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Thís thesís ís base<l on a study of the inter-action of

flat plates vrl-th transversely loaded columns and shear wa1ls.

The studl' conslsted of trvo experímental programs, whích were

carríe<l out inclependently by lfessrs A. Parnichkul and B. Nantasarn.

The fÍ.rst of these, conducted by }fr. Parnichkul , in-

volved the fabrícation and load testÍn.g of trvo 1/16 scale micro

concrete flat plate moclels. The second, performed by Mr. Nantasarn,

involvecl the constructíon and testing, by the }foíré nethod, of four

I/24 scale plastic plate models.

To avoid duplication and to facilitate comparisons

betrreen the tr,/o programs, both are reportecl on in this thesis.
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1.1 Obiect and Scope. In recent years the use of multlstory buÍld-

ings has gro\..7n rapídly for both residential and coumercíal purposes. As

buildings increase in height, it becomes increasingly ímportant to ensure

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

monly used type of structure whích provides t.his lateral stíffness con-

sists of a central core, which acts as a shear wall and accomrnodates

elevators, stairs and services, surrounded by peripheral and possibly

ínterfor columns. The floor systems generally conslst of flat plates,

flat slabs, waffle slabs or concrete joints.

In the lateral load analysis of such shear wal1-frame strucËuïes,

the structure is often idealized asi:a series of parallel planar frames

for which thettbeamstrare portions of the floor systems. One of the most

complex problems in the analysís is the esËimation of the effectiveness

of the floor systems in resistíng the relations of the shear walls and

columns. In the past, l-t has sometimes been assumed for analysís pur-

Poses that the frame carríes only vertical loads whíle shear wa1ls resíst

all lateral loads. If, however, the shear wall-frame ínLeraction fs

considered, the frame and shear walls tend to prevenL each other from

taking their natural free deflected shapes and a redistributíon of forces

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

also be increased.. The force dfstrlbution in the structure depends on

the stÍffness of t.he members connect.ing the frame and the shear walls.

-t-
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For flat plate shear wall structures, the stiffnesses of the connecting

members depend on the widths of the plates that are effective Ín resist-

ing lateral loads.

The objeet of thís study was to measure experímentally the stiff-

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

by loads applÍed transversely to columns and shear r¿alls of various dimen-

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

slab widths for the varíous type of structure. The effective slab wídth

is the width of a recËangular beam that r¿ould have the same flexural stiff-

ness aË a laterally loaded column or shear wall as the actual flat plate.

Four L/24 scale plexíglas and two I/L6 scale micro concrete

flat plate models were used tn the tests. Each model consísted of several

contínuous flat plate panels supported by perípheral columns and loaded by

couples applfed Ëransversely eíther to central column or shear wal1 stubs

or to peripheral column stubs.

I.2 Relatíonshíp to Previous Tests.

laterally loaded columns and shear walls has been treated analytically

and experimentally by several investigators. Tsuboi and Kawaglr"r,i (1)

carríed out tests on níne mortar plate models loaded through column stubs,

and compared theír test results wíth those from an elastic finite d.ífference

analysís. They reported effective plate widths based on stiffness factors

for ínterior columns.

Khan and Sluto,rrri"f 2) investigatfng the rtlnteraction of Shear l^lall

and Framesil reported an approxlmate solutíon obtained from simple mathema-

Interaction of wídeplates with
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tical and physical models. The analytlcal study rtas supported by a sypli-

fied elasËíc model test showing good agreement. Also the results of their

study of column plate interaction \'/ere in close agreement i¿ith Ëhose of

Tsuboi and Kawaguchi.

Brochie and Russef(3) tto studied an entire flat plate structure

presented an analytical study (assuming elastic behavior) of flat plates

subjected couples produced by lateral loads acting on the columns. They

assumed the plate to be supported on an elastíc medium with a variable

modulus of elasticity and the loads rvere assumed applied directly t.o the

plate. They expressed their findings in terms of effective plaLe widËhs.

c"rp"rrt"r(4) studied the subject of effectíve plate stíffness and

reported effecËive slab v¡idths which r¿ere in good agreement wíth those

obtained by Brochie and Russel, although they were based on dífferent def-

initions of stíffness. I^lhíle Carpenter used the moment rotation charac-

terístic of one column wíth other columns remaining fixed, Broehie rotated

simulteneously every column on the axis of rotation and obtained a somewhat

lower stiffness due to the transverse carry-over factor.

Bernard and Schwetgtot"r (5) studíed plexiglas models subjected

to lateral 1oads. Each model consisted of two shear walls connected by

a series of plates of varyÍng sizes. Test results showed a good agreement

wíth an analyËical study employing Rosmanrs formula. I^lhen the wídth of

the plates was increased, different stress values resulted. It T¡7as repor-

ted that the dífference could be caused by stress concenËrations due to

unconnected shear wa1ls. The Ëests verífied that \,Iithín Ëhe elastic rang

the entíre wídth of the prototype plate could be considered as effective

stiffness for frame action for two coupled shear walls. Catry-over factors
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\^rere not considered in this study.

