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PREFACE

This thesfs was carrled out wlth the lntent of determfnlng

the effectJ-ve stiffness and carry-over factors of plates transversely

loaded by columns or shear waLLs. Four plexiglas modele were tested

by R. NanËasarn and Èwo micro concrete models vrere Ëe8Eed by A.

ParnichkuL. The Eest resulËs l¡ere then compared with each other

and published test resuLÈs
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'CIIAPTER

INTRODUCTION

1.1 0biect and Scope. In recenE vears the use of multfstory bulld-

lngs has gro\^zn rapídly for both residential and commercial purposes. As

buildings increase in height, it becomes increasingly imporEant !o ensure

adequate lateral sLiffness against wind, seismic or blast loads. A com-

monly used type of structure which provides this lateral stiffness con-

sists of a ceirtral core, which acts as a shear wall and accomnodaËes

elevators, stairs ahd services, surrounded by perlpheral and possibly

ínterior coluûrrrs. The floor systeurs generally conslst of flar plates,

flat s1abs, waffle slabs or concreËe Joints.

In che lateral load analysis of such shear r.¡al1-frame structures,

the strucÈure is often idealized as.,a series of parallel planar frames

for which the rtbeamst' are. porLions of the floor systems. One of the most

complex problerns in the analysis is the estimation of the. effectfveness

of the floor systems in resisting the relatlons of the shear çral1s and

columns. In the past, lt has'sometimes been assumed'for analysis pur-
:

poses that the frame,carries only vertical loads while shear walls res'ist
I

all lateral 1oads. If, however, the shear wall-frame interaction ls

considered, the frame and shear walls tend to prevent each oÈher from

taking thei: natural fre.e deflected shapes and a redísEribution.of forces

among them will result. The calculated stiffness of the structure will

aLso be increased. The forcå df-strlbution ln Èhe structure d.epends on

: the members connectíns the frane and the shear walls.the stíffness of the members connectíng the fra

-1-
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For flac plate shear waI1 structures, the sElffnesses of the connecting

members depend on Ëhe widths of the plates that are effectlve fn reslst-

ing laÈeral loads

The object of this sEudy was to measure experimentally rhe sELf.f.-

ness and carry-over facËors for flat plates loaded by couples produced

by loads applied transversely to columns and shear walls of various dimen-

sions and shapes. The stiffness facÈors are used to compute effective

slab widths for the various type of structure. The effective slab width

is the width of a rectangular beam that ¡¿ould have the same flexural s Eif.f-

ness at a laterally loaded colunn or shear walL as the actual flat plate.

Four L/24 scale plexiglas and two L/16 scale micro concrete

flat plate models were used fn the tests. Each model consisted of several

conËLnuous'f1at plate panels supported by pertpheral columns and loaded by

couples applled transversely either to central column or shear r¿aI1 stubs

or to perÍpheral column stubs

r.2 ReIaËionship to Previous Tests. rnteractLon of wídeplates with

laterally loaded columns and shear wal1s has been Ereated analytically

and experimentally by several investigators. TsuboÍ and Kawag,r"f,i (1)

carrÍed out tests on nfne mortar plate models loaded Èhrough colurn stubs,

and compared Lheir test results v¡ith Èhose from an elastÍc finite difference

analysis. They reporued effectÍve plaÈe widths based on stiffness factors

for interior columns.
()\

. Khan and Sbarounis)" investfgating the 'rlnteraction of Shear WaII

and Frames't reported an approxlmate solutfon obtained from sfunpIe mathena-
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Èical and physical models. The analytical study r,/as supported by a sypLí-

fied elastíc model EesÈ showing good agreement. Also the results of thefr

sÈudy of column plate interactfon \^lere irr close agreemen! with those of

Tsuboi and Kawaguchi.

Brochie and Russel(3) "to studied an entfre flat plate structure

presented an analytical study (assuming elasElc behavior) oî. fLat plates

subjected couples produced by ,lateraL loads actlng on the columns. They

assumed the plate to be supported on an elas.tLc medium with a variable

¡q.odulus of elasticfÈy and the loads were assumed applied directly to the

plate. They expressed their findíngs in terms of effecrive plate v¡idths.
( lr\' Carpenter"' sËudied the subject of effectíve plate stiffness and.

reporÈed. effective slab widths which were in good agreement wÍth those

obtained by Brochie and Russel, although they .Tùere based on different def-

initions of stiffness. While Carperrter used the moment roËatíon charac-

terÍstíc of one column v¡ith other columns remaining fÍxed, Brochie rotated

simulteneously every coluun on the axis of rotation and obtained a somer¿hat

lower sÈiffness due to the transverse carry-over facËor.

Bernard and Schweighcfer \J'' sËudied plexiglas models subjected
to lateral loads. Each model consisted of two shear wal-ls connecËed bv

a series of plates of, varyíng sizes. Test results showed a good agreement

v¡ith an analytícal study' e¡nploying Rosman's formula. When the width of

Ëhe plates was increased, different stress values resulted. It was reÞor-

Èed that the dífference could be caused by stress concentraÈions'due to

unconnected shear walls. The test.s verlffed that within the elastic rang

the enËire widih of the prototype plate could be considered as effective

stiffness for frame action for two coupled shear v¡alls. Carrv-over factors
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were not considered in this sEudy

The ACI Building Co¿"(6) 318 -. 63 does not recorìnended specific

values for effective stiffness, but does ímply in Sec , 2LO2(g), the
&

Participaüion of Ehe entire panel ¡eidth for transfering unbalanced m.,-

ment. The pertinent section st.ates: t'I.lhen, concerning with lateral 1oads,

the moment shall be distributed between the column and middle strips in

t,he same proporËions as prescrÍbed for negaiive moments due to graviËy

Ioads." A further statement in the same section reads in part, ttA slab

. vlidth between lÍnes that are 1.5t each sÍde of the colurnn may be consi-

dered effective.tt

Distasio and. Van Buren, 
(7) ¿"rr"toping an analytical proced.ure for'

transfering rnonent between columns and a flat plate floor, suggesied. that

the lateral force nonents be split into two parts; one parE. was carrÍed.

' in direct bending from the slab into the column, The critical section r,¡as

assumed at a distance egual'to the slab thickness outsid.e the columa peri-

phery. The oËher part, Ín the same críEica1 section, was carried by tor-

sional moment. Concrete.and steel bars passíng Lhrough this êãctíon v¡ere

_consÍdere.d 
to produce resisting shearing sLresses.

The studies cited above investigated the interaction of flat plates

and laterally loaded columns or rectangular shear waLls. In this study,

an attemPt is made Ço corelate wÍth results of previous st.udies and to extend

them to include shear r¿al-ls of various sizes and. shapes.
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THEORETICAL CONSIDERATIONS

,'l Introduc t 1on. The general elastic plate theory has been used

( lL\
by Carpentert-' to analyse a flat plate to which couples have been applied

by laterally loaded coluurrs. I^Ihile finíte el-ement or f inite difference

methods could be used to extend this analysis Eo plaLes loaded through

shear walls, only an experimental sËudy is undertaken here. Plate deflec-

tions and slopes under known loadings are measured and the plate st,iffness

and carry-over factors calculated from the appropriate applfed loads and

measured deflections.

2.2 Stiffness Factors. The definltions of the stiffness and carry-

over facÈors used for the plate are those normally used in Ëhe slope -

deflecÈion equations. The factors are derived by considering a member

AB subjected to transverse loads and end forces as shown in Fig. 2.2,L

M
là.lj

Fig 2.2.1 Loads and Displacements for Member AB

-5-
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Assuming clockwise monenËs and rotations to be positive, and assum-

ing dtsplacement to be posÍtive for clockwise rotation of Ehe member about

end A (a11 signs shown here are negative) the followÍng relatlonshíps

are obtained:

AB

zET 3 A
L 

(2oe*os- 
, , 

= 
tou 2-2.L

2E T 3A
M ='

BA
(20_ + e

where, M, M =momenÈs on ends A andB respectively,
AB BA

\¿¡, hSe = fixed end moments on ends A and B respectívely,

11 ô - rotatlons of ends A and B relative to llne AB,oAl"B

^ 
= transverse displacement of end B relative to

end A,

L ,= span length of member,

P any arbÍtrary load,

E = Youngrs Modulus of Elasticity'
r - ñ^ñ^ñf of inertia of the member.I I - UrVurE¡lL

The above tsro equations are known as Ehe slope - diflection equations.

For a contÍnurrus flat plate as shown in Ffg. 2.2.2, if a momen" M 'í '^-,'^ABt À>

ââñ1iÂ,r aÈ rt-ra support AA, the slope - deflection equation may be simplifiedÉPPrÀsu 4L Lrrç

as follow:

Let the span lengtþ L, Ëhe width b and the depth d of the member

be Èhe same as the span lengËh \, the equivalent width L, and the thfck-

-*J4ItU
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77

/ 
L, (effecrive widrh) 

/
/tt - b(beam'widrh) B

h(slab thlckness)

*orf,"rr') disËributed)

T

I ¡-= "(bearn 
dePth)

I

. Fig. 2.2.2 Imaginarv Beam of-a Flat P1ate.
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ness h of the flat plate, Èhus creatíng a hyporhetical wíde shallow

member.

From equaEion 2.2.L¡ since M_^- = O,
I JII)

2ET 34.
M = (29 -0 ) 2,2.3
ABLABL

'

where ê. , 0o = clockwise rotation and counter clockwise roEationAD
of ends A and B of the plate respectívely,

f = the moment of inertla of the plate,

and the other terms are defined as for the beam.

If end B of the member is fixed and end A is restralned from trans-

lation (pinned), e- and A become zero and then
.B

4EreA
2.2.4

Lx

M
AB

u^õ

*ou 4ET
=

I
x

2.2.5

Equation 2.2.5 gives the moment - rotation relationship for the

plate, and is used to define the stiffiress factor whfch fs desígnated as

M , _._
ÅR +liJ.

1t 
- __-_::- =

tt¡ !
AX

2.2.6

Lh3
vwhere
L2

2.2.7
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Combining equations 2.2.6 and 2.2.7

_ .3+L L N

K=(Y)=
LL2x

ET, h3
v

3L
2.2,8.

The stiffness factox can be determlned experimentally by applylng known

momenËs M^o and. measuring the resulting plate va*¡rr'ana ôAB lo. measurrng cne resulting plate rotaEions gA . I^lhen che

sLiffness facËor has been determíned, the effective v¡idth of the plate,

Ly , can be calculated from equation 2,2.8, and ls:

JKL
X

Eh3

2.3 carrv - over Factors. The carry-over factor for a member AB

is Èhe ratio of the monent I't-. prod.uced at fixed support B, to the
BA

motaenË l"l applied at a simply supported end. A. Sl-nce it ís diff iculr
AB

Ëo measure the fixing moment at a plate support, the prÍncfple of super-

position was used in obtaining the carry-over factors

To illustrate the procedure beam ABC in Fig " 2.3.L is considered.

End c is fixed. while points A and B are simply supported. rn Fig.

2.3.L(a)' a clockwise moment, MBA , is applied at B and caused rotaEions

00, and 0or at A and'B respectively. Moment, M¡¿ , is now removed

and a clockwise moment, MAB , is applied at end A as shown in Fig.2,3.I(b).

The resulting rotations at A and B are no, and nu, respecrively.

Since M-^ causes a rotation e.. at A, and
D¿r - Al

If.- causes a rotation e. ^ at the same point A,aB a.2

L
v
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to produce rotation at polnt fs0
A1

Èhe moment

9r r¡\D ¡II

^ -^-.,.1 -^JdL å rEgurÅ ss

I v^n 
"

(a) (b)

(d)

Fíg. 2.3.1 SuperpositÍon

, If Ëhe Ëotal rotation at A ís to be made zero' an Ímaginary clock-

wise moment equal to MAB }Ot / 0O, should be applied at pofnt A at the

s:me time as Þl_^ ís applied at point. B. This imaginary moment is called
BAI

the fixed end. moment A to B or 
"r* 

as shown in Fig. 2.3.1(c).

Then the carry-over factor due to tUO is equal to the fixed end

moment \,e¡ divided by rhe moment *rO/Z or

7YL
.¿ìil

0^.,
åI

(c)

n^z *uo
2.3.L
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In the same \.vay if 082 is to be

applied, uhe fixed end moment B to A

as shown in Fig. 2.3.1(d). Therefore,

C^-
Jl'.¡l

Equation 2.3.1 is

panels loaded at interior

is used to determine Èhe

columns

BA B2

o¡4
81 AB

2.3.2

used to deÈermine the carry-over factors for

columns of shear walls, while equaËLon 2.3.2

carry-over factois for panels loaded aE exEerior

kept at, zero

or hae ls

when Me¡

equal to M

1^
!ù

A lA
BA -82' -81

M

2.4 Measurement of Stiffness Factor for Model Cl. For micro - con-

crete model CI (shown in Fig. 2.4.L), Èhe section modulus of the loaded

column rtas very srnall conpared to that for the plate and it was impossible

Ëo obtain sufficienEly large plate deflectíons by applying lateral loads

to the coluurn. Consequently, the following proced.ure had to be used. to

deÈermine the sEiffness factor for Lhe plate.

J

Fig. 2.4.1 Model C1
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A pair of loads P were applied to the slab aE equal d.istances

from the exterÍor 
"ortr*n 

as shown Ín Fig. 2.4.L 4 metal strip fixed

to the column, \¡¿as connected to d.eflection gauges by means of copper wfres

and used to accurately measure the coluur¡ rotaLions.

From the :r""Ípto"al theorem

2P6 = Me 2.4.L

¡¡here Q = the coluurn rotation produced by loads p,

6 = the slab deflection at each load p that

would result from a momenË M applied to

the column

rf l"f is assumed to be unity, then equation 2.4.L becomes

6 È e 2.4.2
2P

By varying Ehe points of load application, a seríes of 0 varues

was obtained and the corresponding deflectÍons calculated and plotted.

The slope d, of the plate was then measured from the d.eflection curve,

aad Ëhe stiffness factor calculated from;

M1K=-
ìo<æ

stiffness calculations for Loads P of 50, 100 and 150 lbs. are

includ.ed. in Appendix C.



CHAPTER III

EXPERII'ÍENTAL PROCEDURE

PART A PLASTIC I'ÍODELS

3.1 Descriptlon of Models. Four L/24 scale flat plate modeLs

designated Pl-, P2, P3 and P4 were tested. Their d.imentions are given

in Figs. 3.1.1, 3.I.2, 3.1.3 and 3.1.4 respectively. Panel wídths for

models P2t P3 and P4 were varÍed Ëo accomodaËe shear wa1ls of varlous

shapes

. The mod.els were designed in such a way that loading could be

applied through eiÈher Ëhe center column or shear wall, or one or two

of the exterior columns along the same loading line. AlL exterior co-

lumns remained fixed ¡vhen the center coluuìn or a shear waLl ¡,¡as being

loaded.

