .003067 .081 .010800 .005964 - .. 012 -.001600 • .216 .02geoO .01l7~ 

17 6 • .21 .0.26 .00'3467 .093 .012-400 .006S.24 -.OlS -.002400 .231 .030900 .Ol~2S 

18 6 • .23 .0.28 .003733 '.105 .014000 .007627 -.019 -.002533 .:235 .031333 .Ol243 
19 6.22 .G31 .004133 .1~0 .016000 .0086$9 \ -.019 -.002533 .. 241 .. 03.2133 .01277 
20 6.28 .035 .00-4667 .140 .018667 .010036 -.017 -.002267 .246 .03\2800 .01318 

.21 6.37 .038 .005067 .160 .021333 .01l3S5 -.OlS -.002000 .250 .033333 .01362 

\ 2.2 6.41 .042, .005600 .179 .0.23867 .012674 -.013 -.001733 • .271 .036133' .01484 
23 6.54 .045 .006000 .196 .'026133 .013821 -.OU -.001467 .284 .037967 .01571 
24 6.55 .049 .006533 .218 .029067 .015312 -.006- -.000800 .296 .039467 .01669 
.25 6.64 .OS3 .007067 .23S .031733 .016688 -.003 -.000400 .308 .041061 f°1.75S 
26 6.68 .OS7 .007600 • .258 .034400 .01S065 .000 .000000 .319 .042533 0183 
:27 6.75 .0~1 .008~3 .2S1 .037467 .019613 .0'02 .000267 .. 335 .044667 .01939 
28 6.74 .066 .oose 0..-"' .. 300 .040000 .020989 .004 .000533 .343 .045733 .01997 

29 6.79 .071 .. 009467 .3.24 .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 .371 .049467 .025864 .OU .001467 .403 .OS37a'3 .02362 
32 6.63 .084 .011200 ,393 .052400 .027355 .013 .. 001733 .419 .055967 ' .02486 
33/ 6.55 .089 .. 418 .OS5733 .029075 .017 .002267 .430 .057383 .02572 
34 6.56 .094 .441 .OS8800, .030681 .019 .00~533 .440 .0586,67 • O~G,U 
35 6~61 ~9 ,463 .061733 .032229 .022 .. 002933 .454 .060533 .02739 
36 6.59 • 4 .48~ .064533 .0337.20 .025 .003333 .474 .063.200 .02871 
37 6.51 .110 .488 .065067 .034894 ! .026 .003467 .490 .065333 .02969 
38 6.57 .116 .534 .071200 .037276 .. 027 .003600 .503 .067067 .03050 
3~ 6.44 .123 .563 .075067 .039341 .032 .. 004267 .520 .069333 .0307 
40 5.74 .130 ~607 .080933 /,042265 .041 .00S4~7 .538 .071733 .03332 
41 5.89 .136 

1 
.533 .OS440à .044100 .048 .006400 .552 .073600 .03aS 

/ 

42 5.40 .. 149 .666 .088800 .. 046738 .062 .009267 .571 .076133 .03643 
43 ,5 • .25 .H3 ~70~ .093467 .0,50122 .072 .. 009600 .. 609 .081200 .03919 

7 

3, 

\ 

1 .. 



Loading Load 
*top IAPPlied 

. 
. 0 0 

l 
. 

.73 " 

.2 ' 1.16 

.3 1.62 
4 ~.26 

5 .2.69 , 

6 .3.08 . 7 " 3.53 
a 4.13 
9 4.53 

10 5.03 

1 11 5.21 
12 ' 5.51 
13' S.S3 
14 6.02 
'ls ~.02 
16 c • 6 
17 6.21 
18 6.23 
19 , 6.22 
20 6.28 
U 6.37 
22 6.41 
23 6.54 
24 6.55 
25 6.64 
26 6.68 
27 6.75 
26 ( 6.74 
29 6.79 
30 6.60 
31 6.57 
32 6.63 