The Acr Buildíng coa"(6) 318 - 63 does not recommended specific

values for effectíve stiffness, buL does impl_y in Sec,2L02(g), the

participation of the entÍre panel wídth for transfering unbalanced mo-

ment. The pertinent sectíon states: rrtrùhen concerníng with lateral Loads,

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

the same proportions as prescribed for negative moments due Lo gravity

loads.tt A further statement in the sâme section reads in part, rA slab

width between línes that are 1.5t each side of the column may be consi-

dered effectíve. "

Distasio and van Buren, 
(7) ¿".r"loping an analytical procedure for

transfering moment between columns and a flat plate floor, suggested that

the lateral force moments be sp1ít ínto two parts; one part vras carried.

in direct bending from the slab into the col-umn, The critical section ïdas

assumed at a distance equal- to the slab thickness outside the column peri-

phery. The other ParL, in the same critical sectÍon, \,ras carried by tor-

síonal moment. Concrete and steel bars passing through this seetion were

consídered to produce resisting shearing stresses.

The studíes cited above ínvestigated the Ínteracticn of flat plates

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

an attempt is made to coreLate with results of previous studies and to extend.

them to include shear walls of various sizes and shapes.



2.L Introductlon. The general elastic plate theory has been used

by Carpenrur(4) to analyse a flat plate Lo which couples have been applied

by laterally loaded columns. Whíle finite element or finíte difference

methods could be used to extend this analysÍs to plates loaded through

shear walls, only an experímental study ís undertaken here. Plate deflec-

tíons and slopes under knówn loadings are measured and the plate stlffness

and carry-over factors cal-culated from Ëhe appropriate applied loads and

measured deflections.

CHAPTER II

TI{EORETICAL CONSIDERATIONS

2.2 Stíffness FacLors. The defínitions of the stíffness and carry-

over factors used for Ëhe plate are those normally used in Lhe slope -

deflecÈion equatíons. The factors are deríved by considering a member

AB subjecËed to transverse loads and end forces as shown in Fig, 2.2.I

Mas

r_ L _-1

Fig 2.2.1 Loads and DísplacemenËs for Member AB

-5-
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Assuming clockwise momenËs and rotatíons to be posítive, and assum-

ing dísplacement to be positive for clockr¿ise rotation of the member about

end A (a11 sígns shown here are negaËive) the following relatlonships

are obtained:

1"1

AB

2ET

L

M
BA

where, tvl , M'
AB BA

\,nn, %s¡
no'oB

A

(20a*0s-

2EL

3A

-) 
I

L

(2eB + oA
3A

moments on ends A and B respectively,

fixed end moments on ends A and B respecLively,

rotatlons of ends A and B relative to line AB,

transverse displacement of end B relative to

end A,

M
FAB

and

+ 14 2.2.2
FBA

L

P

E

I

The above Ëwo equations

For a contínuous flat plate as

applled at, the support M, the

as follow:

tt1

span length of member,

any arbítrary 1oad,

Youngrs Modulus of ElastÍcity,

moment of ínertia of the member.

Let the span length L, the wídth

be the same as the span length k, the

are known as Ëhe slope - diflection equations.

shown ín Fig. 2.2.2, íf a momett, MAB, is

slope - deflection equation may be simplífied

b and the depth

equivalent width

of Ëhe member

and the thíck-L
v
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^a

F,
Ø/t/,F
/e'/
: /,'

L (effectíve width)

= b(beam width)

MO* (ùnif orrn d ístr íbut ed

{1S. 2.2-.2, In?qÍ,narv Be.am of a Flat.,Plqte.

-{- aCbearn depth)

thlckness)



ness h of the flat plate'

member.

From equatLon 2.2.I, since

2E T

-8-

thus creating

M
AB

where 0A , 0U =

f=

and the other terms

If end B of

lation (pinned), 0

(2e -0.AB

a hypothetical wide shallow

clockwise rotation and counter

of ends A and B of Ëhe plate

the moment of ínertia of the

are defíned as for the beam.

the member is fíxed and end A ís

and A become zero and then
B

M
FAB

3A

M

0,

AB

or

4 E I O.
A

t
X

M
AB

e.
A

Equation 2.2.5

plaËe, and is used to

clockwíse rot,atíon

respec t íve ly,

p 1ate,

2,2.3

4ET
Lx

restral-ned from trans-

gives the moment - rotation relationship for the

defíne the stlffness factor whích is designated as

4ET

where

}I
=AB

0.
A

I

2.2.4

L
x

Lh3
v
L2

2.2.5

2.2.6

1)7



Combíning equations

4E

The stíffness factor can be determíned experímentally by

K

moments *eU and

stiffness factor
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2.2.6 and 2.2.7

L
X

L
v

Lh3
v
T2

can be calculated from equatíon 2.2.8, and is:

measuring the resulting plate rotations

has been determíned, the effective r¿idth

EL h3
v

3Lx

2.3 Carry - Over Factors. The carry-over factor f.ot a member AB

ís the ratío of the moment *UO produced at fixed support B, to the

moment I{ applied at a simply supported end A. Since ít Ís difficult
AB

to measure Ëhe fÍxíng moment at a plate support, Ëhe princíple of super-

posíLion was used ín obtaíníng the carry-over fact,ors.

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

End C is fixed while points A and B are simply supported. In Fíg.

2.3.I(a)' a clockwfse moment, MBA , is applied at B and caused rotations

get and Onl at A and B respectively. Moment, %A , is now removed

and a clockwíse moment, MAB , is applíed at end A as shown in Fig.2.3.1(b).

The resulting rotatíons aË A and B are ,O, and ,U, respectively.

L
v

3KL

tt'

applyíng known

0a tr^Ihen the

of the plate,

Since

2.2.9

M
BA

causes a rotatíon

causes a rotationM
AB

e
A1

0
A2

at A, and

at the same point A,



the momenË at A

Ma/0
AB "41 A2

requíred to produce rotatíon
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(a)

e
A1

at point A is

(c)

If the total rotation at A ís to be made zero' an lmagínary clock-

wíse moment equal to MAB e¡f / 0O, should be applíed at point A aL the

same time as M.-. is applied at point B. Thís imagÍnary momenË is called
BA

the fixed end moment A to B or *rOU as shown in Fíg. 2.3.1(c).