The models were cut from a sheeÈ of L/¿, 1n. thick black ple-

xiglas (acrylic sheet), Fixed columns were simulated by colunn stubs

cut from L/2 írr. square steel bar with L/4 tn. diameËer holes drilled

through their centres to cLamp them to the plate and loading frame.

hey were L/2 ín. in heíght except for those in the lfne of loading,

¡¡hlch were 3/4 Ln. Ín helght. The loaded columns had the same cross-

secÈional dÍmensions as the fixed colunns and were 3| in. in height"

A V-aotch was made on each loaded colwnn stub at 2 7 /B Ln. from the

plate in order to provide a 6 in. roomenÈ arm. The rectanguJ.ar shear

t'¡alLs were cuË from black plexiglas sheets and cemented to the Èop and

bottom of the plaÈe to simulated a shear wall passfng lhrough a flat

:13_
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plate floor. The box shear wall was fabrÍcated by cementing sheets

Èogether and then cementing the assembly to Ehe plate. Jaybond GC-2

acrylic adhesive cemenE was used for cementing all Jotnts. In order

to províde a 6 in. couple arm, a 3/L6 ín. diameter hole was dril-led

through each shear wall at a poinl 2 7/B Ln, from the plate, to accomo-

daËe a loadÍng yolce.

3.2 Experimental Procedure. The MoÍrer'apparatus shorvn ln Fíx. 
^ 

-2

was used Èo Eeasure the'plate slopes for aLL pi-astlc models. The prin-

cÍp1es of the Moirer technique are sunmarLzed in Appendix A. All models

were positioned vertically and bloted to the frame shown in Fig. 3.2.L.

Since the slope and deflections parall-el to the direction of loading

(che vertical directÍon) only were required, the screen vras always

positioned such that Lhe ruled llnes r¿ere horizonta7-.

Each modeL was subjected to.four different types of loading,

-t^^-'^--*^J 
^ 

D 
^ --J n i11 ^J i- Di-- a a a a a asçùrórrqLçs Ã, Br C and D illustrated in Figs. 3.2,2, 3.2.3, 3.2.4.

and 3.2.5. Loading type A vras used to determine the plaÈe stiffness

factor loaded at an inËerior colunn.or shear wall by a couple of forces

o rn. aparc acuÍng in upward. and downivard directions. The forces were

provided by weights attached to steel cables which \üere connected. to

a pair of galvanized steel strips that were placed on either side of

the column or shear waIl. The upward force was applied by means of a

pulley system. The puLleys were calibrated to correct for friction

force.
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Fig. 3.2,L Loading Fr':.ne



riq.:-_J . 2 J ._ Lesd_$tlÈ*!.

I

FJ
<)



-2L-

(.)
t



-22-

Loading type C was used to measure the stfffness of the plate

loaded aE an exterior coluan or in the case of model P4, at E\,ro adJacent

exteríor columns. Since the lateral couples applied to the exterfor co-

lumns Èended to cause lateral deflectíon of the plate at these columns,

¿$ ---^ ^1^ ^.!ñFÃ'& ^ E^-r.E r.ras necessary to provide simple supports for the plate at the loaded

coluums to resLrain the slab lateralLy as indicated ln Figs. 3.2.4 and

3.2.5. All supports except the loaded coluum were fixed. to the loading

frarqe.' For model P2, P3, and P4 the shear r¿alls were .restrained by

angles which were bloted Èo the frame

Sínce the fj:<Íng moment at a fíxed column could noË be measured

directly, loading types B and D were appLied, and the reciprocal

theorem used. to compute moments, as discussed in chapter 2. Loading

type 3 v¡as similar to type A excepÈ thaË one exterior column on the

load.ing line was replaced by a siraple support as shown 1n Fig. 3.2.3.

Loading type D was similar to type C except, that the slab was sirnply

supported at the. interior col-umn or shear wal1.
.''.

? ? Drn^ar{-r'.gs of Plate MateriaL. Eight specimens cut from theJ.J, ¡AvHv4sr

same plexiglas sheet asl{ere the modeL plates, vrere used to test Lhe

flexural properties of the material-. The tests conformed to ASDÎ Speci-

ficaÈion D79O-66 Procedure A, Test for Flexural Properties of Plasrr"Ít)

Íhe specimens rrere 5 x 1 x L/4 ins. and were loaded with the I in.

drnenston horizontal on a 4 Ln, span, using a universal testing machine.

Ihe supports had 3/B in. radÍi and the radius of the loading head was

L in.' The rate of crosshead motion lras seÈ aÈ 0.167 in./min. The load -
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defleciion curves are presented in Appendlx B v¡here the flexural pro-

perties are also calculated.

Table B - I shows the maierial properties as computed fror¿ the

test results, and the average valúes. The other physical propertíes of

the plexiglas used may be obtained from the manufacturerrs cataloque.(9)

3.4 Photographíc Techníque. The curvatures and rotations of the

model plates r¿ere obtaíned from phoËographs of inËerference frfnges ob-

tained using the Moirer apparatus.

Kodak D .- 19 Developer and Kodalc Þletallographic plate r,rere

used in the photography. The camera was first focused on the unloaded.

modeL and, a sharp image of lines of the Moiret screen obtaÍned on the

ground glass window of the camera. This was accomplished by completely

openlng the diaphragm and viewing the image on t,he ground. glass wiEh a

magnifying glass. During focusing the photoflood lamps were sr¿itch on.

After focusing, the diaphragm was set Ëo its smallest opening G.232) to

obtain good contïasE. The d.ouble exposures of the unloaded and loaded

modeL \.{ere then made, and the photographic plate developed. The PicËure

was fixed with the Kodak Fixer, washed under running \,¡aLer and'aLlowed

to d.ry at, room tempelaÈure. Kodak Bromide Paper F - 3 Single WeighE

and Kodak DekËol Developer were used for obtaining enlargements, which

were made to one half scale.

. The camera of the Moirer apparaLus is located behind-the ruled

screen and the photographs vrere Ëaken through a hole at the center of

Ëhe screen. A difficulty was e.ncounLered due to a reflecEion from the
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cylindrical inner surface of the hole which produced a black clrcular
r{-o a- ¡'l-'^ ^l-'^¡^^-.*L^ 

rrrl-.'^rrng on Lne PnotograPns. Ihis could not be prevented either by painting j

Ëhe surface black or by moving the screeq. However, it r¿as mlninifzed. bv

raising the photographic plate and lowerlng the screen to focus at Lhe

area of interest on the mgdel. The d,ark spot, which appears on the most

of }foíre I photos ís the fmage of the openíng through r¿hlch the photos

were taken.

To obtain photos with clear, sharp fnterference patÈerns ft Ls

essential that the reflectíng surface of the model be clean and dust

free. Since it is extremely difficult to clean the surface without scrat-

^l-í*^ .'+ -L---t t ! -çnrng lE, greaE care should be exercised to avoid the forming of d.ust on

the models.

Four tyPes of load.ing whÍch have been described previously were

used for each model plaLe. Because of the sizes of the nodels and the.

Ifoirerapparatus, it was impossible to photograph the whole plate. Furtu-

nately all loadings used gave s)nnmetrical fringe patterns (an exaraple of

¡'¡hÍch is given in !1g. 3.4.1)r'and only the lower half of the model r¿as

photographed and used for fringe measurements.
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. FiF. 3.lr-. i :-qr,-ure-:iÍca1 Frínges fo¡: licdei ?2 Loa,l \-pe A.

(obtained 'oy posíÈioning oo¿ut äs får as possibie fron the canera)
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PART B REINFORCED CONCRNTE }IODELS

3.5 Description of Test Structures. The two micro concreEe modej-s,

designated Cl and C2 and shown ln Figures 3.5.1 and 3.5.2 respective-

ly were EesÈed'. Model Cl had four square flat plate panels wlrh peripheral

colurr¡rs and one central column. l"lodel C2 had three panels Ln one direc-

tion two in Ëhe other, and a cenEral rectangular shear wall whose width

covered a fuLl panel.

(") Prototvpe The concrete models \,rere designed to represent

flat plate fLoors wlth 16 foot square panels, a 6 in. slab and L2 Ln.

square coLun'ms. No drop paneLs or column capitals were used. The height

of each story for Ehe proEotype trvas assumed. Lo be 10 ft. The recËangulai

shear wall for model C2 corresponded to a 17 f.t. wlde, 8 in. thick

waIl for the prototype. The prototype was designed according to the
l'Â\

318-63 ACI Building Code, t"' using Ëhe empirical method of Section 2L04.

The live load assumed. was 60 psf. and the dead load of the slab was 75 psf,

giving a t,otal load. of 135 psf. Three thousand pound concrete with an

allowable compressive stress of L350 psi. and an¡alLowable shear stress

of or 110 psi. was assumed. An allowable stress of 507" of the

mf-nimum yield strength or 20 ksí was assumed for the reinforcemenE.

(b) Models' A scal-e factor of L/L6 was used for the two

models. . Ihis yielded a model panel length of 12 in. and a slab thick-

aess of 3,'B in. Three quarter in. sg''.are by one half in. thick steel

blocks were used. Eo simulaLe fixed colunns for both models. út"" "i*-
teenth in. diameter boLts, passed through the sÈeeL blocks and the plaÈe,

were used. to fasten the models üo a loading frame. OEher colu¡qns and.

.FY^c
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the shear wa1l were casÈ from mortar. The dimensfons of the shear wall
fa* *^J^1 îa 1a all. :-!u! ru.uGe L ç¿ \{ere L2 3/4 Ln. by L/2 in. The heights of shear v¡all

an<i coLumn stubs were 4 L/4 ín.

A 0.038 in. diameEer music rvire (piano wire) r¿as used as slab

reinforcement and. 0.067 in. diameter wlre was used for column and shear

wal-l reinforcement. Column Èies were fabricated from O.OL5 fn. diaioe-

Èer copper wire. 0f the wire used, only the. 0.038 ín" dlameter musfc

vTire was annealed. The slab reinforcement patterns for models Cl and

C2 are shôr,¡n in FÍgures 3. 5 . 3 and 3 .5 .4 respectl-vely.

The design method, design loads and allowable stresses of models

Cl and C2 r¿ere the sam,e as those for Lhe prototypes.

(c) Design of the Models Because Lhe desígn 1oads

able stresses were the same for boEh models and proÈotypes,

ing force conversiens had to be used: ,

sr(s. )2pr.Lm

-*J

rL^
L llc

aI low-

follow-

and

where P MP'P
PIM*

'm.!r

. sr.

, The unit

M
P

sf(sL)3

T Forces, momeri.ts on prototypes

= Forces, moments on models

= SEress scale factor = fr'/f"* =

= Length scale factor = L6

sÈresses and moduli used for models \,rere:
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3000 psi

40000 psi

30 x 10ó psi

3 x 10" psÍ

10

The properties of the concrete used for the ¡nodel struccures \{ere

similar to those of a typical concreÈe that would be used for the Þroto-

ÈyPe. Because the models.\.{ere to simulate the proËotype, Ë,he steel rein-

forcement for the models required the same pertlnenE properties as that

for the ProËoËype. Music wire suitably treated, served the purpose satfs-

factory

3.6 Material Property Control

(a) Introd.uction Remarks Micro concrete models are composed

of only tr'ro lmportant materials; namely mortar and reinforcing r¿ires.

In order to simulate the properties of the concrete and reinforcemenE

in .the full-scale structure, both the mortar and reinforcing wire have
r r.0)to be carefully prepared. As noted by Petri, \' the location of the

material is one problen, while continuous supply wiËh consisËant proper-

ties is an other. '*" latÈer is generally more prominent because of the

:fact that the quality control of commercialty available materials is not

sufficiertly good for urodel constructicn.

(b) Ifortal In the model structure, Ëhe strength of the mortar

has to be equal Èo Lhat of concrete in the prot,otype. The workability of

the mort,ar musË be moderate. A stiff mix results in poor rvorkabilÍtv and

fr-c
+
v

!t
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¡rekes Èhe removal of voids and air pockets dtfficult. On the other

L^*r {Ê +L^ h^eFá'-í^ ¡n¡ rrnt eXCeSSiVe Shfinkage OCcurs. A1SO the¡¡dIlU, Àl Lll{,i ltul Ldl Iù Lvv WEL,

propôrt,iôn of components of the mortar must be consistent. Because

of the small size and quantiÈles involves, rnateríals of consisEenE pro-

perties must be exacËly proportloned.

Tiie fÍne aggregate used was 100% Selkirk Silica Sand wiLh a

speclfic gravity of 2,67. the sand was obtained from the Selkirk Silica

co. Lrd. in rhree sizes: rolÉ:,- 30llÊ ¡oiÉ - oortt and 6olt - toof Three

gradacions designated type A, B and C, were tested to obtain the grada-

ÈiÒn Èhat wouLd yield the highesÊ strength. 1Yp" A was obtaÍned fron

Porrland Cement Association BuLLetin 0113. 
(1i) TYpe B was obtained

l't t\
fro¡n the Magazine of Concrete Research VoI. i.4 No,40, þfarcln L962.'^u'

TYpe C was adapted from the Structural Research Series Bulletin No.256

Unlversity of lLl-inois.(13) Sieve analysis for the Èhree gradations used

are shown in TabLe I and the particle size distribution curves are shor¿n

tn Flg. 3 . 6. I.

. Trtal batches using the three gradations \,vere mixed, using a wf c

aå.tlo of 0.6 and agg/c ratio 0.3. DARIX AEA air entrairun.ent agent \,las

usêd ln each mix. Nine 1 Ín. by 2'in. cylinders, cast.in the plasËic

Þarrlds shÕwn rn Fij. 3.6.2, \ùèrè casÈ from each mix cured. in air. The

averâgê eompressive strengths of type A, B and C were 3986, 4085, and 4922

ÞsL respèctlvèly- The reason Èhat type C gave the highest strength can be

explalned by the fact that it håd a smaller volume of voids than either

eype À or B. For this reason, it needed less cemenü paste. Ihe arrange-

atent of sanð particles was another possible reason for the highest sirength,
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TABLE I

Particle Size Distributí,on of Sands

I

f

U.S. Sieve

No"

Tlpe A 7.

ret.ained

þpe B 7.

retained

Type e %

retained

a

IO

50

OU

100

200

0

20

20

10

16

0

0

30

3s

3s

0

L.40

t).ou

23.5s

6. 50

25.75

L¿.Y9

L.to I. YJ J. I+



é
(¿
(n

ð.s

-36-

50

Sieve Size

I'i - .J.O.r Particle Size Dístribution Curves
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Fig._ _1. 6. 2 C:r*LiEãer lic'¿l,ciq
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of l¡'i:e t.