133 6.55 
34 6'0~ 
35 6~61 

36 6.59 
37 6.51 
38 6.57 , 
39 6.44 

i ' 

i"-' 
- 40 S.74 

41 5.89 
42 S.40 

1 
43 5.2S 

195 

SPECIMEN NO.' ~ 
, 

Rot~tiotl of B~..!\l'I\S ~t Mid-sp~l' st\ctioilS 
'\ 

ao~m U Boam 12 ( Boam 13 
(lo~~t) -

lOWt\l' ~ppel' lo~r QPl">er lOWCIr ~ppl!'r 

sido sidQ sido sidl' sida , sidll 

0 0 0 0 0 0 
.001 .001 .001 r,<>Ol .001 .001 
.003 .002 .001 .002. .002 .002 
.003 ~ .()O.2 .002 .00,3 .003 .003 
.004 .003 .003 .004 .004 .004 
:005 .O~.a .p03 .004 .005 .004 \ 
.006 .005 .004 .005 .OQ5 .OOS 
.007 .006 .0.05 .005 .006 .006 
.008 .007 .006 .006 .007 .006 
.009 .ooe .007 .001 .OOS .007 
.011' .010 .008 .• 008 .009 J .008 
.013 .OU .00.9 .009 .010 .010 
.016 .013 .010 .OU .012 .011 
.0:20 .018 .014 , .015 .01S .013 
.023 .021 .• 01S .019 .017 • OlS" -

.025 .024 .022 .021 .022 .021 

.032 .026 '.023 .023 :024 .023 

.033 .02S .02S .025 .026 .02S 
,.036 .030 .029 .029 .030 .029 
.041 .036 .. 03S .034 .03S .0:\3 
.OS7 .04.3 .042 .O·U .042 .039 
.. OSS .049 .049 .047 .051 .047 
.O6l .054 .055 .OS3 .OSS .053 
.066 .OSS ,,060 .OS8 .OS9 .OSS 
':075 .063 - .06S .0~4 .065 .063 
.077 .068 .072 .069 .071 .069 
.OS4 .074 .. 07S .075 .07S .076 

.0Sl 
-
.OS6 .O~97 .091 .093 .084 

.09S -~> .097 .094 .099 .094 .092 

:~> .094 .102 .096 .103 .100 
.100 .109 .105 .UO • lOS 

.123 .1013 .U9 .U3 \ .119 .117 > ,,131 .115 .. 129 .121 , .1~S .127 

.139 .123 .llS .132 .1 9 .U9 

.149 .123 .14~ ,,+,42 .148 .149 

.156 .132 .. 159 .1'51 .159 .157 

.167 .139 .169 .159/, .167 .165 

.1.76 ,,147 .179 .169 .179 "li6 

.186 ~ .lS~ .199 .179 ,,188 .lS6 

.201 .165 .202 .192 .201 ' .199 

.222 .176 .. 219 .20S .219 .US 
\,,235 .192 .. 232 .220 \ .232 .227 
.252 .202 - .. 250 .226 .251 .244 
.269 .216 .274 .277 .29S .262 

l 

\ 

a.am *4 

lOW01'\ 
sidG 

0 
.000 
.00l. ,', 

.001 

.002 

.002 

.003 

.003 

.004" 

.. 004 

.005 

.005 

.006 

.009 

.011 

.013 

.014 

.016 

.01S 

.022 

.027 

.032 

.037 

.040 

.044 

.052 

.OS3 

.06l 

.064 

" .070 
.075 
.081 
.OS7 
.093 
'.099 
,,1041 
.110 
.U7 
.123' 
.132 \ 

.144 
, .152 
.165 
.175 

1 



, 
t , 

t \ 
( 
f 

( ~ , .. 
• 
J 

1 1 

l' 
,1 toading 'l'ot~l 

step load 

0 0° 
1 .73 
:2 1:J.6 
3 1.62 
4 .2.26 
5 :2.69 
6 " l.OS 
7 3.53 
S . 4.13 
9 4.53 

10 5.03 
11 5.21 
1.2 5.51 --
13 5.83 
14 6.02 
lS 6.02 
16 6.06 
1.7 6.21 
19 6.23 
19 6.2.2 

( 
20 6. S 
21 6.37 
22 6.41 
23 6.54 
24 6.55 
25 6.64 
26 6.68 
27 6.75 
28 6.74 
29 6.79 
30 6.60 
31' 6.5'7 
32 6.63 
33 6.55 
34 6.56 
35 6.61 
36 6.59 
37 6.51 
38 6.57· 
39 6.44 
40 5.74 1 

41 5.89 ' 
42 5.40 
43 5.25 

" 

196 / 

SPECIMEN NO. ~ 

C~lcuht~d- Rotational Al'\glos (R.adi~llS) 

Boam il Roam 12 Bearn 13 BOMl t4 
(10Wèst) 