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

moment M¡,A¡ divided by rhe moment tUO / 2 or

M¿,

Fig. 2.3.L Superposition

(b)

(d)

2 "eu olt
ê l,l-A2 BA

2,3.L
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In the same \,ray i-Í. gB2 is to be

applied, the fixed end moment B to A

as shown in Fig. 2,3.1(d). Therefore,

Equatíon 2.3.L is

panels loaded at inËerior

is used to determine the

columns

ca,

kepE at zero when Mln is

or u,'* is equal to *uA onz/ cnt

2.4 Measurement of Stiffness Factor for Model Cl.

M

crete model cl (shown in Fig. 2,4.L), the section modulus of the loaded

column r,{as very small compared to that for the plate and ít was impossible

to obtain suffíclently large plate deflections by applying lateral loads

to the col-umn. consequently, the followíng procedure had to be used to

determine the stíffness factor for the plate.

BA

used t.o determine the carry-over factors

columns of shear wa1ls, while equatlon

carry-over factors for panels loaded at

o¡a
B1 AB

B2 2.3,2

for

2.3.2

exterior

For micro - con-

.onn"'J

Fíe.

S trip

I

Model C1
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A pafr of loads P were applied to

from the exterior column as shor,fn ín Fig.

to the column, was connecLed to deflection

and used to accurately measure the column

From the reciprocal theorem

where 0

6

2P6

the slab

2.4.L. A

gauges by

rotations.

the column rotation

the slab deflection

would resulË from a

the column.

2P

By varying the points of load applícatíon, a series of 0 values

was obtained and the corresponding deflecËions calculated and plotted.

The slope d- of the plate was then measured from the deflecËion curve,

and the stiffness factor calculated from;

IfM

at equal distances

met.al strip fixed

means of copper wires

ME

l-s assumed to be unÍty,

60

produced by loads P,

at each load P that

moment I'l app lied to

o<

stiffness calculatíons for loads

included in Appendix C.

then equatíon 2.4.L becomes

2.4.L

K
M_1

æ

of 50, 100 and 150 lbs. are

2.4 .2

2.4.3



PART A

3.1

desÍgnated Pl-, P2, P3 and P4 were tested. rheir dimentions are given

in Fígs. 3.1.1, 3.L.2, 3.1.3 and 3.1.4 respecrívely. panel widrhs for

models P2, P3 and P4 were varíed to accomodate shear walls of various

PLASTIC MODELS

Descriptlon of Models.

CITAPTER III

EXPERIMENTAL PROCEDURE

shapes.

The models ürere desígned ín such a \^ray that loadíng could be

appi-ied through ei.ther the eenter column or shear wall, or one or tr{o

of the exterior coluuurs along the same loadíng line. All exterLor co-

lumns remalned flxed when the center colurm or a shear wall was being

loaded.

The models r¡rere cut from a sheet of L/4 ln. thick black ple-

xiglas (acrylic sheet) " Ftxed coluuurs were slmulated by colunn stubs

cut fTom L/2 i-n. square sLeel bar wlth I/4 Ln. diameËer hol-es drilLed

through theír centres to clamp them to the pLate and loadíng frame.

They were L/2 Ln. ín height excepÈ for Èhose in the line of loading*

which were 3/4 Ln. in height. The loaded colum¡rs had the same cross-

sect,ÍonaL dlmensions as t,he fixed columns and were 3r2 j.n. in heÍght.

A v-notch was made on each loaded column stub at. 2 7 /B in. from the

plate ín order to provide a 6 in. moment arm. The rectangular shear

i¿al-l-s T,,iere cut from bÍ¡ack plexiglas sheets and cemented to the top and

bottom of the plate to sÍmulated a shear wall passing through a flat

Four L/24 scal-e flat plate models

- 13-
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plate floor. The box shear wa11 was fabrÍcated by cementing sheets

together and Ëhen cementing the assembly to the plate. Jaybond GC-z

acrylic adhesÍve cement was used for cementlng all joints. In order

to provLde a 6 in. couple arm, a 3/L6 Ln. diameter hole was driLled

through each shear waIl at a point 2 7 /8 in. from the plate, to accomo-

date a loading yoke.

3.2

was used to measure the plate slopes for all

cÍples of the }4oirer techníque are surucarLzed

were posíËloned vertically and bloted to the

Experimental Procedure.

Since the slope and deflections paral1-e1 to

(the vertical dfreetion) only were required,

positioned such that the ruLed lines were horizontaL.

Each model- r¿as subjected to four different types of loadíng,

desígnated A, B, C and D illustrated in Figs. 3,2.2, 3.2.3, 3,2.4.

and 3.2,5. Loading type A was used to determíne the plate stiffness

factor lqaded at an interíor coluron,or shear i,lall by a couple of forces

6 fn. apart acting in upward and downward d.írections. The forces were

provÍded by weights attached to sËeel cables whÍch .r¡rere connected Lo

a pair of galvanized steel stríps that were placed on either síde of

The Moíret apparatus shown ln Fíx. A -2

plastíc models. The prin-

ín Appendix A. All models

fraure shown in Fig, 3.2,L.

the directíon of loading

the screen r¡ras always

the colunur or shear waLl. The upward force was applied by means of a

pu1.ley sysËem. The puLleys \¡rere calibrated Lo correct for friction

force.
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Fíe. 3.2.L Loadíng Frame
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Loading type C r¿as used to measure Ëhe stiffness of the plate

loaded at an exteríor colurrr or in the case of model P4, at t\,üo adjacent

exterior columns. Sínce the lateral couples applled to the exterior co-

lumns tended to cause lateral defl.ectíon of the plate at these columns,

it i¿as necessary to provide símple supports for the plate at the loaded

columns Ëo resËrain the slab lateralLy as indícated ín Figs. 3.2.4 and

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

frame. For model P2, P3, and P4 the shear walls \^rere restrained by

angles whích were bloÈed to the frame.