The ¡r¿tciri¿l useci f or tlle coiìi:r:cte ruorie1.s &rere: high eia::Ly

strength Po-¡i1un,l Cer¡eni, Sj.eved Sairci, âjÎ: entraj.l:inreräí ã'teíLE ani ru'aEer.

The ai:: enlrainnenl agent hacl an 1-rnporteirt effecL on the resiriis

as !i inc"'--easEd til.e s'Ererigl.li airri vorl¡eirilixy oî. tho 
"orr"t 

e-,-e f.or a given

cenent oï ï\'dt¿rr co.ûi:eiìt. Ð¿.-REl{ }'T,A v¡as use<1 at thc raÈe of 3/4 fiuid

ounces per sack oi' ce;iienr

Tirc 3/4 
".r. 

it. capacity eiect'ric nri:<er, sho'.rn ín Fig. 3.6.3 ¡;as

,,,.a.ì €¡r- -rir-'í.'... .:,.'l 1 ,-¡¡-r¡'¡¿1f ¿ for* the nocie,ls. the duration of nixing rr'asqÞçu lut útlilrriÉ êLrr ! v{¿¡.v¡

3 rainuEes. Th¿ proporrions f in¿1iy seletted v¡ere: sa:ict 2i. Q f-ire . , te*er,.t

6.0 ibs.. ¡ ifåtei 4.Û8 Ibs.., \p,/t raiio 0.68 anC, air enCrainnent agent

1,95 c.c. A1I r¡eierials tu'e-re Íûeasured by waigirt Èo Èhe nêeresc ounce on

a baiance scâLÈl

Tabie 1I shor,rs strengihs íor erfaL ruj.xes enploying grarjaiion C.

tsorh the r.i,/c rarío and Èil.e e\g/c rati-t l¡er€ våriêd, Seven c;;1-inúers

uerÈ casL ír+u eeciì" ai;E. Ivorhabíiity, type of vibratiol:. anci n¿ethod oi=

curÍ::6; Ifð¡'Ê íccûrrled for each.. Crr.Lshing strength vs v,/c raÈio culvès

uere plctted in itig. 3.6.4. Eacli point on the I'air-dried" cur:ves r-.e-

-.-.^ã.1É+¿, .rñ ..*r':e,:íl-, ^F 4 Cylínrjers, and eacþ pOínL on Ëire tti'1unÍd-
i/.¿g$c¿iLùt ¡t:l! éV(:tdCiE ùLls¿!Ësrr v!.

roofi." cür:ves Tep):as:ìn.is th¿ èv¿råBe of 3 cyLir:ciers.

(c) I(e_i_ni=c:ici,r-'g St¿:e_l Tne smail'.'¡ires useci ln noiiel conscruc-

tion shorriEi h.a.;¿ sí:i:!lar pïoperties tû those of the P-rototyPe reinÉcrce-

-a^Fp n^-,.,^-,,:^r-!1.. !+ =-nn -;..-..-{red to sclileve a viel-d 9Èïess cf'40 ksi,.Dlgni-. U(]IISi:{illtiilLty rL w<ì' usþ:lEr! Lv su'rÀÇvç < -

rÕ r-n'r'ïåsao;'rri to thr: vieió str<:ss fcr ínterneciieie grade steei eird to

sc¿ie clurvn the tií¡.net¿rs of ¡lre prûÈotype reiirforclng bars by a fe.cËo:

of 16,
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It vas not Possible to find a rqire to meet these requirenenËs

exactly.ilotvever,itv¿aspossibletoobtainhighstrengt'hmusLcvíre

oftheco!_lectdiameterandbyheattreatingitfordifferentlengths

of time obtain the proper yield point

InthisannealÍngProcess,variouslengthsofwirewereplaced

inarackrvhichllasthenplacedinas¡rallovenandhe]-dataconstant

temperatLlreforacertaintime.Therack\"Tasthenremovedandthewires

¡vere a110v¡ed to cool in air. For 0.038 in. dianeter r'{ire' a tenPeraiure

of 170OoF and a 2 hours duration was found to be satisfactory' A Latger

diameter v¡ire ¡vould require a l-onger annealing time'

After cooling in air, the ¡vires rqere Placed in a I litre capacity

glass cylincer containing dilute acid (1 Part hydrochloric, 3 parts water)

for about ten minutes, theh rinsed' and dried

igure3.ó.5showsthestress-StraincurvesforatypicalwÍre

before and after annealing. The value of the modulus of elascicicy was

reduced fron 28000 ksi to 26000 ksi during the annealing.Process' lable

IllgivesthevaluesoftheyieldstrengthsforeighÈsanplesofthe

annealed wire. The value assumed as the yield point for the slab reii:'-

forcereent was 46.25 ksi. The coefficient of variation of Ehe slab steel

yield poÍnt ruas 10.8%.

3.7 Construction of Test SLructures

(a) Construction Considerations Great care was necessarY in

the constructÍon of t,he concreËe nodels because small errors in neasur-

ing or placing ihe l¡ire reinforcement Ín the models coul-d correspond to
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360
tl
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ÎABLE III

Yield. Point of Annealed i^Iires

Saurp 1e No . fy (ksi) t'uu". (ksi)

I

2

J

5

6

a

39. B

42.4

40.s

50. 3

52.0

/,< a

)¿.5

46 .25
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relatively large erxol:s in the prototype. An approxÍmation of +5%

of construction error ¡,¡as al-lorved, while a tolerance of +0.02 in.

r¡as allov¡ed for the thickness of the slab, span lengËh and the place-

ment of reinforceñ.ent.

(b) Forrnr'¡orlc The formlvork for each model consisted. of a

single L/2 ín. Ëhick plyr,rood sheer lined vriËh a L/B Ln. rhick p)_asric

sheet. The plastic sheet rvas used to prevenE \^raEer absorptÍon frorn Ëhe

ñ^?l-ãr l'.' ¡1.^ ^lt*'^aj Ð] a^¡" ^ 1- i a t^mortrar Dy Ene prywoecr. rrasrrc strips 3/B Ln. deep and L/2 LÍ-. u,Lc,e

lJere screrved. on the íorm fo nroyide edge forms for the slab and Serve

as a guide for Èhe screed. The slab forms are shown in Fig. 3.7.1 and

3.7.2. The column forms and the shear rvall form for nodel c2 T,,¡ere

made fron !/2 Ln. thick plastic sheet. The joints v/ere screvreC together.

and sealed by a double coating of plastic glue. It r.¡as found that glue¿

joints betrveen the columns -d :lab form for model Cl separaEeci Curing

vibration, and screrved joints v¡ere used for model C2.

To provide holes through the slab at fixed colucms , 3/B in long

l/4 tn. outer d.ianeter plastic tubes \üere screr+ed to the form. The plas-

iic tubes'h¡ere renoved by drilling after casting and provide<i holes for
bolting Ëhe slabs to rhe loading frame

edge

which

provided at the cenËre and

and shear ivall stubs through

the loading rùas to be applied.

Each forre rvas stiffened by a 2 in. by 4 Ín. tiraber frame :shich

of the form during casting and vibra-was designe<i to nininize deformation

t.r'ñãs À^¡5 .

l{oIes of the appropriate s izes rvere

of the forro to eccouinodate the colu¡cn
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Reinf orcer,rerìt Fabr icat ion

1 s l ¡b R¿'ini:orcement FabrÍcation!. ¡'or convenlence,

the rvires \ùere taped to a plyrvood sheet which had the same dirnensions

as Èhe slab see Fig. 3.7.3. The orthogonal sets of reinforcing wíres

rsere solde::ed at the jolnts to maintain the correct spacing betvreen

individual rvires. An oxygen acetylene torch was used for the solderlng.

IÈ was discovered that for a tínle consumption of a f.ew seconds with a

flame length t/B tn., Ëhe yield sErength.\das not effecËed.

2. Colurnn, Shear l^Ial1 Bernforcernent Fabri

Music rvire of 0.067 in. dÍameter was used for column and shear r+all re-

inforcement. This rvire lras not annealed because the study did not re-

quire accuiate simulation of the column and shear wal1 behaviour

Column :'einforcement cages \{ere fabricated using 4 ín. square,

1lr.Ll+ LLL. LtllUÄ HIJWvvu Lsuy!Geer. !v¡¡óÁLuu¡

length \Árere passed through accurately located holes ln the terirplates

a¡1d 0.015 in. Ëies were bent to a square shape around the main reinforce-

ment and soldered. The spacing of the ties ruas abouE '3/4 Ln. It'.ras

impossible to pass a completed colu¡'¡n reinforcing cege through the slab

reinforcing mat because of the close spacing of the wires in the maE.

Thus the half-compLeted steel cage r,/as posítioned and Èhen the oEher

half i^¡as f abricated.

-[he shear wall reinforcement r,¡as fabricated in the se]ne manner.

Fig. 3.7,4 shov¡s the column and shear r¿all reínforcement

(d) Placement of Reinforcement Before Ehe column steel cages

trere posiEioned, both positive and negatj-ve slab reinforcenent was placed.
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The positive slab reinforceineñt r,las supPorted on a
. l^Ll ó Ln. Iong Prece

of 0.038 in. dianeter bar spaced at approximat.ely I in. inÈervals through

ou.t the slab. For ihe negaiive reinforcement, steel specers of lhe pro-

per d.iameter ¡,¡ere used as chaÍrs Èo place the reinforcing rnaEs aE the

correct height. The chaírs rvere positioneci aË about I in. íntervals

Èhroughout the slab. Figure 3.7.5 shows Èhe placement of chairs and

steel bars.

the mat r,¡as tied dor,zn usíng 0.01 in. diameter copper wires pass-

ing through one sixteenth in. diarLeËer holes Ín the slab form. Careful

checks were made Eo ínsure sufficient tie-downs and to assure the correct

posiËioning of all wires. Then the holes on the slab form rvere glued and

final checks rvere macie t,o assure that all joints were \.ratertight. Fig.

3.7.6 shor,rs the vier,¡ of reinforcement for model Cl in place ready for

casling.

FIat Surface

Negative Reinforcement

Flat Surface

PosiËive ReÍnforcement

3.7.5 Slab Reiníorcement Spacers

Chairs

Steel Sp acers

HìO
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(e) Casting

1. C¿.sting and Curing The lorver portíons of

columns and shear r,rall and the slabs \.rere cast as a unit. TLg.

shor,rs Ëhe casting operaËion. A small nassage vibrator was used

under side .of the slab form at points close to the colur¿ns and

wall, a concreie vibraEor \¡ras used at, the edge of the form.

the

3.7 .7

on Ehe

the shear

A r,rooden 2 Ln. bv 4 in. screed was used to screed the slab sur-

face. t¿o 3 in. by 6 in. and twelve I in. by 2 in. control cylinders

'$Iere cast from each mix. Seven hours after casting, the surface of the

slab and all cylinders rvere coated r,¡ith lvhite shellac Eo minimize mois-

ture loss. After the surface had dried, the slab and cylinders were

covered r,¡ith r.¡et burlap and a plastic rqembrane as shown in Fig. 3.7.8.

One day later, the upper portions of Ëhe columns and the shear rvall

!¡ere cast. The conËrol cylinders r^7ere reiooved from the moulds, coated

wíth shellac and stored rvith the slab.

2. Ifaterial Prooerties Tne control cylinders \^/ere

tested three days after loading of Lhe models (at an age of 40 days).

Tne average conÀpressÍve strerrgth of the 1fn. by 2 in. cylinders l.zes

3080 psi.

Stress-strain curves obtained froru the tests of the 3 in. bv

6 in. cylinders are shor.¡n in Fig. 3.7.9. The average value of the

iaitiai. Ëangent moduius fron the curves was 3.L4 x tO3 tsi. and secant

modulus was 2.85 x 103 ksi

(f) Condition of Structures aL Beginníng of Testing The

scructures uTel:e cured und.er moLst conditÍon for seven davs and the
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forms renoved on the eighth day. The slabs rvere carefully exa¡nined

lvith a magnifying glass for any damage or crackíng that may have. oc-

curi'ed. There \^Iere no cracks but several voÍds Iùere observed; Prlmarily

in Ehe coluin¡rs of the model Cl and on the slab closed Ëo the shear wall

or moGel ç¿.

Patching \ùas cerried out with

A cement-sand mixture \^7as used to fill

enËire siructures \,/ere rnoist cured an

the slabs in an inverted Position.

the voids. Afrer patching, the

additional three days.

Loading Svsten and Deflection Apparatus

(a) Loading !'rarne Tne loading frarne consisted of four 2 í'n.

by 2 Ín. by I/4 Ln. angles enbedded in a square 4 L/2 ft. by 4 L/2 f.t.

and 8 ín. thick concrete base slab. These angles serveð as colur,rns suP-

porting a systeur of 3 -in. by L L/2 Ln. by L/4 ín. channels. The columns

v¡ere sËiffened by four 2 ín. by 2 in. by L/4 Ln. angle horizontal braces

bolted near the tops of the colun'ns. !}vo of them acted as beans Eo carry

channel supporLs to rvhich the 1/ 2 ir.. long steel bars rshich sinulated

the fixed columns for the test structures r,vere bolted. To stabilÍze the

frane laterally, Ëwo L L/4 'rn. by L L/4 Ln. by t/4 Ln angle braces

were used on each side of the frame. All joints on the frame used 3/8

in. diesleter bolts. Fig. 3.8.1 shows the loading frame and concrete base

Þr4u.

(b) Loading System Tire loading systems for test'structures

Cl and C2 v¡ere differe:tt. In the case of structure CI, vertical loads

were epplied to the slab as described in Chapter II. Six 1/8 ín. dia-



-65-

I *.._.__-..-*ì=:-_.

..-\_
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meter hoLes were C::illed on either side of Ehe column along the slab

cent.re line. A 3/32 ín. diarneter threaded steel rod was used to support

the 1oad.s irr eacfr. direct ion. The d.orvnrvard. f orce rvas provicied. by suspe-:.ded.

weights rvhiLe a tail nuE fixed to Dillon Gauge was tightened to give the

uprvard fo;ce símultaneously. The pointer on the geuge shor.¡ed the rnagni-

tucie of loaci, loads \"Jere eppiied at each pair of. L/B in. d.iaineter holes

in turn. Fig. 3.8.2 shorøs hor¿¡ the Dillon Gauge rvas fixed to Ëhe frame.

' Structure C2 r¿as loaded by horizontal forces applied to the

colurnn or shear v¡all 3 3/4 Ln. above and belorv the nid plane of the slab.

Tne forces r,rere provided by suspending vreights frorn flexible steel wires

runnÍ.ng over fixed pulleys. The pulleys.vlere calibrated to account for

frict'ion loss. Fig. 3.8.3 shorvs the meihod of load application.