0.00000 0.00000 - f 0.00000 0.00000 
.000'25 .0002~ .00025 .00000 
.00062 .00038 .00050 .000:27 
.00062 .00063 .00075 .000:21 
.00087 .00088 .00100 .00055 
.00112 .0008S .00112 .00055 
.00137 .00113 .00Us .OOOS2 
.00162 .00125 ~001S0 .0008:2 
.00187 .00151 .00162 • .00109 
,.0021t .00176 .00187 .00109 
\' '00262 .. 00202 .00H2 .00137 
.00300 .00227 .002S0 .00137 
.00362 .. 00265 .00275 .00164 
.00475 .00363 .00350 .00246 
.005S0 .00466 .00463 .00300 
.00613 " .OOS4~ .00537 .00355, 
.00725 \ .00579 .00587 .00382 
.00762 .00630 .0063? .00437 
.00825 .00731 .00737 r , .00492 
.00963 .00869 .001850 ' .00601 
.01250 .01047 .01013 .00738 
.01300 .01209 .01225 .00874 
.01440 .01360 .01350 .01011 
.015iO .01486 .01463 .Ô1093 
.01730 .01625 \ .01600 .01"2Q2 
.01813 .01776 .01750 .014-28 
.01975 .01928 .01925 .01448 -.02150 i .02129 .02137 .01667 
.02313 .0230S .02325 .01749 

\ 

~ ----,02500 .02520 .02537 \ ',.01913 
------.026S0 .02696 .0:2725 .02049 

b 

.O2~90 .02928 ,029S0 .02213 

.03080 .03137 \ '.onse .02377 

.03280 .03402 .03450 .02541 

.03398 .03666 .03700 .02677 
9 

.03600 .03905 .03938\ .02841 

.03738 '~","1l.9 . .041S0 .03005 . ~ 

.04038 .04384 .04425 .03196 

.04275 .04636 .04675 .03360 

.~4575 .04963 .05000 .03606 

.0.4975 .05379 .05425 .03934 
~O533~ .05694 .05737 .04153 
.05675 .05996 .06187 .04508 
.06061 .06941 .06837 / .04781 

. 

1 , 
\ 

. 

\ 

, .. 

î , 
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1 SP-ECIN ~N NO. 3 , , 
1 1 

1 
1 

Lo~d ~ÙS, < ~bt.~t and S~ear W~ll 
\ 

1 to"d on 

1. 

, 

-- , 

• - ~ 

Load ~11 U Load C&ll tG r.o.,. d Ce 11 '3 Load Cell * .. 4 
sputh north lo.d load oi, 

Load !strAin load strain s~dè strain side s~raln on shoar 
stop t'(lading rèading lbad readinQ load :..... nadinQ rubber wall 

0 0 0 0 0 0 0 0 0 0 

l 72 .49 
, 

9 04 59 ... 39. 2 .0:2 .44 
1 .2 381 2.55 202 l.32 168 1.1.2 4 .03 2.50 

3 475 3.20 251 1. .3 .219 
, 

1.49 4 .03 \ 3.13 , 
4 593 3.97 313 .2.0 279 1.89 :-- . '5 .03 3'.93 

• 
5 765 5.15 399 l.pl 3"64 2.45 6 .03 5.08 

6 923 6.:22 479 3.15 ' 446 3.02 ' 5 .03 6.17 . 
7 939 1 6.32 50.2 3.31 455 3.09 4 - .03 6.33 

1 

8 966 1 ' 6.50 SOS 3.33 470 3.20 S .06 6.46~ 
1 

9 99' 6.72 521 3.44 485 3 • .29 15 .• 14 6.59 , 

10 1039 7.01 543 3.~Q 507 3.44 68 .75 6.28 

11 1188 8.02 625 4.1\2 583 3.9~ 211 2.46 5.59 
1 

12 
, 

13 1197 8.09 631 4.17 589 4.00 264 3.10 5.03 

14 1324 8.94 697 4.60 650 4.41. 268 , 3.15 5.83 
-

l5 1360 9.20 719 4.75 670 4.54 390 4.60 4.65 

16 1 1518 10.26 807 5.33 748, S.09 486 5.75 4.59 , 
1 

17 1640 11.09 873 5.76 - 810, 5.50 568 6.72 4. 56 1 . 
, 3.51 f' 18 163-4 11.06 '879 5.80 802 5.45 645 7.65' 

"; 19 1649 11.14 884 5.84 807 5.48 690 , -8.17 3.06 1; 

\ 20 1819 12.28 979 6 • .,5 897 6.09 760 \ 9.00 3.41 ' , 

21 188g 12.75 1019 $0.7.2 932 6.31 795 9.40 3.49 . 
~ 

22 2074 14.00 1114 7.35 1022 6.90 855 10.12 4.01 

23 2319 , 15.65 1249 8.25 1152 7.76 930 11.01 6 .. 82 
" , 

< , 
\ . 