Since the fixing moment, aË a fixed colurnn could not be measured

dl-rectly, loadíng types B and D Ìrere applied, and the reciprocal

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

type B was similar to type A except that one exterior column on the

loading line was replaced by a simple support as shown in Flg. 3.2,3.

Loadíng type D was sÍmil-ar to type C except that Ëhe slab r¿as simply

supported at the fnterlor col-u¡rn or shear wall.

3.3

s¿rme plexiglas sheet asl,^7ere the model platesrltêrê used to Ëest the

flexural propertfes of the material-. The tests conformed to ASTM Specí-

fÍcatíon DTgO-66 Proiedure A, TesË for Flexural PropertÍes of ptarti"ÍB)

Ïhe speclmens \¡rere 5 x 1 x L/4 ins. and were loaded with the L in.

dímension horízonLal on a 4 Ln. span, using a uníversal testing machine.

The supports had 3/B Ln. radíÍ and the rad.ius of Lhe loading head was

1 ín. The raËe of crosshead motíon \¡zas set at 0,L67 in./nrin. The load -

Properties of Plate Material. Eight specimens cut from the
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deflection curves are Presented in Appendix B where the flexural- pro-

perties are also calculated.

Table B - 1 shows the maËerial properties as computed from the

test 1esulËs, and the average values. The oËher physical proPerties of

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

3.4

model plates were obtaÍned from photographs of interference fringes ob-

tained using the Moirelapparatus.

Kodak D - L9 Developer and Kodak Metallographíc plaLe were

used ín the photography. The camera was fírst focused on the unloaded

model and a sharp ímage of lines of the Moíret screen obtained on the

ground glass wíndow of the camera. This r¡as accompLished by completely

openíng the diaphragm and víewlng the image on the ground glass wíth a

magnifying glass. During focusíng the photoflood lamps were switch on.

After focusíng¡ the díaphragm \¡7as set Ëo its small-est opening (f :32) to

obtain good contrasL. The double exposures of the unloaded and loaded

model weïe Ëhen made, and the photographic plaËe developed. The pícture

was fíxed with the Kodak Fixer, washed under running \,'later and allowed

to dry at room tempeqature. Kqdak Bromide Paper F - 3 Síngle Weight

and Kodak Dektol Developer r,üere used for obtaining enlargementsr which

were made to one half scal-e.

The camera of the Moiret apparatus is located behínd Ëhe ruled

PhoËoeraphic Technique . The curvatures and rotatÍons of the

screen and the phoËographs were taken through a hol-e at the center of

the screen. A difficulty was encountered due to a reflection from the
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cylindrícaL inner surface of the hole which produced a black circular

ring on the photographs. Ihís could not be prevented either by paintÍng

the surface black or by moving the screen. However, it was mínimízed by

raisíng the photographic plate and lowering the screen to focus at Ëhe

area of ínLerest on the model. The datk spot, which appears on the most

of Moirer photos is the lmage of the opening through whích the photos

were taken.

To obtaín phoEos wíth clear, sharp ínterference patterns it is

essenlial Ëhat the reflectíng surface of the model be clean and dust

free. Since iË ís extremely díffícult to clean the surface without scrat-

chíng it, great care should be exercised to avoid Ëhe forming of dust on

the models.

Four types of l-oadlng which have been described previousl-y were

used for each model plate. Because of the sízes of the models and the.

Mofretapparatus, it was impossíble to photograph the whole p1ate. Furtu-

naËely all loadings used gave s)ruìmetrical fringe patËerns (an example of

whích is gíven ín Flg. 3,4.L), and only the lower half of the model was

photographed and used for fringe measurements.
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(obtafned by positioníng model as far as possible from the camera)

trícal Fringes for Model P
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PART B REINFORCED CONCRETE MODELS

3.5 DescrÍption of leS!-$¡gg!ur9-9..

designated Cl and C2 and shown in Figures 3.5.1 and 3.5.2 respectíve-

ly were tested. Model Cl had four square flaË plate panels with perÍpheraL

columns and one central coluûrr¡.. Model C2 had three panels ín one direc-

tion tr¿o in the other, and a central rectangular shear r¿all whose width

covered a fulL panel.

(a) Prototype The concrete models vrere deslgned t.o rePresent

flat plate floors with 16 foot square panels, a 6 in. slab and L2 in.

square col-umns. No drop panels or column capitals were used. The heíght

of each sËory for the prototype'r,{as assumed to be 10 ft. The rectangular

shear wall for model C2 cQrresponded to a 17 ft. \,7Lde, B in. thíck

wal1 for the prototype. The proLotype vras desígned according to the

318-63 ACI Buildíng Coder(U) .r.íng the empírical meLhod of Section 2L04.

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

giving a total load of 135 psf. Three thousand pound concrete wíth an

allowable compressive stress of 1350 psi and an allowable shear stress

of 21Æl or 110 psi was assumed. An allor^rable stress of 50% of the

minímum yield strength or 2O ksí was assumed for Lhe reínforcement.