Pairs of steel plates 1/B in. thick, 1 ín. wide and 28 in. long

were use<i as loading yokes for the shear vrall, as ind.icated in Fig. 3.8.4

(c) Deflection Aoparaius, Because the slab <ieflections rvere

relatively snall, special deflection neasllring geuges v¡ere fabricated.

They consisted of 0.01 in. thick 3/4 Ln wide 2 3/4 Ln. long: cantile-

vered brass strips with a sirain gâuge nounted. on the top face close to

+l-^ ^l --^^.1 --J D^^LLrrE u1érf(pEs Efru. !dstr ¡)Lt!p WdÞ çIGuriJe(.! I'JeLWeeIi LW(J Ll I LLL. L

in. wide 2 Ln. long steel plated which could be bolted to a dexiort angle.

The <ieflection of the free end of the brass strip T,.ras meesured in terns

of the straj.n gauge reacìing. Fig. 3.8.5 shows the def lection neasu:ing

Many suc^. Cevices we-re made and all were calibrated indiviiiually.

device.
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The calibration apparaËus Ís shor,¡n in Fíg. 3.8.6. During calibration

an initial strain gauge reaciing vas recorded vzith the brass strip iree.

'Then the pointer of a 0.0001 in. increnent dial gauge rvas brought intc

contact rvith the bottom surface of the strip v¡hi1e a fine Ëhread scre!/

from the top maintained the initial reading on the strain indicator.

The dial gauge reading rvas noted. By turning the top scrert in incre-

ments, the deflection \^Iâ.s recorCed on Ehe dial gauge and on the strain

indicator. T.1rj-s gave the relationship betrveen the verËical deflectlon

of the strip and Ëhe sÈrain indicator reading. The calibration was per-

formed tr.¡ice for each gâuge; for í:rcreasing def lectíons, and for <iecreas-

ing defiectlons. Fig. 3.8.7 shor.¡s a typical calibration curve

During the testing, deflection meesureinenËs were nade usÍng a

0.009 in. diarneter copper lvire conneiting the slab and the free enci of

Ëhe cantilevered brass sirio. Thus iL was necessary to correct for Ehe

elasiic elongarion oí the r+i-re. In order to do thís a rvire was glued

to Ëhe free end of the strip and a load of approxinately 60 grems applied.

The load was increased or decreased unËil the deflection'oÍ the strip rvas

within the calibrated ra:lge. The true deflection at the free end of the

wire r¡as then obtained. by subsÈracting the elongation of the wire fron

the deflection deternined from the strain indicator reading.

Siaall 3/8 ia. by l/4 ín. by L/L6 ín. "L" shaoed steel strips

r¡orc o]rraã rn f h^ ¡1aÌr ¡r nnÍnr-g where the def lecÈion \n7as to be measured.lvctE ËIucu uv uM Þldu 4L Pv!¡¡Lò l!¡lçlç Lrls uç!r

The free end of the wire rvas pulled dor,.'n tí1l the sËrain indicåtor read-

IiI:l lvqÞ I..|ç Lu Lil4u vuLcal¡su /Àqstv¡À,

Ëhe 1eg of the steel strip. A pluab line was used to properly pcsitron
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the ciefIection measuríng devices on the dexiom frame.

For mo,je1 C2, sixteen def lection measuring devices vTere spaced

along Ëhe c:ntre line of the slab. Typical deflecrion curves are shoçn

inFigs. C-7, C- B, C - 9, C - 10, C - 11, Apgendix C. Adescribe

strain ÍndicaËor \,/as used to record all Ceflection gauge readings.



C}IAPTER IV

DISCUSSION OF TEST RESULTS

4.L Test Results for Plastic Models. Deflections and slopes of
models Pl, P2 an<Ì P3 were calculated along the loading line which Þassed.

through the centre column or shear wall. For nodel p4 which involved a
'box type of shear r.ral1, cleflections and slopes r^rere calculated along the

Ëwo loading lines rvhich joined the edges of the shear r¿all and the ex-

terior colururs. The calculated d.eflections and. slopes are shown in Ap-

pendix A.

Ihe relative deflection beËv¡een eny trvo poinEs is the Íntegra¡ion
of the slope betrveen Ëhem, or Ëhe area und.er t,he slope curve. since all
¡n1"*-- --J ^Lçuru;Lrs r äno snear r,zalls \'r'ere assur¿ed to prevent Lateral def lectíon of
the plaËe, the area und.er Ëhe."'lnna ^'rrrr5 ç-^- Ehe exterior colurcm to

the point of maximu¡r deflection should always equal that between the cen-

tre colun:r or shear r.¡a11 and tba nni nr nf rar-iq¡15 ãof 'r c¡r- r,n-

The calculated def lecËions in Appenciix A shorv smal1 relative cie-

flecEions betrveen Ëhe exterior colurm and t,he interior column or shear

wal1' For load tyPes A and B of all rnodel plates, these differences

did not exceed .3 ncrnoni- Trn'i o nay be regarded as an error in interpreta-
tion of the phoiographs. rn the case of load rypes c and D, the dif-
ferences range from 1 percent Ëo 9 percent. The error may d.ue pertly

Èo novement orc the plate suppoiis normal to the plate surface. Thi" ai"_
crepency nay also be due to d.iscontinuity of the plate rigiciity. The

loaded columrr \n7es resEed on a knife-edgc support and its posirioning may

-7 5-
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have affected the movenìent of the column.

Table 4.L.L sum¡narizes the applied loaCings and resulting plaEe

rotations. The nonents and rotations are classified accorcling to the

Ê..^^ ^€ 1^-J.'-^ -..J *^J^1 mL^LJpc u! ruGurrr5 and model. The stiffness, and cerry-over factors and

the effective widths obtained are presented ín Table 4.L.2 Values are

lÍsted for panel loaded by aa interior colunn or shear wall and for a

panel loaded by an exterior column. The stiffness factors K \.vere

calculated from equation 2.2.6, while the effective widths r,¡ere ob-

Eaíned frorn equatíon 2.2.9. The carry-over factors were obcained from

esuation 2.3.L for the interior colunn loading and from equatí.on 2.3.2

for the exterior co1uru loading.

The reliability of the test resulEs is mostly dependent on;

é¡tg

1. the reliability of the instrunentation,

') +t^ ^ ^-^^L. Lrre plsLrsroiì irr scale reduction of the photographs

3. the interpretation of the photograph to obtain

f,r'^^ --á rotation.
.çur 

v4LsiçÞ ét¡u !uLéL!uit.

P1ate slopes obtained using Ëhe Moirer method are a function

of the size of the plaËe, Ëhe distance betrv'een the plate and the ruled

c.Têêi ¡¡J tho ôñ â^i¡.- aF rl'^Þu:Lçrr, oilu L!!ç specrng of E|re Lines ruled on the screen. lltrnen the

laSt two Variables are keot conôra¡: ¡lra .r^^^b ev-.ÞLe'L) L¡¡ç Þrwyu vâ.lues obtaÍ:red are de-

peirdent on the size of the plate only. the error due to the sj,ze of.

+L^ ^'l^+^'-.^ L^^- ^¡..J-'L*s prGLç r^Éb ucs' ÞLuursÞ uJ rigEhenber.' ' For sizes of the plafe

from 0.5 to O.B of Èhe disËance beir.¡een the plate and the 
""r".n,

the errors are of the order of I to 4 Þercent. The Moiret inethod



Load

ÍABI,E 4.L .I
l,pplÍecl Momcnts ancl Rotations for plastíc Moclels

P1

¿\

P = 5 l-bs.
M = ?lì in -1h"1
01= 0,0L29 rad.

P2

P = 10 lbs.
I'lr= 60 in.-1b.
0l= 0 .00922 rad.

B

P = 5 lbs.
Mr= 30 ín.-lb.
0 2= 0.00255 racl.

05= 0.01375 rad.

? = 20 lbs.
Ml= 120 in.-lb.
0l= 0.0075 rad.

P = 10 1bs.

Mr= 60 in.-lb.
0 2= 0.00/r rad .

05= 0 .0089 racl.

P = 20 Lbs.

Ml= 120 in.-lb.
01= 0 . 00115 rad .

c

P=5lbs.
I'fr= 15 in. - lb .

03= 0.0113 racl.

P = 20 1bs.

M2= 120 in.-lb.
0 2= 0. 006 36 racl .

Q5= 0.00808 rad.

P = 5 lbs,
Mr= 15 ín.-lb.
03= 0 . 01285 racl .

D_

tf -'^2

â-
z

O=
.)

20 lbs.
120 in.-1b.
0.00636 rad.
0 .0059 racl .

lì

D_

M=

Q=
o

5 lbs.
15 in.-lb.
0.019 2 rad.
0.002 rad.

P = 5 lbs.
Mr= 15 in.-lb.
03= 0.012 rad.

P=5lbs.
MO= 15 in.-lb.
0r,= 0 .0143 rad.
06= 0.000775 rad.

P

Tf
J

â"3

= 5 lbs.
= 15 in. -lb.
= 0.0133 racl.

P=51bs.
MO= 15 in.-lb.
04= 0.0175 rad.
06= 0 .00075 racl.

I
!
-J
I

P = 5lbs.
)lr= 15 in.-lb.
nru= 0.015 rac1.

06= 0.0012 rad.



T/.LBLE 4.1..2

Stif J:Iresses, Ef fcctive l,lj cl ths ancl Carry-Over lractors f or Pl-astic l"lodels

Interior Columrr ( Shea:: htal1

Stiffne.ss
K

in. -lb . /rad.

2,300

6 ,50o

16 ,000

26,650

B ffe c tíve
\^lidth

L in.

/ J.oaÕrng

10 .00

Camy-

Over

Ila c tor

rl Calculatíons bre based on one exl-erior coltunn onl.y.

28. 10

69.00

0.1330

Stiffness
K

. a1 ,rrl .-Ib./tao,

115.00

Exterior Col.urnn Loading

0 . 14.00

0 .0910

0.1560rk

r,325

1,165

1 tqn

L,250

Effective
I\lidth

L in.
v

5.74

llrl^rrr-

Over

Factor

5.02

5.40

0 .290

5 .40

0 .34.8

0.743

0.815:';

\,
I
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r., ubEg p!!L*¿r!r-) rrr Lrr€ bLLr(ry of moments in f 1at prates. 
(15) 

' 
(r6) t(L7>

Kupta and Vaugh"r-,(tt) used chis method in conjunction with a corrputer

program Eo invesiigate Ehe curvatures and relative deflections of. fLat

n'l pl-ac Tlpí l acf ínnc a'l- l- hr,.a n.yraLLo. !s¡rcuuroRS eE Enree points, obtained by reaching the polnt by

different routes l^Jere cornpared. The differences \^/ere found to be as

Iarge as 3 percent.

. Precísion in scale of the prints is very important since the

deflections under Ínvestigation are extremel-y small compared to Ëhe di-

-J ÊL^ -'^^'1 ^^ ^1.mensions oí the plate. Since the deflections â*u urrç dr¡óLcù.r'rotaÈion

are so smail, human errors which may occur in the inËerpretation of frin-

ges and in the measurement of Èhe areas under Ëhe slope curyes may be

s rgnrr ]-cenE

/,t .Test Results for Concrete ì,iodels. The Lest results for the

concrete nodels are presenteci in Appendix C. The com.outed values

of the stiffness factors a;rd effective i¿idths are sllfftrarized in lab1e

/, a1
-. 

L. L

TABLE 4 .' 2. L

Stifíness and Carry-Over Fectors and Efíective Widthsfor ConcreLe Models.

Mociel

InËer'íor Column (Shear hra 11) Loading Exterior Colunn Loaiine

St iffnes s
. a1 I1n. -ID. /rA(1.

Effec: ive
I^Iidth

tn

Carry-
0ver

E^;+,--! qç L Jt

St iffnes s
. 1r t

1n - f 
^ 

If añrv . / ¿ sv

Effectii¡e
I^lidth

ìn

Carry-
0ver

Factor

fJI

c2

J¿'J¿O

1i48, 800

t.z+

101. 00 ^ 
1/,ot /,-1 'l nn 10.60 | 0.666
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Because the central colunn for model CL \^/as noE suff icfent

sÈiff to tr:ansnit the required moncnts Ëo the plate, the Índireci loading

procedure discussed in Section 2.4 \ras necessarlr and stiffness factors

and effective slab widths were determined only for the inuerior colurnn

loading.
¡

Three different ioad levels were Eabulated in Appendix C. Tne

coefficienË oí variation of conput.ed stiffness facLors and effective wíCths

^^*^^: --.iÈL.:^ /.- ã7 nêrf^ênf - i-'r^ t-.^S Can be Seen ffOn TableagJ-eu lvtL!i,ll¿ +.vt Ps!çç¡rL¡ Lrrë óvsrcËs vdluc

4.2.L.

For niodel C2, stiffness and carry-over facEors and effective

slab widths r¿ere d.etermined for both interior and exterior colun'n (shea;

--^11\ I^^J"--- and are tabulated in Tab1e 4.2.I. Each of the tabulatedweLL) MUÀrr5ù

values r¿as obtained by averaging values obtained for either four ox f.Lve

difÍerent load level-s. The individual values anci the correspondíng load

l-evels are also Ëebuieted in Appendix C.

The coefficient of variations are as follows

Load Appl-ied by Interior Shear [^]a11.

StiÍfness facLor (anci eífecËive

^----- ^--^- faccorred!!y-uVsl

Load Applíed by Exteríor Coiunn

Stiffness factor (and effeciive

^^-*-' ^--^- factorudrry-9vE!

I,7iOE n,)

a¡11 ¡ârr\¡-.î\¡êr f¡¡rnrc

- :-loeüed Eo rerlure Þy

11.85

7.75

11.10

o.) /

cl

ol

ol

After the

iernined for r"oCel

elastic stiffness

WL) Lltg UiUUsl WóÞ

L.J L^^. J^

IUGUÞ éUPIrss
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&e^F.rr,,\Y.r 
^ 

I-, È^ -t I -LrêrrÞvçrÞerJ r* Ehe shear \,/all. FirLy pound loading increnenEs v¿ere used

--J ^.--^t..'...- ..-.6¡rs LrGuN!¡¡s,roi first observed at a load of 250 lb. at which tirne the

naxiÍnum pl.ite deflection \ras 0.0493 irr. The fÍrst crack initiated on

fha r-nn nf fha e'l .1. 4r ¡?'^ ^n-'-t rVhere Slab and Shear wall net, and pro-g¡lg LUy u! Lllg Þ Idu 4L Lltg PVII¿

pagated across the rvidth of the panel in a direction perpendÍcular to the

shear r,'aII. At a load of 350 1b., anoiher crack appeared on the top of

the slab but at oiher sÍde of the shear ¡vall and had a similar óirection.