l ,~. 
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SPECIMEN NO. ,) 

(,II . ! 
tA + 

toading 'rotAl 
(fOP'- 2nd stOr<ly 3rd storoy 4tli storoy 

dofl&ction d6flection doflClction d~fl.ction 
stop load (in. ) (in.) (/ln. ) (in. ) . f'-

, , 
0 0 0 0 !() 0 

l .44 .011 .005 /.002 .dOl 
\ 

2 
, 

2.50 .OQ83 1 .OS9 (Oll .013 
0 . . -

, 3 f 3.13 .128 .085 .049 .022" 
1 

4 3.93 .179 .10~ , .061 .031 
1 

5 IS.OS '.232 .lr8 , .085 .039 . , 

6 6.17~ :310 .~O7 
1 

.U5 .• 045 

7 ~. 33 .403 .279 
\ .159 

.069 

8 1 6.46 .513 .350 .207 .094 

9 6.59 0 .593 .417 \240 .107 

10 6.128 .689 .480 - .l97 .129 

1 

, 
Sj9 11 .810 .~79 .336· 

1 

.157 
'" 12 ... .895 .541 .·375 .177 

1 

. 
13 5,.03 1.000 .717 .420 .~OO 

0 

14 - 1.UO .798 .479 .227 , 

" 
15 4.65 1.219 .879 .5:n .257 

16 4:59 1.414 ,1.021 .608 .294 

! 
l7 ·/4.56 1.59~ , 1.164 ~697 .342 

18 3.51 l.850 1.342 .805 .344 

19 3.06 ~1.009 
, 

1.458 .875 .42~ . 
./ 

20 3.41 2.222 1.616 .970 .478/" 
.r 

\ 21 3.49 2.453 1.711 1.042 .501 

22 4.01 2.570 1.871 1.127 .557 -
23 4.82 J.UO 2.279 1.320 .654, 

\ 

, . 

'. . 
/ 

/ , 1 

--------------____________ .............. ~gg~~~~T~~.~~~~.! .... &Ftr.--------------
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SPECIMEN NO. 3 

Dial, Gauges Readings of \valls 

( l 

Rotation of Section Si" from Base 

W A L L 1 W AL L 2 
Load , Ten- Ten-

Loading on CGJlil. Ang. sion Ang. Comp. Mg. sion Ang. 
step speci- side strain side strain side strain side strain 

men (in. ) (in. ) (in. ) (in. ) . 
0 0 0 \ 0 0 0 0' 0 0 0 

1 .44 0 0 0 0 0 0 - 0 0 
t 

2 '2.50 .001 .000174 .004 .000696 -.002 .00Q348 -.005 .000870 
! 

3 3.13 .001 0 .000174 .002 .000348 -.005 .000870 -.007 .001217 

4 3.93 .001 .000174 .0,005 .000087 -.008 .001391 -.010 .001739 

5 5.08 .002 .000378, -.007 .001217 -.017 .002957 -.014 .002434 
, 

6 6.17 .007 .001274 -.020 .003478 -.037 .006435 -.022 .003826 

7 6.33 .011 .001913 -.043 .007478 -.067 .011652 -.063 .010957 
0 

,,8 6.46 .016 .002783 -.069 .012000 -.104 .018087 -.119 .020696 

9 6.59 
/ 

.020 .003478 -.090 .015652 -.134 .023304 -.162 .028174 

10 6.28 .024 .004174 -.114 .019826 -.164 .028522 -.201 .034957 

\ 
.005217 .035652 11 5.59 .030 -.144 .02543 -.205 -.240 .041739 

12 - ~035 .006087 -.165 .028696 
-

-.235 .040870 -.293 .050957 

13 5.03 .039 .006783 -.192 .033391 -.271 .0·47130 -.324 .056348 

14 - :045 .007826 -.220 .03ê261 -.308 .053565 ' -.355 .061913 

15 4.65 .050 .008696 ~.248 .043130 -.346 .060174 -.393 .068348 

16 4.59 .059 .010209 -.297 
, 

.051652 -.413 .071826 -.435 .075652 
. 