(b) Models A scale factor of L/L6 r¡as used for the two

models. This ylelded a model panel length oÍ. L2 Ln. and a slab thick-

ness of 3/B ín. Three quarLer in. square by one hatf in. thick steel

blocks were used to simulate fÍxed columns for both models. Three six-

t,eenth in. diameter bolts) passed through the steel blocks and Èhe plate'

were used to fasten the models to a loadíng frame. Other columns and

The two micro concrete models,
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the shear wall were cast from mortar. The dimensions of the shear r,¡aLL

for model C2 \^rere L2 3/4 in. by L/2 Ln. The heights of sheat wall

and col-umn stubs were 4 L/4 Lr'.

A 0.038 ín. diameLer music wire (piano wire) was used as slab

reinforcement and 0.067 in. diameËer vl-re was used for column and shear

wall reinforcement. Colunn ties were fabricated from 0.01-5 in. diame-

t.er copper wÍre. Of the wire used, only the 0.038 in. díameter muslc

wire was annealed. The sLab reínforcement patt,erns for models CL and

C2 are sho.wn in Figures 3. 5. 3 and 3.5 .4 respectively.

The design method, design loads and allowable sLresses of model-s

CI and C2 were the same as those for the prototyPes.

able stresses rrere the same for both models and prototypes, the foLlow-

íng force conversions had. to be used:

(c) Design oJ !lç !1q4q_1_s Because the deslgn loads and allow-

and

where P MP' P

P*' Mt

sf

sr,

The unit

sf ( sL )2

sf(sL)3

Forcesr moments on prototypes

Forces, moments on models

Stress scale factor = f"n/f"* =

Length scale factor = L6

stresses and modul-i used for models hrere:

P
m

I,I
m
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The propertles of the concrete used for the model structures \{ere

similar to Ëhose of a typical concrete that would be used for the proto-

type. Because the models '!^7ere Ëo sÍmulate Ëhe prototype, Ëhe steel rein-

forcement for the models required the same pertínent properties as thaË

for the prototype. Muslc wire suítably treaËed, served the purpose satis-

f.actory,

-JJ-

3000

40000 psi

30 x 106 psi

3 x 106 psi

10

PSí

3.6 Material Property Control

of only two important materíals¡ namely morLar and reinforcing wires.

In order to símulate the properties of the concrete and reínforcement

ín the full-scale strucËure, both the mortar and reínforcíng wire have
( 10)

to be carefully prepared. As noted by Petrir'--' t.he location of the

maËerÍal ís one problem, while conËinuous supply with consistant proPer-

ties is an other. The latter ís generally more promínent because of the

fact that the qualfty control of couunercially available materials ís not

sufficíently good for model constructÍon.

(b) Mortar In the model structure, the strength of the mortar

has to be equaL to that of concrete in the prototype. The v¡orkability of

Ëhe mortar must be moderate. A stiff mix results in poor workability and

(a) Introdr¿çliq¡ Åenerþ Micro concrete models are composed
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makes the removaL of. voíds and air pockets difficult. On the other

hand, if the mortar is too wet, excessive shrínkage occurs. Also the

proportlon.,r of components of the mortar must be consistent. Because

of the small size and quantities ínvolves, maËerials of consistent pro-

perties musË be exactly proportioned.

The fÍne aggregate used was 100% Selkirk Silica Sand wlth a

specifÍc gravity of. 2.67. The sand was obtained from the Selkirk Sílíca

co. Lrd. in three sízes, rc#';,,- 3gt solf - ød and oolÉ - roolf Three

gradations desígnated type A, B and C, were tested to obtain the grada-

Lion that would yÍeld the híghest strength. Type A v,¡as obLained from

Portland Cement Association Bu1letín D113. 
(11) Type B was obtained

from the Magazíne of Concrete Research Vol. 14 No.40, Marc n Lg62.(12)

Type C was adapted from the SËructural Research Series Bulletín No.256

Universíty of Illirroi..(13) Síeve analysis for the three gradations used

are shown in Table I and the particle size distributÍon cLlrves are shown

in Fig . 3 .6 .I.

Trial- batches using the three gradatíons \dere rníxed, using a wf c

ratio of 0.6 and a4g/c ratio 0.3. DARÐ( AEA air ent,raÍnment agent Tías

used ín each mix. Nine I ín. by 2 rn. cylinders' cast in the plastÍc

moulds shown in Fig. 3,6.2, were cast from each mix cured in air. The

average compressive strengths of type A, B and C were 3986' 4085, and 4922

psi respectively. The reason that type C gave t.he highest strength can be

explained by the fact that it had a smaller volume of voíds than eíther

type A or B. For thís reason, it needed less cement paste. The arrange-

ment of sand particles was another possible reason for the híghest sËrength



U. S. Sieve

No.

Partícle Size Dístributíon of Sands

-35-

TABLE

I

L6

30

50

60

100

200

TYpe A

retained

0

20

20

10

L6

Type B

retained

F.M.

0

0

30

35

35

TYpe C

retained

1.7 6

0

1.40

25 .60

23 .55

6.50

25.75

L2.90

L.95 3.L4
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Fie. 3.6.2 Cylinder Moulds



of type C.

The material used for the concreLe models \¡7ere:high early

strength Portland CemenË, Sieved Sand, aír enËrainment agent and water.

The air entraírunent agent had an important effect on the results

as ft increased the strength and workability of the concrete'for a given

cemenL or 1vater content. DAREX AEA was used at the rate of 3/4 fluid

ounces per sack of cement.