Ät a load of 400 1b., long diagonal cracks formed between the edges of

the shear r,¿all and the peripheral colunns. Many cracks extended fron the

edges of the shear rvall torvarcjs the corners of the s1ab. Fig. 4.2.L shows

cracki::.g lines of the slab. At failure load maximum deflection rres 0.L42

in.

Appendíx

ultimaËe strengih analysis of nodel C2 is presented in

Yield 1Íne theory vTes used to find the ultinate 1oad.

An

D

Discussion and Cornoa'rison of Test Results. As neniioned in

^L-^+^- .r ti-'^ n'i ar.r'o'l ¡c rnã tlgg miCfO COnCf ete rirOdelS fVere teSted. PleXi-9!À4JLç! Lt IlVq y!ç-\ió¿qù criu L

gLas rrodels Pl and P3 were siniiar to concrete models Cl and C2

e.'-.^l--!vÞ¡ueçLrverJ¡ orld Table 4.3.L shov¡s the corr,oarison of the results obtained

from the síní1ar nodels.

The compuËed effective wicith for the interior coluuur loading of

¡aodel Cl r¡as snaller Ëhan that for nodel Pl. This different nay be

due parily to the different valLles of Poisonts ratio for the material used

Horveve;, the discrepancy is probably largely due to the unreliabili:y of

the resulË fo¡ nociel Cl, since iË r,¡as obËained by a rather in<iireci pro-
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cedure. Unfortuira-uely the stiffness factor for the exËerior colurur

Ioading and carry-over factors could nol be obtained for model C1.

TABI.E 4.3.1

For moCel P3, the effecti-ve rvidths for both the interior and

ar.tari^e 'l^a.1 inc .'^-a .-*-1'1 ^- *han those for mod.el C2. This could becÀ.Lcr !ut ludutrrÉ wçlç Þrr4laçr L

explaíned by the fact that the mociels rqere made irom naterials which have

different values of Poisonrs ratio anci in additíon, rvhile model P3 r.ras

homogenous anci isotropic, model C2 \,tas not. The carry-over íactors for

exterior colurln loading for models P3 and C2 agree wj-thin :10 percent.

Whiie the carry-over factors for the panel laoded by the Ínterior shear

wall do not egree a-xacE1y, the factors have the same order of magnitude.

Because'of their relatively small magnitude, an axact agreenent wouid

probably exc-reinely difficulË to obtein. The disctepancy may be largel-y

due Ëo the difficulty of simulating complete iixity, or a smooth pin ac

the piate suDÞorts.

Ilode

Interior Column (Shear WalI) Loadíng Exterior ColuruL Loading

Stiffness
rñ - f 

^ 
ITtã

rv./ 
-ee.

Effect ive
i^lidrh

tn
Over

Factor
St iÍfnes s

. << t
1ñ 

-t^ 
tr^4,!s. / ¡ se

liFFørrivc

widrh
lh

Carry-
Over

Factor

P1

P3

c2

2,320

32'400

16,000

448,800

10. 00

Áo nrì

101. 00 U

IJJ

rto l

1/,Qt

L,325

L,250

47 ,L00

70

¿! fJ

OU

0.

0.

290

743

666
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The resulLs of this investigation are conpared ruith those from

previous stuciies in Fi;s. 4.3.L, 4.3.2. and 4.3,3. Tig.4.3.L

shorvs plots of effective rvidth/actual panel v¡idth vs colurnn panel v¡i<ith

ratios for panels loaded th::ough an interior column. From the figure,

it can be seen ÈhaË the effective r,¡idths and stiffness factors for in-

terior column loading ere extremely sensitfve to the size and shape of

the interior column. For mod.el Cl r,¡iLh a column-to-panel wid.Ëh ratio

of. L/16, the average value of the effective rvicith obtained frorn three

set of loadÍngs (50, 100 and 150 rbs. ) trì7as 0.61 of the acËual panel

rvidEh. Ti-ris rtas slightly suraller Lhan the values obEained by tsrotchie
/ ?\

' \r '/and Russer rvno reported a range of 0.67 and L.67 for colurnn to -

panel r¿idth ratio oí I/20 to L/7. The value obtained from model Cl

is also sr¡arler than rhat obtainec by carpenr.r(4) who reporred that

the full slab ivi<ith may be used fo: the column-to-panel r¿idih retio of

l/14. For model Pl the effective r,zidth obtained can be seen to be

approxiniately 16 Percent higher cl-:.an the value obt.ained by Carpencer

for the same colurnn panel rvicith racio.

Fig. 4.3.2 shor¡s ef f ecËive rcrdth f actual panel r.zidËh vs colunn

panel ividËh ratios for panels loadeC. through exterior coluums. For this

loadíng of all nodel'plates t,he effective panel v¡idths vary litrle. I{hen

+L^ -'t ^+^ .9 ^ ã..'-Ene praEe l-s suojected to a rnoûÌent at exterior colunn, it appears that

the moinent does not disiribute into the irterior panel. llnis resulteC

in the sane sËiffness regardless o:- the size and shape of the irrt"rio=

suPports. The sËiffness facEor ob:ained for rncdel Pl is abour 24 per-
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cent higl'Ler than that ol¡Eaineci by Carpenter for a mocÌel l¿ith sinilar

geoär.eEry and thc sanie colurnrr. panel width ratÍo.

Tþe carry-over factor for panel loaCed by interior colu:r¡r¡s is

exÈren:ery siùall compared r+ith those obtained analytícaLLy using an

equivalent bean. Fig. 4.3.3 shows a conparison of the carry-over '=rac-

tor fron the interior column of model Pl with value obtained by

Carpenter for Ëhe same colunn panel width ratio. Tne value is approxi-

ately 45 percent lor¿er than that obtained by carpenter. Ttte earry-

over fact,ors ltor panel loaded by interior column or shear wall are ap-

proxinaEely the sane for all nodels except P3 indicating that the

carry-over factor fron an interior colun',1 or shear r,tall is alnosË inde-

penöanE of the size a;rd shape oÍ the colunn or shear waIl.

For exterior column loading the carry-over factors ranged frorr

0.29 to 0.8i5, the highe-r values corresponding to the stiffer interior

shear wal1s.

Little publíshed inÍormation is available on the efíective sËiff-

ness of plates loaded by traasversè loads applie<i to shear r.¡alls. Barnard
/ c\

and Schrvaighofer\-' conducted a stud.y of struciures inclu<iing shear i+alls

coupled by a slab. They reported. that the entire r¡idth of phototype plate

can be considered as effective for frame action for Ehe shear wa1ls con-

nected by a plate. This result Ís in agreernent r¿ith the test results ob-

Ëained in the study since for inodel P2, P3, P4 and C2 effecrive rvidths

-.. ^'- ^- ¡r^:n iha aîrt1.1 nr¡gl r.¡icith rùere emucn greaEel En¿---

F:-^- +1^^ 1^-^^ *.4'I ..^^ ^1-{--i-^l!!vÀ!. Lrrs rérsç vdrucs uuLdÀrreu., that effective panel iqidih is ¡:ot a suiE-

able criterion for exÞressing Èhe effective stiffness of the slab in a
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f lat platc - sh.û3r \,Jall structure. consider for exarnple the typL cal f loors

illusf:rated Ín Fig. 4.3.4. Bccause of the positioning of the shaded ezter-

ior colurnns in Fig. 4.3.4(a) large torsional mornents will be d.eveloped Ín
Èr-^ ^^-.tse^ ^^.^^-Ene ceÌìEre panels rvhen the structure is subjected to shearing loads paraLLeL

to the shear wall. For the structure in Fig. 4.3.4(b) these torsional mo-

ments r+í11 not, be present, and the apparenË slab siffness will therefore

lra c-.ac¡a- ra.1"^Cd.

It is Ehus obvious that the tteffective slab width" is a function

not only of Èhe slab thÍckness and panel slze, but also of the geonetry

of the rshole structur*e and therefore not a suitable críterion for spefÍcy-

íng plate sEiffness.

Model C2 ¡,¡as tested up to failure. tr{hen failure occured the ob-

served ultimaie loaci v¡as 450 lbs. conpared rvich the cornputed strength

from Appendix D rvhich rvas 47L lbs. for first collaose mechanisn_ and.

499 lbs. for the second collapse mechanism.

tt

' (a)

Fig. 4.3.4 Coi-¡parison of T\.¡o Types

(b)

of Shear llall Structure.
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f l -.f- n'l ¡r.. - ch.33¡ \,JalI StrLtctuÏ.ù. COnSiCef fC- 'l ^ *L ^ +tr¡i ¡a1 F1^^-^. vvr¡Þruer reI ct.ÇLiL)Ltj LlLe LyPL(j¿IL IIOOfS

illustrated in Flg. 4.3.4. Because of the positioning of the shaded, ezter-

ior colurnns in Fig. 4.3.4(a) large torsional monents will be d.evelooed in

Èhe centre panels rvhen Ëhe struciure is subjected to shearing load.s parallel

Ëo the shear waII. For the structure in Tíg.4.3.4(b) these torsíonal mo-

ments will not be present, and the apparent slab siffness will therefore

be greate: reduced

It is Ehus obvious that the "effective sl_ab width" ís a

noE onry of the slab thickness and panel size, but also of the

of the rvhole structure and therefore not a suitable criteríon

ino oJ âte sf i f f:less.

func t ion

geomet,ry

fnr encf i nrz-

Model C2 T,las tested up to failure. tr^lhen failure occured the ob-

serveci ultinate loaci r'¡as 450 lbs. conpared wich the conputed sËrength

frnm Á ¡n¡nJ r'v D r,¡hich r,¡as 47 1 1bs . for f irst collaose mechanism and.-, 
I ¿vù. 

'vL 
!!Is!

499 lbs. for Ëhe second collapse mechanisn

(a)

Fíg. 4.3.4 Cci:rparison of T\+o Types of

(b)

Shear i.lal1 Structure



CONCLUSIONS AND

CHAPTER V

SUGGESTIONS FOR FURTIiER STUDY

Conc l-us ions An experimental study of stiffness and cerry-over

fact.ors for elastic plates loaded by trensverse loads applied to coluculs

and various shapes of shear wall has been made. For a shear r¡¡al1 struc-

ture subjected to lateral loads the follovring conclusions are made.

1. For flat plate loaded only through ínterior columns, the effec-

tive panel widths range approxinately from 0.6 to 1.1 of the true panel

*..'JÊL Tþ -^.. Lwlquir. !L liay '-,e concluded that, for a column panel width ratio Oí L/LO

or greeter, Ëhe full slab rvidth may be assurLlêd efÍective

2. For a flat plaEe loaded through e:<terior columns, the effec-

fr'rr^ -^-^'r .,ir.,r is ínrìan,.n¿enf ^€ rh^ .,..r^a and sLze oÍ interior supports.L!VC Pérlçl. W!ULrl !5 rltUsPEIIUsItL UI LIIe ùr¡¿PC érl

The efÍective rvidihs obtained were approximately 0.6 of the true wid.th

for rcodel P series and 0.BB for nodel C2. I -

3. Va1ues of the car-íy-over factor for a flat plate panel loaded

through an exterior colunn ra:lged frorr 0,29 to 0.8f5, depending on the

^:-^ --r ^L^^^ rf the fixed interior column or shear walI.Ð !¿ç q¡lu è¡¡GlJs \

4. Carrv-over factors from a loaded interior colunì-n or shear wall-

are relatively snall, and prectically independent of È.he size ané shape of

the ínter-,-)r 
. 
colur-Èì or wall. Values ranging from 0.09I to 0.156 were

obtaíned.

5 Effective rvidths of panel loaded through interior -shear walls

ranqed from 3 to L2 tir¡.es ¡he t- rne n¡nrr1 r¡i drh The I nroe values ob-4ea Þv

tained indicaie that effective slab width is an unsuitable criterion for

-90-
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indicating the efffective stiffness of flat plate - shear v¡a1l strucËures

lficro concrete model C2 rvas loaded to failure, vrhich resulted

fron flexur;.l failure in the slab conbined v¡ith punchíng shear at tine eð,ge

of Êhe shear r'¿all. The experinental ultinate Load rvas in good. agreement

with the results of a yield line analysis, the effective, slab r¿idth red.uces

as ultinÌate uronenË approaches. This can be explained by the fact that as

Ehe ultimaie 1oað approaches, large defor¡nations occur with very little

increase in the slab monent capacity. Thus the sEiffness iac?or at the

ultirnate load decreese.

q, Sugees L '' on f or Further Stud.r¡. Further study is reconnended

to establish suitable effective plate r¡id.ths or stiffness and carry-over

E^^!^-- E^-- -1^:â'tna¡1aÃ ¡1^-.^,,^h Shear rval1S wiEh VaríouS geoneiries.réuuvrù !vÀ PIéLs tgcuEu Lrj,ruug

The effeci of sl-ab openings near shear rvalls or colur,ns should be further

Ínvesiigated. Sirnílar invesiigatio:rs to this one' should. be perforaed for

flat slabs anci concrete joist floors. The experim.ental results obËained

should be corelaied r.¡ith analyËical studies that could be perforr.ed using

finite eleaent or finite difference lechnicues. Because of the, rrnsrritpbi'1 itw

of c^:.e effectíve r.¡icith criterÍon, further studies Ëo obtain different, cri-

teria for represeniing slab stiffnes's for shear rvai- buildlngs should be

*^J^ !a-'--11.. +uÊus. TLLL'LLJ ehe behavior of flat plete and flat slab - sheer wall siruc-

Ëures in Ëhe inelastic region requires consideiably nore study. .
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APPEN.DIX

A - I B¡sic P¡inciole of the Moirer }lethod. The Moirer M.eihod is an

experirnental procedure for rneasuring the slo,oes of a deflected plexiglas

plete nrodel. If the s1c,:cs are established along e set of paraLLeL 1Ínes,

a sloge diagran can be Crar"n. The slope cur\¡e along any given line can

then be integrated to obtain a deflection diagraur along that 1ine.

A nodel plate r,riih a reflecting surface is clamped to a loacling

fra¡ne in fronc of a ruleci screen, as sÌrown'Ín Fig. A - 1. The unloaded

model is photographed through a small opening in the screen, and. a reflec-

!^J
LçU !1U45ç Ur Lrle r U!çU s4L ñ dlIU !ti3!rL I rrl|j5 (J.i.t

exanple, the inage of a dark line at point a r¿ould be reflected fron

point P on the p1at.e arici r,,¡ould appear at point S on the íil-n. The

model is then loaded and rephotog::a^ohed. Tí point P on the raodel ro-

EaÈes through an angle Ø, the iírage of a nerv point R appears at S.