17 4.56 .069 .01200 -.346 • 060174" -.480 .083478 -.513 .089217 

18 3.51 .082 .01426 \ -.412 .071652 -.571 .099304 -.605 .105217 
\ 

" 

f9 
10-

3.06 .092 .016000 -.455 .079130 -.631 .109739 -.724 .125913 
\ 

20 3.41 .099 -.012712 -.510 .088696 -.706 -: 122783 -.786 .136696 
, - • 0 

21 3.49 .101 .OJ-B609 -.543 .094434 -.766 .133217 -.886 .l:i40Si' 
\ 

22 4.01 .117 .020348 -.600 .104348 -.861 .149739 -.891 .154957 

23 4.82 .142 .024696 -.710 .123478 -1.011 .175583 1-1.039 .180695 
, ' 

0 

\ 
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SPECIMEN NO. 3 . 
( Rotation of Beams at Mid-span Sections 

Beam #4 Bearn #3 Beatn #2 Bearn il 
flowest) 

Loading Load 10' 1er upper lower upper lower upper lower 
step applied side side side side side side ' side 

\ , -
0 0 0 0 0 0 0 a a 
1 .44 0 0 0 .000 0 0 0 

2 2.50 .001 .001 .0005 .001 ~OOI .001 0 

3 3.13 .002 .001 .001 .001 .001 .001 0 

4 3.93 .0025 .001 .001 .001! .001 .001 Dl 

5 5.08 .004 .001 .002 .002 .0015 .0015 .0005 

6 6.17 .00Si5 .005 .0025 .002 .OOIS .0015 .0005 

7 6.33 .006 .006 ;003 .002 .002 .002 .0005 

8 6.46 .006 .006 ' .003 .002 .002 .002 .0005 
. 

9 6.59 . 007 1 .006 .003 ,.002 .002 .002 .0005 

10 6.28 .007 
1 .006 .003 ~002 .002 .002 .0005 

11 5.59 .007 .006 .003 .002 .002 .002' .0005 

12 1 .007 .0065 .003 \ .002 .002 .002 .0005 

13 5.03 .007 ~ .006,5 .003 .002 .002 .002 .0005 

14 - .0t>7 .0065 .0035 .002 .002 .002 .0005 

15 4~'65 .0075 .005 .0035 .002 .002 .002 .0005 

16 4.59 .008 .005 .004 .002 .002 .002 .0005 

17 4.56 ~8 .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 1 .007 .005 .004 .002 .002 \.oot' .001 
"- -

21 3:49 .007 .006 .004 .002 .002 .001 ~1>01 

22 4.01 .007 .005 .004 .002 .002' .001 .001 
1.' 

23 4.82 , .007 .005 ' .004 .002 .002 .001 .001 , 
. 

l" " 
\ 



t 

" ' 
-------"'''''"'"~._------.;~----- -,------_ .. 

û 

"- Tota! 
Loading ap!?l ed 
step load 

0 0 

1 .44 

2 2.50 

3 3.13 

4 3.93 

5 5.08 

6 6.17 

7 6.33 

8 6.46 

9 6.59 

10 6.28 

11 5.59 
~ 

12 -
13 5.03 

. 
U -
15 4.65 

)1.6 4.59 

17 4.56 

18 3.51 

19 3.06 

20 3.41 

'21 1 3.49 
! . 

22 ..t.01 , 

,23 4.82 
, -

, 

. ! 1 
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SPECIMEN NO. 3 

Calcu1ated Rotation1a1 Angles of Beams 
\ 

. 

BeàIn *4 Beam *3 lBeam *2 BeaJl\ *1 

0 0 0 . 0 

0 ! 0 0 0 
1 

.000193 .000195 .000193 0 

.000299 .000193 .000193 O' 

.000337 .0001~3 .000193 0 
~ 

.000482 .000386 .000289 .000096 

.001012 .000434 • 000289 \ .000096 . 

.001157 .000482 .000386 .000096 

.001157 .000482 .000386 .000096 

.001253 .000482 .000386 .000096 

.001253 .000482 .000386 .000096 

.001253 .000482 .000386 .000096 

.00130l. .000482 .000386 .000096 
~ 

.001301 \ .000482 .000386, .000096 

.00J3bl .000530 .000386 .000096 

.001205 .000530 .000386 .000096 

.001253 .000578 .000)86 .000096 

.001253 .000578 .000386 .000096 

.001253 .000578 .000289 .000193 

.001157 .000587 .000189 .000193 
i 
1 .001157 .000578 .• 000289 .000193 

.001253 .000578 .000289 .000193 

.00U57 .000578 .000289 0 

.001157 .000578 .000289 0 

1 

\ 

1 

1 • 

., , 

! 

1 

! . 

/ 

\ 

i' 
l 

, .. , 
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