- JÒ-

The 3/4 cu.ft. capacity electric mixer, shown in Fig. 3.6.3 was

used for mfxíng all concrete for the models. The duration of mixing was

3 mínutes. The proportfons finally selected r¿ere: sand 21.01bs.: 
.cênr€nt

6.0lbs.., water 4.08 lbs.., wf c ratLo 0.68 and aír entrainment agenË

L.95 c.c. All materíals were measured by wèight to the nearest ounce on

a balance scaLe

Table II shows strengths for trial- mixes employing gradaËion C.

Both the wfc ratLo and the a4g/c ratío r¡ere varÍed. Seven cylinders

r^rere cast from each mlx. i,trorkability, type of vibratíon and method of

curl-ng viere recorded for each, Crushfng strength vs w/c ratío curves

were plotted in Fig. 3.6.4. Each point on Ëhe "air-drled" curves Te-

presents an average strength of 4 cylínders, and each point on the I'humid-

roomtt curves represents the average of 3 cylinders.

(.) Reinforcíng SËeel The smal-l r^ríres used fn model construc-

tLon should have slmílar properties to those of the prototype reínforce-

ment. Conseguently it was deslred to achleve a yield stress of 40 ksi

to correspond to the yield stress for intermediate grade steel and to

scale down the diameters of the prot.otype reinforcing bars by a factor

of 16.
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It was not possible to flnd a wíre to meet these requi-rements

exactly. However, it was possible to obtaín high strength music wire

of the correcL diameter and by heat treating it for different lengths

of Ëime obtain the proper yield point.

In thís annealing process, varíous lengths of wire were placed

ín a rack which v¡as then placed in a small- oven and held at a constant

temperature for a certain time. The rack was then removed and the wires

were allowed to cool in air. For 0.038 in. diameter wire, a temperature

of 1700oF and a 2 hours duration was found to be saËisfactory. A larger

diameter wire would require a longer annealing tíme.

After cooling in aír, the wires hTere placed in a 1 litre capacity

glass cylinder containing dilute acid (1 part hydrochloríc, 3 parts water)

for about ten minutes, then rinsed and dried.

Figure 3.6.5 shows t.he stress-strain curves for a typical wire

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

reduced from 28000 ksi to 26000 ksí during the annealíng process. Table

III gíves the values of the yield sËrengths for eighË samples of the

annealed wire. The value assumed as the yield poínt for the slab reln-

forcement was 46.25 ksi. The coefficient of variation of the slab steel

yÍe1d poinL r¿as 10.8%.

3.7

Lhe constructíon of the concrete models because small errors in measur-

ing or placing the wire reínforcemenË in the models could correspond Lo

Constructíon of Test Structures

(") Coq{ructíon ConsideraL Great care \¡Ias necessary in
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TABLE III

Yield Poínt of Annealed Wires

Sampl-e No. fy (ksÍ)

47 .7

39.8

42.4

40.s

50. 3

52.0

4s .2

52.3

fv (ksí)' ave.

46 .2s
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relatively large errors in the prototype. An approximatíon of !5%

of construction error \^Ias allowed, while a toleranee of *0.02 ín.

was allowed for the thíckness of the slab, span length and the place-

ment of reinforcemenË.

(b) Forrm¿ork The formwork for each model consisted of a

single L/2 i'n. thick plywood sheet lined wíth a f/B fn. Lhick plastic

sheet. The plastíc sheet was used to prevenË ü7aËer absorptío¡¡ f¡s¡1 t.he

mortar by the plywood. Plastic strips 3/8 ín. deep and L/ 2 ín. wide

r/üere screwed on the form Ëo proúide edge forms for the slab and serve

as a guide for the screed. The slab forms are shown ín Fíg.3,7.1 and

3.7.2. The column forms and the shear wall form for model C2 \^7ere

made from L/2 ín. thick plastíc sheet. The joínts T,vere screwed together

and sealed by a double coating of plastic glue. It r^ras found that glued

joints between the coluur¡s and slab form for model Cl

vibration, and screwed joínts were used for model C2,

To províde holes through the slab at fíxed columns, 3/8 in long

7/4 Ln. outer díameËer plastic tubes \^7ere screwed to Ëhe form. The plas-

tic tubes rrere removed by drilling after casting and provided holes for

bolting the slabs to the loading frame.

edge

which

I{oles of the appropríate sizes hlere provided at the centre and

of the form to accommodate the column and shear wall stubs through

the loadíng was to be applied.

Each form was stiffened by a

was desígned to minimize deformation

t ing.

separaLed duríng

2 Ln. by 4 Ln. tímber frame whích

of the form during casting and vibra-



,ltr 2

-53-

P1 an

Z/8 x L/2' Plastic Strip

,rl,è_-l

Lumber

l/8 thíck, Plastic Strip

ï
L2

2

l-

þ4"

Section

l-r - r-ìlilr

JL I rr I

5"x l,/lz. t.y.'¡,/ t \*-7"1,å""'Ë";;l;
t- 

-r-- 
ygtÍy 1 f n.-Zl-f l- T o

',/, 'o;*::ï,'::"'/ | *

I I rPlasric Tube Ll4"a.D

I _JL-

3/32" $,2 Tong
Finishing Nail
4"c. to c. Plywood

Fig.3.7.1 General VÍew of Fo.* Eo.tr __ltg_de_l_g



t--.| 2" |.-- r-2¿tt

_\/, _

il
3/8 x

Plan
il-

l/2 PLastic Strip

30

Section

2"