If poinE R on the screen coincides with a dark line, point S on the

photo r.riLl be dark. Ocherr¿ise it will be sonevrhat lighËer in color. This

gives interference paLterns on the photographic plate and prod.uces )Ioirer

frinoae ¡o c'nnr.r1 ín Figs.A - 3, A - 5, A - 7r etg. TheSe frÍngeS repre-

sent contouïs of constant slope, and since Ëhe slope along each fringe ,is

constanE, it foLlows that the change oí slope beËv¡een the conrours corres-

ponding to trvo consecutive fringes mLrst also be constant. This constent

rrCrr is dependent on the ínterval of ruling screen, rrdrr and cn Ëhe dis-

tance betrueen the screen anC Èhe mcdel plate, tta" shown in Fig. A - i.

-)5-
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The evaluation of the consÈant trCrl

anci for the M 1/03 apparerus used. ín this

shorvs truo v'el'¡s of the Moire t apparatus.

is described by.r. w"iuu(l4)

study C : 0.0015. FLg. A - 2

A - 2 Deterinination of Slope Curve from Moiret Photograohs. I-f. a lloiret

Photogrâph of a model plate is taken r¿ith the rulings of the screen in the

r.- lír:¡f r'n¡ ('anri rynn:a'l \-\ u!;çeLrv-¡ \¡ru! La:)LLL¿:.L), a cu;ve oi ¿w/òy along a line para1le1 to the

rr- Ji-:n{-r'nn ft¡zrri^^'l\ *-,, l-^ ^L+^-'-^J =^1!vr^ \ veÀ L rçqr/f ru6J ue obta i¡.ed as follorvs:

A line is dra'n parallel to the y-axis as shor.rn in Figs. A - 3,

A - 5, A - 7, etc., this line intersects a number of fringes. The cen-

tres of the fringes along the line are Ëhen projecËed dor¿nr¡aid and pl-otted

as shorvn in Figs. A - 4, A - 6, A - B, etc. values oi slope are then

*1^+-^J Ê^ ^'^È^proELec co oocain a curve oÍ slope øu vs distance along the line.
¿

The frínges are nunLbered staring from the zero f.rLnge, rahich re-
ñr^ô^its ^lope (i.e. a zero value for QR in Fig. A - 1) In Figs.yrÉèsi¡eÞ ¿Ë!U Þ!UrË \.j_. C. d Zet

A - 3, A - 5, A - 7, etc., for exarnples, the zeto frÍnge is the one that

extends Íro:r the e:rterior f ixe<i colur.",ns. The slope (in a direction per-

pendicular to the :uleci lines on the screen) et any point is thus the frínge

order ai the point times C.

A - 3 Calcuiation of Stiffnessess and Carry - Over Factors. The }foiret

frj--o ñ-Ft^-ñ ^ ç¡'å, ihp nln{-c nf iho ¡nn^,rJ-a,,{ n1 .Fa õl^^^^ .*Jfffnge Dg'Etrefns aIIo Efle pIOES O* -ee rlaqs ùrulJsb orru defleCtiOnS

^-^.-^eÀs yrçÞE¡lLçu rrr Figs. A - 3 to A - 34.' The calculatiois for the stiíf-
nêcc øFion!-ir¡a t.'r'Jrh a^,1 ^----. ^1 ^^ -'-^1-.J^JrÁeÐr, çliçe'¡vc wldth and carry-ovel: factor are also included. The last

trvo calculat-ions are based on the following physical properties and dinen-

s tons:
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Yor:üg's }fodulus of Eiasticity of

Average Lhicicness of the plate,

Panel lcngth of the plare,

Y | Þ'.'1 o I ao 44L,000 psi

0.243 in.

9.00 in.
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Cal-culat ims Model

TABLE A - 1.

dyt5" (

tz
dy

tY,lr-
\(
'2

òv)
1n

0-1

L -.2

2'-2,

3-4

1-)

5 - 6.35

o.J) - /

7-8

B-9

M--1 30 lb. -in, , "1¡ V.WLl¿ !qg.

Slope and Deflection Pl Load Ðpe A.

Stífíness and Rffectíve Ilidih Celculations.

M'-L
\'-

I

2Wf
À---3-

3x2320x9

44L,AOO x (0. 2ß)3

= L0.00 in"

K 2320 lb.-in. /rad.

-0. c0105

-0.00196

-0.a0220

-0.00210

-0.00168

-0.00100

0. 00033

^ ^^t21V.WWLJL

0.00760

-0.0c105

-0..00301

-v.vv)¿L

-0.0073L

-tt tlf ìxqu

- 0. 00999
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Fig. A - 5 Photograph of }foclel P1 load Tvpe B.
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Fig. A - 6 Slopc eni Defiection Curves ì'íoclel Pl l,oad Type B.9r--

I

I

I

I

I
I
I
T

I
T,
I

t)tltl
d.

"{

*-l
I I

6

,, /.i* \
J \rrr.r,

11

11

L2

2l

I

i

-.ñ

o

t Íon



-105-

-0.00255

-0.00250

-0.00234

-0. 00207

-0.00157

-0.000735

0. 0005s4

0.00270

0. 00840

,Yt1
\'
I
-2

( avt/ ay) dy

0-

1-

I

2

-0.00255

-0.0050s

-0.00739

-0.00946

-0.01103

-o . }LLT 65

-0.011211

-0.008511

-0.000111

2-3

3-4

4-)

s - 6.15

ô tì - I

7:B
A-o

,r - y2 I Jtt (aw/ay1 dy

in. | 
" 

in.

30 lb.-in., 0.00255 rad. , 0.01375 rea.

Slope and Deflection Calculations Mod,el pj. Load Type B.
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Fig. A - 7 Photograph of I'lodel Pl Load Type C.
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Fie. A - 15 Photosraph of }lodel P2 Load Tvpe C.
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Fig. A - 19 Photoßraph of I'lodel P3 Loacl Type ¿\.
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Fig. A - 26 Slopc and Def lectioa Curves l/'cð.eL P3 Load Type D.
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YrI

in.

0-

I-

2-

3-

-L4L-

(àw/ ay )

in.

v2
I
I

\

) dy
(tt
¡t..t2

(òrt/ ay )

'ln

dy
v2

4

5

6

7-

t
t

6

-0.001815

- 0. 0037 20

-0.004140

-0.004110

-0. 003675

-0.002855

-0.00190s

- 0. 000480

0.001980

0.00447 0

0. 004500

0. 004500

0. 0045 00

0.002250

-0.001815

-0.00s535

-0 .009 67 5

-0 .0L37 85

-U. Ul/¿+þU

-0.020315

-0.022220

-o .0227 00

-0.0207 20

-0.016250

-0. 011750

-0. 007 250

-0. 002750

-0.000500

7.7s

9

10

11

-9

L2-

13-

10

1i

L2

13

SEiffness and Effective Width Calculations.

,I

3KL .v

=
E .l.J

= 115. 00- Ín.

lvl

IK 26,650

3 x 26,650 x 9
L
v

¡44L,000 x (0.243)J
I

L20 lb.-in. 0.0045 iaC.

Slope and Def lection Calculations Model P4 Load þpe A.

ñ^1rñ trr{Þ.1r.ú ¿r - 13
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Fig. A - 29 Phorograph of }lodel P4 Load Tvpe B'
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ín

0-1

1-2

2-3

J-+

4-)

5-6

6-7

v2
rYt

\ càw/¿v)
t2 in.

-145-

-0.0047 2

- 0. 005 15

-0.00470

-0. 00410

-0.00338

-0.002s0

-0.00141

-0.000195

0.000195

0. 00299

o. 00502

o. oos zs

0. 00535

0. 005 25

,0.00262

ôY2 0.00467

7

9

10

11

L2

13

o

10

1l

1t

13

-0.0047 2

-0.00987

-0.0L457

-0. 01857

-0.02050

-0.024s5

-u.ullyo

-0.026L55

-0,02596

-0.02367

- 0. 01865

-0. 01340

-0.00185

-0. 00295

-0. 00033

L20 lb. 0S = C' 0059 rad '

("
\

Y2

t\ / \ \ i\ow/ ôy ) oy

{n

Slope Deflection Calculations Model P4 Load TYpe ts

TABT,E A - 14

and

I
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Flg. A - 31 Photograph of I'loclel P4 Load Type C.
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Fig. A - 32 Slope and Deflection Curves }lodel P4 Load Tyoe C.
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J1 -Y2
in

u-1

t-2
2 - 2.75

2.7s - 4

4-s
5-6

o- /

7-8

B - 9.3

1.5 lb. - in. ,

Stifíness and Eíf ect ive TliCi:h Celcular ions.

M--3

e^
J

'?r'T
v

Eh3

3x1250x9
44L,OOO x (0. ZÆ)3

v('L
\
) ( av/zy

in

0=
3

Tl 
^1t -^Åv.v¿¿ lúU.

1250 rD.-1n. /Tad,.

Lv

rYL
\
I

Y2
(òw/ ¿y ) dy

in.

-0. 00758

-4.00247

-0.00043s

-0.000855

i 0.00165

0.00207

0.002L7

0.00181

0. 0011 1

-0.00758

-0. 01005

-0.010485

-0.00963

-0.00798

-u. uu)yI

-0.00374

-0.00193

-0.00082

Slope and Deflection Calcularions Mod.el p4 Load. Iype C.

']'A.BLE A . 15

5.40
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Fis, A - 33 Photograph of }fodeL P4 tqe4-lyp9--2.
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I

0

I

2

5.4

5

6

x

9

IO

11

L2

13

ln

aL

3"4

5

6

e

1n

11

L¿

dydy
(tt
),,

-15r-

(òwl òy )

in.

-0.00910

-0. 00389

-0.00144

0.00021

0.00108

0.001695

0.001995

0.00201

0.00175s

0.001215

0.00120

0.00120

0.001-20

0. 00060

(vL
) ( Òvt/ òY
Yz Ín.

Carry - Over Factors Calculations.
')M-r,4 Vz

. e. . =cinterior M/.ì':2 04

M^
, -'2 o6

"ez-terior

2x30 x 0.00467

-0.009L0

-0.0L292

-0.0L436

- 0 . 01415

-0. 01307

^ ^11â?<'v.vLLJt )

-0.009380

-0.007370

-0.005615

- 0. 004400

.U. UUJ¿UU

-0.002000

- 0 . 000800

-0.000200

L20

L20

0. 015

0. 0012

M
4

M"2

15 lb.-in.,

L20 lb.-in.,

e,
4

êz

^ ^1 
É -^ÅL.l.\.|J.J lés. t

O.00467 rad,, )

0,0012 rad.

0.0059 rad.

Slope and DefLection Calcul-ations }fodel P4 Load Type D.

TABLE A - L6

M4 e5 30 x 0..0059
0. 815



APPENDIX B

B - I Deternination of the F1e>:ural Properties of the Pleziglas.

1. Flexural strengEh (Modulus of Repture);

3PL
$=

2b d'

2. Maximum sËrain in outer fiber;

ouo

L

3. Tangen; modulus of elasticity or modulus of elasticity;

L3t

B-1

b- z

.8,

where,

^^ÅéI¿g

4b d3

P = l-oad at break in Load-deflection curve (1bs.),

L = span length (in.),

b width of bearn ( in. ) ,

d = depth of beam (in.),

D = maximum defLection (in. ) ,

m = slope of the tangent Eo t.he initial straighË -
I

f.ine portion of the Load - defLection curve

(lb./in.).

-L52-
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SpecÍmen
No. ps1.

L2,250

L2,400

10, B0o

11,500

13,000

tt,40c

Li.,350

0.0293

0.0300

0. 0328

o.0232

o. 0314

0. 0260

0.0246

0.0222

460,000

440, ooo

43o, oo0

434,000

440,000

420,000

440,000

Average
thic.kne s s

in.

0.239L4

u. ¿4u+

^ 
t/, e1

0.24266

v. ¿+t+

n ,,/.oq

Psí.

10,800

Flexural Properties of Plexiglas

TABLE B . 1

464,000 0.23796

44L,000 | 0.2430Average I 11' 900
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F-.1

P

L

bav.

dav.

n

m

S

Lt4

4,0

1. 0097

0.236

0. 330

380

3 x 1L4 x 4

11.LU.

ín.

ín,

1n.

in.

Lt./in.

á (rn.)

-

2xL.0097*qo.ì:o¡2

. 72,250 psi.

6x

E¡

0.330 x 0

4x4

o . 0293

4x4

0,4

4 x I,0097 x

236

x4x3B0

F:þ_. B - l Deter.minatj.on of Flexlrral

446,000

Properties of Plexiß]ar_:_tegçþg11 No. I

2
(0. 236)'

in. / in.

I
H
ln
È.
I

ps i.
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P

L

b {lv"

du'tr,

D

m

S

m

117.5

4.o

0.9968

0,23914

0, 335

375

3x117,4x4

I

I

I

I

0.1

lb.

1n.

ín,

in.

ín,

lb./in.

o.2

(ln. )6

22x0.9968x (0,239L4)

L2,400 psf.

6x0,335x0,23gL4

0.3

4 x 4

0.03

4x4xl+x375

0,4

4x0.9968x(0.23914)3

440,000 psl,

Fle.B-2.Detc

Prop er:t I es

fn./ln.

I
ts
(Jl
L¡
I

o.f. P 1c>ri ;-ias - Spe.Cj.tg1*\g..?.

t ion of Ilexrrral



120

100

(f)

Þ¡

P

L

b
av.

d av,

D

n

S

103. 5

4.0

0.99s8

0 ,2404

0.275

370

3 x 103,5 x 4

0.1

lb.

ín.

.i^

1n.

ln,

Lb,/in,

6 (in. )

0,2

m2
10,800 PSi.

0.3

6 x 0,275 x 4

E
B

4x4

0.0 328

4x4x4x370

4 x 0.9958 x (0. 240Ð3

f !gj--Þ. - -3. Det.ernìinati LfAl

S.feLqfLþs--gt -!-þt, i qlas - Speql-Sel-\q-,-l

430,000

ín, / in,

1

H
Ltl

I

PSi.
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u,

.r-{.

Êi

ìr

lr

b
¿tv.

d av.

n

m

s

.J,,,,.,

lt.(l

L,OLL|

O,24BT

0,25

420

3x107x/+

0.1

;l l''

{l.lr

l.rt' ,

in.

fn.

rb, / Ln,

ó ( j.n. )

n)

2 x L.0114 x

11,500 p.sf.

6 x 0,25 x 0,248L

E."B

,
(0, 2481) -

0.3

4x4

0.0232

4x4x4x420

= 434,000 psi.

Ftg. ß - 4 Deterrnination of Flextrral

4 x 1.0114 x (0.2481)J

-Proper:L j.es of Pl exí glas -

. fn. /in,

I
ts
tJt\¡
I

Íilrecjmen Nc,4



('J

r{

Êr

P

L

b

d

D

nl

&v,

ûv.