T
I

I

!2"
6

+
I

6 3/4

I

-+-
I

tl

tt
2-r

il
1/8 thick,Plastíc

I

il lf

314 x 3/4 0pening

--10ç1F. H.Inlooil
3 c.to c.

tt
I V-- Plastic Tube L/4 o.D. ,l/8
l-4-

{to/

Opening

"*L/ 2
tt

il ll

3 / 32ó, 2 long, !-inishing
tf

tt
L/2 t]níclrc,Plywood

Nail. 4 c. to c

1Ii9.3.7.2 General View of Forrn l^Iork. Model C2



- 55-

(c) Refnforcement Fabrícation

1. Slab Reinforcement Fabrícation For conveníence,

the wires "ur" 
,.O d the same dimensions

as the slab see Fig. 3.7,3. The orËhogonal sets of reinforcing wires

were soldered at the joínËs to maintain the correct spacing between

índividual ¡¿ires. An oxygen acetylene torch was used for the soldering.

It was discovered that for a Ëime consumption of a few seconds with a

flame length L/8 in., the yield strength \"/as not effected.

2. Gol-umn, Shear l{al1 Reinforcement Fabrication

Music wire of 0.067 in. diameter was used for column and shear wall re-

Lnforcement. Thís wire was noL annealed because the study did not re-

quire accurate simulation of the column and shear wal1 behavíour.

column reinforcemenL cages \leïe fabrícated usíng 4 Ln. square,

L/4 Ln. ËhÍck plywood templates. Longitudinal wires of the correct

length were passed through accurately located hol-es ln the Lemplates

and 0.015 in. ties were bent to a square shape around the main reínforce-

ment and soldered. The spacing of the tíes was about 3/4 in. IË was

lmpossible to pass a completed colurn reinforcing cage through the slab

reinforclng mat because of the close spacing of the wlres in the mat.

Thus the half-compleËed steel cage r^ras posiËioned and then the other

half was fabrfcated.

The

Fig. 3.7 .4

(d)

shear r,¡a1l reinforcement was fabrlcâted ln the same manner.

shows the column and shear wall reinforcement.

Placement of Reinforcement Before the column steel cages

were positioned, both positive and negaËive slab reínforcement was placed.



-56-

FiE. 3.7.3 Plyr¿ood Sheet and Soldering Device for

Fabrícatins Slab Reinforcement
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The positfve slab reinforcement l,üas suPPorted on a L/B Ln. long piece

of 0.038 in. diameter bar spaced at approxímate1-y I 1n. lntervals through

out the s|ab. For the negative reinforcement' steel spacers of the pro-

per diameter rnrere used as chairs to place the reínforcing mats at the

correcË heíght. The chairs were posiËíoned at about I Ín. íntervals

throughout the s1ab. Flgure 3.7.5 shows the placement of chairs and

steel bars.

The maË was tied down using 0.01 ín. diameter coPper wires Pass-

ing through one sixteenth in. diameËer holes in the slab form, Careful

checks were made to insure sufflcient tie-downs and Lo assuïe the correct

positíoníng of all wires. Then the holes on the slab form were glued and

final checks were made Lo assure thât all- joints \^7ere l^Tatertight. Fíg.

3,7.6 shows the view of reinforcement for model Cl in place ready for

casting.

Chairs

Negative Reinforcement

Steel Spacers

Positive Reinforcement

Fie. 3.7.5 Slab Reínforcement Spacers

S teel

Flat Surface

Flat Surface
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3.7.6 0ver-a11 víew of the Reínforcement - Model C



columns and shear wall and the slabs were cast as a unÍt. Fig. 3.7.7

shows the casÈing operation. A small massage vibratòr was used on the

under side of the slab form at poinËs close to the columns and the shear

wa1l, a concrete vlbrator rnTas used at Ëhe edge of the form.

A wooden 2 Ln. by 4 Ln. screed r¿as used to screed the sLab sur-

face. Two 3 in. by 6 ín. and twelve 1 1n. by 2 in. control cylínders

Trere casË from each mfx. Seven hours after casting, the surface of the

slab and all cylinders were coated with whfte shellac to minimlze mois-

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

covered wiËh wet burlap and a plastic membrane as shown ín Fig. 3,7.8,

One day later, the upper porËions of the col-uuns and the shear wall

\^zere cast. The control- cylinders vrere removed from Ëhe moulds, coated

wíth shellac and stored wlth the slab.

(e) Cast ing

1. Casting and Curíng

-60-

The lower portlons of the

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

The average compressive strength of the 11n. by 2 Ln. cylinders \¡7as

3080 psí.

Stress-sËrain curves obtained from the tests of the 3

6 in. cylinders are shown in Fíg. 3 .7 .9. The average value of

initÍal tangent modulus from the cuïves was 3 .14 x 103 t<si. and

modulus was 2,85 x 103 t<st.

(f) Condltíon of Strructures at Beginning of Testfng

stïuctures T¡tere cured under moist conditlon for seven days and

t Iulaterial ProperËfes The conËrol cylinders !,7ere

in. by

the

secanf

The

the
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Model c1

Model C2

Fle. 3.7,7 Models durine pourins
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Fie. 3.7.8 Curing of Slab C2
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forms removed on the eighth day. The sLabs were careful-Ly examined

wíth a magnifying glass for any damage or cracking thâL may have oc-

curred. There r^rere no cracks but several vofds were observed; prlmaríly

in the columns of the model Cl and on the slab closed Lo Lhe shear wall

of model C2.

patching was.carrled out with the slabs ín an lnverted posítion.