L29

4.0

]. 0173

o ,24266

0,346

/r00

3xI29x4

0.1

lb.

i.n.

in.

in,

i.n.

lb. /ín

ó

0,2

(ín. )

2xL0173x (0.24266)2

13,000 psi.

6 x 0.346 x 0.24266

0.3

4x4

0.0314 Ín. /ín.

4x4x4x400

0.t¡

4 x 1.0173 x (0. 2426Ð3

Fig, B - 5 Deter:mination of l¡lexrrra!

I_tg¿e_[L9e_9.!_lt "_\Lg_e!-_:__gp9.c 
Í nrc n No . !

44o, ooo

I
H
LN
@
I

ps i.
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r{

P{

P

L

In av.

(I
¿lv.

D

m

lm

I

l--
__t

1.L7

4.0

1 ,0092

0 .247 4

0.28

400

3x1L7x4

0.1

á

0.2

(ín.)

lb.

in,

ín.

i-n. '

J-n.

lb./in,

2 x 1,.0092 x (0. 247Ð2

11,400 Psi.

6 x 0.28 x 0.2474

0.3

4x4

0,026

4 x 4 x 4 x 400

Iíg. B - 6-_DeI:

=ta

ProperJies of Ple-x:Lg!,as - lP_gsUìerì-X,):-_9

4 x 1.0092 x (0.2471)3

20,000 psi:

ernrination of Flexrrral

tn. /ín.

I
H
Ltl
\o
t



L20

,40

P

L

b av.

d
AV,

D

m

S

1 l_9

4,0

1 ,00926

0.249s

0 ,264

435

3xLTgxlt

0.1

lb:

i.n .

i. r-t .

in.

1n,

l-b . / in,

'o

0,2

(in.)

2 x 1,00926

11,350

E'
"B

6x0.264x0.2495

x (0, 24sÐ2

PSi.

4x4'

0.0246

4x4x4'x435
3

4x1.00926x(0.2495)

Propg$i:¡

440, oo0

ín, /inl

7 Detcl:rirination

I
H
Or

I

psi.

- Soec Ímen Nr: . 7

of Irlextrral



120

100

î60
v,

rr

P'{

P

L

b av.

d".r.

D

m

103

4,0

1.01196

0.23796

0,25

39s

S

0, l.

6
o.2

(ln.)

1lr

lf1

l_n.

in.

ín

lb. / ín

2x

3x103x4

0.3

1.01196 x (0.237gû2

10, 800 psi.

6 x 0.25 x 0t23796

ER

4x4

o .022

4x4x4x395

Ì'ie.

4 x 1.01196 x (0. 237glD3

Proper:Lics of Plexig,l,as

B-B

464, 000

I
H
Or
H
t

ln. /in.

Deternrinatíon of Flexrrral

psi.

Speclmeu No.



Ëure Cl rvas loaded bY a

roEation 0 of the Plate

APPE}'IDIX

^1 Determination of Stiíftuss F""tot fot ÌÍod ' Test sEruc-

couple of loads P as shov¡n in Fig' C - 1' fne

at Ehe centre column was obtained by measuring

/7\ i

(9,-

?1an

ElevaËion

9:s- C-l Test Structure Cl

la
P

-LOL'
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vertical deflections A at the ends of a steel strip glued Eo the colun-n

stub. Then, using the reciprocal theorem as discussed in ChapEer II, the

plate deflectionr d aË the points of load application \dere calculated

fron the equation:

where P = Load applíed Ëo slab

Q = Rotation of the column caused by

loads P.

d = Defleccion of load point .Ëhat would

b" 
""r'r""d 

by a momenË M applied to

the column.

ð = Me
2P

Load points O Eo @ in Fig. c - I were used, deflection

curves drawn, and the sEiffness factor calculated froro

where d = roËation at p1aEe at centre colurnn due

1i ^d moment M.L9 ér¡ 4Pyrrs

The plate deflecEíons, calculaLed stiffness factors and effective

slab widths for Ëhe three different . load values P used are prese:rted in

Table C - 1. the corresponding deflecÈion curves are shorvn in ligs. C - 2,

C-3 and C-4

M
a7

.I\



Loacl 50 lbs.

Point

Deflection of
steel strip(A )

ín Ín.

Rotation of steel
strÍp($) in rad.

L = 5..94. in.

t;
Deflectíon of

slab(6f) ín ín"

= lul?/Zp

0 .00088

0 .0075

0 .0000088

0 .001 25

0 .0083

From curve Ín Fíg,C-2,

0 .00001 26

0 .00139

StÍ ffne s s

¿LTî.f lT.

0 .0081

0.0000139

0.00137

DetermínatÍon of Sti-ffncss Facl_ors for I'loclcl Cl

0 .0056

o¿

L /0 . 000030

K

33333x1 I . 25
a

/rx2. B5xl.0"

0.0000137

= 0.000030 rad.

0 .00095

0.0019

33333

33333

I 2xBx8xB

0 .0000095

Table C-1

0 .00033

X

in.-lb./r*að.

in.-Ib, /rad.

JXJXJ

0 .0000033

7 .50 in.

I
H
ol
.Þ
I



Load' 100 Lbs.

Def lecti.on
steel strr
in in.

Rotation of st

strip(Q) in r
L = 5.94. in.

of

P(^)

1

eel

acl .

Deflection
slab(d) in

0.0112

2

= 14.g /

of
ín.

2P

0 .00188

0.oL62

0.0000094

J

0.00272

0.0L74

From curve ín

Stiffness

487/L

b

0 .0000136

4

0 .00 293

0.0166

Fig.C-3,

=

=

0.000011r6

5

0 .00 295

Determínation

o< = 0.0000308 rad.

1/0 .0000308 = 32400 in. -

K

32400x11 . 25 l- 2xBxBxB

4x2. B5x1Oo 3*3*3

0.0L25

0 .0000140

o

of Stiffness Factors for I'foclel

Table C-1 ( Contiiiuecl )

0.00247

0 .004 B

0 .0000105

0.00080

b. /rad.

b . /rad.

0 .000004

.30 in

c1

I
H

l,¡l
I



Load 150 1bs.

?oint

De

st
in

flection of
ee1 strip (Â)

j"i--
on oI steel

0 ) in rac1.

.94 ín.

Rotati.

s trip (
L=5

1

De

s1a

0 .0168

f1ection of
b(d) in in.

= M.o/2P

0.00282

2

0.0238

0 .00399

0 .0000094

"3

0.0279

From curve ín Fig.C-4,

Stiffness =

4Er/L =

0 .00001 33

4

0 .004.70

0 .0255

0 .0000160

5

T:ït = !
Deternination of SLifl

Tabl

0.00429

o< = 0.000032 rad.

1/0.000032 = 31250 .'lb. lrad,

K = 31250 in. - lb . lracl ,

31250x11.25 l2xBxBxB , .x .- = b.92 in.
4x2. B5xt0o 3*3*3

.50j-7.î,^r'í,.92 = 7,24 in.
J

'ness Factors for }Iodel Cl

0 .0182

0.0000143

o

0 .00306

0 .006 3

0.0000102

0 .00105

C-1 ( Continuecl

0 .0000035 I

o\
o\
I
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C - 2 Deterr,lination of Stiffness l¡ectors and Carry-Over Factors for

IÍodel C2.

loading Ëypes

test structure C2, shovrn in Fig. C-5, was subjected to

A, .ú, U AnC Ð SnOrVn l-n jrrg. u-o.

Plan

Elevation

Fie c-5 Test SËructure C2



.L7L.

M

l,/

'Fq---l

FÍg. C-6 Load Types for Model C2

(A)

\l),/

(c)

(D)

the measured plate <ieflections aL poÍnÈ O to @ in

Fig. C - 5 are presented in Table C - 2. The rotaLions 01, 82, 03,

g, - 0., and g. ^F +}'a n'1 af a ,.,aya nl,r..í-^,¡ h,, neaSufeÍnenË f:on the- Ql 
-5' -ó 9! LÀlç PldLç VJçrç vwLélrlsu uJ

plotted plate deflection curves whích are shown in Fígs. C - 7, C - 8,
i

C - 9, C - lO, C - 11. The plate stíffnesses and. effective rvidths and

carrv-over factors were determined as outlined Ín SecÈions 2.2 arrd 2.3.

Sarnple caicul-ations fo; transverse loaos of 150 Lbs. applied io the

shear val.l and 40 lbs. loads at, the edge colunn, are presenEed in

Table C - 3. Tables C-4 arrd C-5 are Èhe average values of st,iffness

factors, effective widths ancì carry-over factors respeccivery.



Polnt.

Loa
lbs.

0 .000 25

100

0 .001_0

0 .0005

150

0 .001_7

0 .0018

200

5

0 .00340 .00 28

0 .0036

0 .00 t0

0.0025

250

0 .005¿r.

0 .0050

0 .0017

0 .0040

o,0042

0 .0069

0 .0078

0 .0080

0 .00471 0 .0049

0 .0085

0 ;0106

0 .0119

0 .0101

0.009510.010

0.0128

0.01_55

0 .0163

0 .0050

t0

0.014810.0152

11

0 .0187

0.0225

0 .0098

0.0210

0,0275

0 .00¿r0

T2

0 . 0154

0.0318

0 .004 3

r3

0 .0076

Deflectíons of Plate in ín., Loacl Type A

Table C-2

0.0140

0.0223

0.0332

0 .00 25

0 .0064

0.0L22

0.0202

0 .0316

0.

0.0047

0 .0098

0 .0I77

0 .0293

0.

.0009

0.0075

0.0143

0 .0 258

0 .0003

0.0042

.0016

0 .010

0 .0 213

0 .0005

0 . 0019

0 .006

0 .0152

0 .0030

0 .0087

0 .0001

0 .001¡l

I
P
!

I

0 .0010



Poir-rt

Loa
lbs,

?.

-.o .001 50 .0005

0 .001

0.0024

O;0047

0.0027

0 .0045

0 .0038

0 .0060

0.0073

0.0072

0.0042

0 .0075

0 . 0110

0.0093

B

0 .00460 .004.7

0 .0087

0 .0112

0 .0145

0 .0098

0.0131_

0 . 0175

10

0 ,0049

0 .010

0 .0 148

0.0210

11

0 .0045

0 .012

0.0152

0.0225

Deflections of Plate in in,, Load Type B

Table C-2 ( Continued )

T2

0 .0038

0 .0095

0.o153

0 .0 230

0 .0030

0.0081

0 .0146

0 .0 235

0.00201 0.0011

0;0065

0 . 0126

0.0220

1.5

0 .0106

0 .0r98

i6

0.0029

.0005

0 .0081

0 .016 7

0.0001

o.o134l o.ooes

0 .0056

.00 2B 0 .0003

0 .0030 0 .0005

0 .0080

I
H
\t

I



o

l0l40 .0009 0.0q13 0.001_1

0 .0056

0.0029

0 .0057

0 .0086 0 .0080 0 .0066 0 .00114

11

0.0021

Deflectíons of 'Plate in ln., Load Type C

TabLê C-2 ( Continued )

0

0

I
ts\,
N

I



Point

Loa
lbs.

0 .001 1

t

20

Q .0016

0.0022

0 .001-6

0.0032

0 .0031

0 .0018

0 .0034.

0 .0051

0 .004 3

6

0 .003 2

0 .0058

0.0052

0 .0068

0 .001 2

0.0028

0 .0048

0.0071

0 .0093

0 .0009

B

0 ;00 23

0 .0066

0 .0098

I

0 .00070 .0006

0.0014

0 .00 20

0.0018

0 .0034

0 .0057

0 .0090

10

0,0027

0 .0048

t"''lo.o;

l_1

0 .0014

0 .0038

0 .0066

0.0013

'-t-
0 .00180 .0019

0 .00 29

0.0052

Deflectlous of Plate in in., Loacl Type l)

0 .0005

0 .0010

0.0027

0 .0038

0 .0004

0 .0009

0 .0016

Table C-2 ( Contínuircl )

0.0025

0 .0035

0 .000 2

0 .0007

0 .001 3

0 .00 21

0 .0031

0 .00005

0 .0003

0 .0009

0.00r7

o.oo27

0 :0000 2

0 .0001 5

0 .0005

0 .001 2

0.0021

0 .0000 2

0 .0003

0.0015

0.00005

0 .0009

0 .00005

0.0004

I
F\¡
L¡
I

0 .0001
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Iionent applied io centre shear rvall (See Fig. C - 6)

M--1

ResulLing plate

Load tYPe

Load tYPe

and

ìtÍ,oment applied

142

Resulti;:g plate

Load type

Loaa EyPe

and

f1\ Qrif€nacc\ ¿./

Moiqent of

rotat.ions:

B

to exterior

'=

ro i eË io:rs

f actor .Kl

/,El

150 x 7.5

0l

ê2

e5

-i ^.

x7.5

11 ?q

0.00238

0. 00259

U. UUZ)O

â^^

U. UUOO

0.0096.

0. 0004s

-^Å

rad.

-^Å

Ib.-in. /rad.

l-b. -in. /rad.

colunn

4U

Mr'

6i

03

c/,

06

= 47 2,000

t,1 t 000 x LL.25
W ¡ lvJ

4x2.85x106

0.465x12xBx8xB =
J:('JXJ

11?q- o.0or38

47 2,000
L

r'ra-l'il T- = inÍ

E€Faofr'rza r¡iÁf-'n h- =-L
1^< qn

Calculation of Stifíness anC Carry-oveI. FecEorsand Eff' I{idthsfor }lodel C2

fn

Table C - 3
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/O\ e¡i€J:noce F.^¡nr lf _

\¿) JLrl- rçÞÞ ldsLvr r\2
Mo
"L

ê3
300 = 45,500

U. UUOO

.l
lu.-ltl .l L4s.

.tL1n'lloment ineria Lz

Ef fective Ìridth b )

45,500

45,500 x l-1.25 = 0.0449

^4x2.85x10"

o.o+ig x 12 x B x B x 8 - r^ âr.ì
=

3x3x3

(3) M
^^3

Carry-Over Jactor

L EL2 v2

v̂/,

€^v T¡l-ar.l nr Þ:nal
IVI

2x300x0.00259
0.0096

M¡¡¡ 1

-tvt r'-r

1125 x 0.00045

1ñ

=c1

2x300x0.00259

f+/ L'Lt,
I

Carry-Over Fâctor

0.0096 x 1125

= Mto6
05

f nr Tn f eri oi- Panel!v!

n ôn?qÁ
V . vv aJ v

Mr
^ - 

L'1
uo

L .¡
LL 

'

1125 x 0.00045 0. óó0

0.00256 x 300

Stiffness and CarrY-ôver

Table C -

FecEorsand Eff.

3 (ContinueC)

I.¡i-dths ior líodel C2/1^1^.'1^¡.'^- 
^€UdTgUIGLIv¡À vÀ
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500 ,000

469,000

47 2,000

442,000

36 I ,000

Load lYpe A

Load TYPe B

Plate Rotations

Tab le U-¿+

Kave.
in. -lb . /raò'.

448, Boo

ave.
in

101.00

)U

r00

I)U

LVV

250

0 .00075

0.00160

0.00238

0.00340

0.00520

K

in.-lb . /rad.

100

I)U

o.ooo8 | o.o009o

o.oor6s I o.00160

o.oo2s6 | 0.00259

Load

lbs.

Â
5

-^Ã



ti],

JL,'

40

0.00276

0.00450

^ ^^a 
a A

U . UUIf,OTJ

0.00113

54,300

50, 100

45, 5oo

38, 700

0 .00218

0.0043

ó.ooos

0.0096

0.0125

T ^ -r r¡_r.le D' J.¡U és lJ 
-L

:

?late Rotations

Table C-4 ( ConËinued )

47,L00 r0 .60

10

20

30

.f,u

0.00010

0.00021

0.00032

0.00.045

0.00060

.N
ave,

in. -lb . /rad.
^llxUôIN

rad. I in. -Lb . /rad.

Load



P=50]-bs.

M' (in.-l-b.)

?=l-00Ibs.

50x7. 5

rl

ll

il

tt

100x7 .5

P=l-50]-b s .

150x7.5

P=50lbs.

0 .00090

i'

tl

tl

tl

P=l 001bs.

0 .00160

il

il

tl

tl

P=l-50lb s .

tf. ,,2

(1n.-lb.)

0.00259

il

tl

tl

tl

10x7.5

20x7,5

30x7 .5

40x7,5

50x7 .5

o+

(racl. )

cr= 2Mr0,/ttrOO

Carry-Over Factor of Interior ?aucl.

P=50 lb s .

0.00218

0 .00430

0 .006 Í)ír

0,L652

0.L676

0. r590

?=100lbs.

0 .00960

0.01250

0. r46B

0.1488

P=l50lbs.

Table C-5

0.1500

0.L440

"1 ave.

0.1584

0.1608

0. t_410

0,L332

0.1280

0.1/140

0.1382

0.L492 I

U'ì
I



P=50J-bs.

(ln.-1h.)

l?=1.00lbs.

50x-l .7

tl

.ll

ll

tl

l-00>:7 .5

P=l50].bs.

150x7 .5

P=50lbs.

0S (rad. )

0 .0008

lf

. tr

tl

tl

l'=100lb s .

0 .00i.65

P=l501-bs.

M"2
(in. - lb .

0.00256

.06

(rad. )

l-0x7.5

20x7,5

30x7 .5

40x7.5

50x7 .5

."2= Mj.06 lrizaS

P=50]-bs.

Carry-Over Factor of Exterlor ?ahel

.0001 t

.000 21

O.6BB

0.607

0 .658

0 .705

0.750

P=l001b s .

0.00032

0 .000/15

0.667

0.638

0 .640

0.682

0.730

Table

P=150]-bs.

.00060

0.645

0 .615

0 .615

ave.

0 .660

0.705

0.666

I
H
@
o\
I



APPENDIX D

D - I Yigl4 Line Analvsis for }todel C2. The resísting moä.enE across

any line rüâs con;luEed using the formula for ultimate r.roríì.ent.

II '7. u = f!bd¿q(1-0.59q)

f^c
r,¡hereq=P.:-Y'=As.ty

€l -:;rc Dq I¿

(D-1)

(D-2)

and !L : Ulrirnate moment capacity of the section.

. 
A" = Area of tension reinforcement

'y = Yieid strength of reiníorcement

r¿ = Conpressj-ve strength of concrete

þ = WidEh of the section

d = Nominal effective <iepth.

Tþo failure mechanisro,s v¡ere assumed in the yield line analysis.

The first reecha;lisil is shorvn in Fig. D - f(a) and the second in Fig.

D - 1(b).

The material propert.ies assurned r,¡ere t fy = 461250 psí for

Ëhe reinforceneni and få = 3pBO psi for Ëhe concrere. Since the

spacing of the reinforceaeÐ.t r.¡es not uniforn in either direction, the

âverage number of wires in each direction was used in computing slab

UUUIS!¿L çaìJGgrelgÞ iJEI u¡¿!L \'/IULll .

or ihe negaiive reinforceiììentr. nurnber of wires per in. was 2.66

in Èhe N - S d.recËion as shown in Fig. D - 2 and 2.10 in the E - ll

direction.
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IÍecirani sn
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E''r n-l Assuned Failr:e ì.íechanisns. )lodel C2
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Fio- D-? Direcì-ion of tr'lires Reinforcenent

For 0.038 in. Cianreter wire, cross-sectional area was 0.001134

I

The average depth for the slab was 0.288 in.
'l

iThus, for the Ii-S directionreuqation (D-2) gives:
I

2.66 x 0.0011-34 0. 157

t\

I
l\r
I
I
I
Ì

sq. . Ln,

q,

1 x 0.288

equation (D-1)

3080

0.1s7 (1 - 0.59 x 9.1s7)

and frorr

!'lJ1
)

3080 x 1(0.228)- x
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^aJV. JV Lu . Lt.. I LLL .

= *I unit moment in N-S direction

Similarly for the E-rJ dlrer:tion

9^ = 0 'L24¿.

and If ^ = 29 .30 lb .-í:n. / Ln.
LLZ

= *2 = unit mon'ent in E-W direction

The unit rnonent capacity tbi, in a direcEion norrnal to line

AC in Fig. D-2 is ihen:

Eirr = m1 Cos'n, * ur, Sin20,

l -- -- '1

= 3ô.30"ä*29.30x,

Sinílarly, the unii monent, \Z nornal Eo line AB is:

mbz = re, cos'r, *.m, sLn2o,

= 36.30"f * ze.zoxl

ib. -in /in. Since 0. = 45o
Å

-1
lb.-in./in. where 0Z = Tan .,:

oeo lt t
LV J-

= 32.80

^t ^^JI .JW

For the positive reinforceÍì.ent, nucrber of rvÍres per in. were 2.52

in thc N-S é.irection and L.77 in t-he E;tr{ direction.

Thus g. = 2.52 x 0.001134 x 46250 = 0.L49
' 0.288 3o8o
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and }fo3 = 3080 x 0.083 x 0' 149(1 - 0 '59 x 0'149)

= 34.7 0
. l,ID.-rry l-n.

= m? = unit moment in N-S direction
J

\aña l af ¡\t

q'4 = 0'105

and ,U, = 25.L0 1b.-in./in.
u¿+

= rû4 = unit mon'ent ín E-W direction

Thc rrnír ¡rôr¡ênt nornal to line .A,C is then:

Er'^e = 29.65 Ib.-:-r./in.
UJ

And ihat normal to line AB is:

^b4 = 32'76 lb'-in'/in'

Analysis for Mechanisn 1. Assuming that external nornent ll applied

Èo Ëhe shear r.¡al1 causes a shear wa1l roËation of 0 radians, the energ"y

.1 :^^:-^¡.í^* ìr in the sl_ab iS:u!>ù!ÀuéL!v¡l "D !* LÀ¡s oÁss
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Negative Yield Line

DI

L2"

I

L2"
I

.I

at, -. a., a^ *, --:LA^r1-""nL2

+24x34.90xI
6

305.70

i

'1- L2x32.80+6x34.90 1

L¿

lb . in. rad.

Positive Yield Line

Eoz
124x29.85x -+2

L2

*24x32.76xL
6

= 283.20 lb.in.rad.

Total EO = 305.70 + 233.20 = 588.90

L2x29.85+ 6x32.76 "å

¡ h rñ f a¡
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Exiernal i^ioricd.one

P x 7.5 x 1

6

thus, equating the exteraal and

L.25P

Í-riernal work:

1 ?5p

P

<aa onJ99. JV

cQa on

--;;-L. ¿)

¡\^^.,-^ ^-,âñ^+^e^õÞÞUU¡s ÀUel 4JiçsElù

lbs .

to define the

= 47L.0

Analr'sis for ìiechanism 2.

points v¡here c:aclcs interseci the free edges of

tl
-ùìt I

*l , L-l- ¡ r-
I

I

I

_r-

b
t

- ó-,¡ L4 Atru I

t-}ro n1 ria

(12-b)
I

I

-l , Ll-l
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Then, for t.riangle BCO

OB Cos çx- 0r)

tl

For negative reinrcorcenent,

Tne unit monent capacity *bl,

tsO is thi:s.

.L l-,

L2a - ab

\re-;;r

in a directÍon nornal ! !rlg

Ços2 o,

and Cos 0,
288 - +b

144 - 24b +

288 - 24b +
tb'

9440 - 703b + 29.3b2

288- z4a+a2

tl

(Cos o< Cos 0,

}.

-t- SinxSin 01)

L2

') /, t-

+

where Sin

Eq. =

e, =
I

m, cos2o, + ^,

(12 - b)

24

b¿rtrb1 = 36.30

J
2BB- Z4'o+A2

+
288 - z4a +a2

¿Y.JV



uhen Siir 0^
z

rvhen Sin o(

- r.95 -

Qj -j I arl r¡ fh a rr- -.' I na-an f
ùJ.tillJ-al Iy, LlIg ulM uigttlç¡IL t to line 40,

1a

288- 24a+a2

29 .30e2 + 36.30b2

-^---1',\2 lÀeÄ trra l

ênd Cos 0,

JO. JU
L44-24a+a2

2BB- 24a+a2

g44O-872a+36.3a2

to line AB,

and Cos o{

| -J.JV

+ tq ln

2BB- 24ata2

and the uait rncnent, m -^---1*.b3 i¡ur u¡4 r

af

')â ')^i4 
^ - JV.JVb3 --'-- 

^2 + b 2

For positive nonent,

t
d,o ?n

-J . JV 
^ 

ô

atD ^2+ b2

B0 is:

744-z4v+a2
288- z4a+a2

îr^^ ,,*if ñ^Éâñr m, , , in a direction nor¡nal to lineIl¿e (IIrIL Uuds¡¡u, 
,U

9+
34.7 0

'mL^ ..-;å ã^ñr-f
.l.!Lc ult! L ul9urs¡¡ L ,

a288-24b+b'

8615 - 6O2b + 25.r)b2
288- 24a+a?-

e¡5 , normal to line A0 1C.



34.7 0

-rvo-

at t ,L4+ - !14 -i AL L44

288 - 24a +.a2
25.70

288-24a+a2

8615 - B32a + 34.70a2

2BB - 24a+ a2

The unit monrenL, tbO , nornal Ëo line IS:

2
e25. 10

^2+ Þ-

ñ
DO

I\egaErve IreIc. Lrne,

-D1

25.Ia2 + 34.7b2

^2+ b2

\¿+ - ,., 
I 2BB

o/, ;1
ln) '--24a+a2

g44O-872a+36.3a2 o/./,^ - 7n?h -! ro qt 2
.+

288-24a+a2 2BB-24b+b2

25 .La2+ 34.7b2
+

i ^2 
+ b'2 f2(a+b) - ab

g44o - 703b + 2g.3b2 6x Ix
L2

288- z4a+a2

l_
)'

ì?/, on Ir-.Jv 
I

I

'I
x

6
24 x 34.9 /n-?\



Pos iÈ ive Yiclci Line,

(24 - 2a)

AdCing eq. (D-3) and (D-4), Ehen,

Total energy ciissipation

-L97 -

8615- B32a+34.7a2
2BB- 24a+a2

+

I
iu
I

)

7

L2

8615 -832 a + 34.7 a2 8615 - 602b + 2í.LAL
288- 24a+a2 2BB-24b+b2

29.3a2 + ^. ^, )
^,1;2 + b2

a2+ b2 L2(a+b) - ab

-b) B6i5 - 602b + 25.L0b¿

2BB - 24U +'o2

. . . .(D-4)

+

+

I
X

6

+ ,1", l+ 6 x 32.76 

)

Ã

J-

,_ ..1r, .oo 

,l

xl-
L2

(?¿r - )n\
= L2

ED

2IõU)) - L/04a+ / a-

2BB - 24a+ a2

(
I
I

I
I
I

+

18055 - I7C4a+7La2 18055 - I305b +54.Lb2 -r
2BB - 24a'* a 288- z4a+a2 ^2 

+ 'o2

(
-lLl ¡t ¡7l\r¿

I

2(a2+ a2¡

T2(a + b)-ab

tl
. - A V/.VV

288 - 24b
+ 6x

(D-s)
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Assumirg þ = 4 ln., fron eq. (D-5)

Assuming a = 2 in., from eq. (D-6)

E^ = (r2-a) lßoss - tto+untt^2J*("t +r;)frcoss - ttc+"-*u 6 L 2BB_ 24a+a.2 J 4"+r4 | ,ur _24a+a2

] 
. 42s.s

54.4a2 + LL37

a'+ Io
+ 65.8 + (D-6)

E^ = 649.5
L)

I h f 4^
Lv .

v-/ . J
! = <orì 

^ 
1t-^

Lq JLW.V IUÞ.
L.1J

Assuning a = 3 in.,

E^ : 648.45
))

L9. !¡t. I4g.

= 518.0 Ibs.
6,/,a /.<

1 tq

Assurning a = 4 in.,

E^ = 654.86 lb. in. rad.

_ (14 
^ 

1L^JIJ.V J.eò.
L.25

usea=3ín.
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Substituting a = 3 in., in eq. (D-5)

288 -24b + b2
+ 338.30

Assuming þ = 1 in., from eg. (D-7)

Ep = 624 '95 lb. in. rad.

P = 624 '95 = 5oo. o lbs.
. L.25

l--.,*r'¡a l, = 2 Ln.,âù Þ uur¿lõ

Eu = 90.45 -2(g +t>Zr[U0., 
*LBO55 - I3O5b + 54.4b2 +4g9.6 +7_Lb:

36+9b I zea- 24b+b2 9+A2'\

(18055-1305b+s4.4b2>I*+ l(r2 - b)ol
'\

(D-7"

E = 624.25
D

lb . in. rad.

lb. in. rad.

= 499.0 lbs.
L.25

to = 633 '75

Á?? 75
P = wJr't' = 507_0 ltrS.

L.25

Thus the snallest load P is 499 '0 lbs '

624.25
P
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The computed ultirnate load for assumed failure mechanism I was

47L lbs., and that for assuned failure mechanism 2 \^/as 499 lbs.

The experimentall-y measured ultimate load r¿as 450 lbs. The above

computed results based on t,he concePt of the yield Line theory, v¡h:-ch

should be used nerely as estimates of Èhe ultimate caPacity, are seen

co be agree with the e:(Perimental value.