A cement-sand mixture r¡ras used to fill the volds. After patching, the

entlre sËructures \^7ere moist cured an additíonal three days.

3.8 Loading Svstem and Deflection Apparatus

(a) Load.ing Frame The loading frame consisËed of four 2 in.

by.2 in. by L/4 in. angles embedded in a square 4 L/2 f.L. by 4 L/2 f.t.

and 8 ín. thick concrete base slab. These angles served as columns sup-

porrlng a sysrem of 3 in. by L L/2 Ín. by L/4 j-n. channels. The columns

were stiffened by four 2 Ln. by 2 jrn. by I/4 i'n. angle horizontal braces

bolted near the tops of the columns. Two of them acted as beams to carry

channel supports to which t]ne L/2 ín.long steel bars whlch simulaËed

the fixed coluuns for t,he test structures were bolted. To stabilíze the

frame 1_ateralLy, rwo L L/4 ín. by L L/4 Ln, by L/4 Ln, angle braces

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

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

s1ab.

(b) Lóading System

Cl and C2 r¿ere dif ferent.

were applied to the slab as described in Chapter II. Sfx

The loading systems for test structures

In the case of structure Clt vertical loads

1/8 in. día-
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Fie. 3. B. 1 Loadine Frame



meter holes

centre 1íne.

the loads ín
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were drilled on either side of the coluuln along the slab

A 3/32 in. diameter threaded steel rod was used to support

weights while a tail nut fixed to Díllon Gauge vüas tightened to

upward force sfmult,aneously. The pointer on the gauge shor,zed the magni-

tude of 1oad, loads were applied at each pair of L/B in. diameter holes

in turn. Fíg. 3.8.2 shows how the Dillon Gauge was fixed to the frame.

each direction. The downward force was provided by

StrucËure C2 was loaded by horizontal fories applied to Ëhe

colurnrr or shear wall 3 3/4 Ln. above and below Ëhe mid plane of the slab.

The forces T^7ere provided by suspendíng weights from flexible steel .wires

running over f ixed pu1leys. The pulleys.r^7ere calíbrated to account for

friction loss. Fig. 3.8.3 shows the method of load applicatíon.

Paírs of steel plates 1/B in. thíck, I ín. wlde and 28 Ln. long

were used as loadíng yokes for the shear wall, as índicated Ín Fig. 3.8.4

rela!ívely small, specíal deflection measuring gauges were fabrícated.

They consisted of 0.01 ín. thick 3/4 Ln. wide 2 3/4 i-n. long, cantile-

vered brass strips with a strain gauge mounted on the top face close to

the clamped end. Each strip was clamped between t\,üo L/2 ín. thick 3/4

in. wide 2 j:n. long steel plated which could be bolted to a dexiom ang1e.

The deflection of Ëhe free end of the brass strip rras measured in terms

of the strain gauge readíng. Fig. 3.8.5 shows the def lectlon measurir,tg

device.

Many such devíces were made and all were calíbrated indívidually.

(.) Deflection Aoparatus, Because the slab deflections were

suspended

give Ëhe
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Fíe. 3.8.5 Deflection Measurins Device
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The calibratlon apparaËus is shown in Fig. 3.8.6. During calibration

an ínítíaL straln gauge readíng r,ras recorded with the brass strip free.

Then the pointer of a 0.0001 ín. increment díal gauge vzas brought into

contact with the bottom surface of the stríp whlle a fine thread scre\,l

from the top maintained the iníËlaL readíng on the straín indicator.

The dfal gauge reading was noted. By turning the top screvl in incre-

ments, the deflection \^Ias recorded on the dial gauge and on the strain

indicaËor. Thts gave the relationship between the vertical deflectlon

of the strip and the sLraln índicator readíng. The calibration r.{as Per-

formed twice for each gagge¡ for increasing deflectlons, and for decreas-

ing deflecÈions. Fig. 3.8.7 shor¿s a typical calibration curve.

Durfng the Ëesting¡ deflection measuremenLs were made using a

0.009 in. diameter copper wire connecting the slab and the free end of

the cantilevered brass stríp. Thus 1t was necessary to coïrect, for the

elastic elongatl-on of the wíre. In order to do this a wire was glued

to the free end of the strlp and a Load of approximately 60 grams appl-led.

The load was increased or decreased untíL Ëhe deflectíon of the strip \n7as

wíthin the calíbrated range. The true deflectíon at the free end of the

wíre was then obtaíned by substractíng the elongation of the wíre from

the deflectíon determined from the strain indícator reading.

Small 3/B ín. by L/4 Ln. by L/L6 in. "L" shaped steel strips

were glued to the slab at poínts where the deflection was to be measured.

The free end of the wlre was puI1ed down t111 the straín indicator read-

ing was close to that obtained duríng the cal-ibratlon' and then glued to

the leg of the steel strip. A plumb line was used to properly posítion
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the deflection measurf-ng devices on the dexlom frame.

For model C2, síxteen def lection measuring devices \^7ere spaced

along the centre line of the slab. þpica1 deflection curves are shornin

ín Fígs. C - 7, C - B, C - 9, C - 10' C - 11' Appendix C. A descríbe

strain indicator \^7as used to record all deflection gauge readings.
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models PL, P2 and P3 \¡rere calculated along the loading líne r,uhich passed

through t.he centre column or shear wall. For model P4 whích involved a

box type of shear waIl, deflections and slopes were calculated along the

two loading Iínes which joined the edges of the shear waIl and the ex-

teríor columns. The calculated deflectíons and slopes are shown fn Ap-

pendix A.

The relative def lection between any ti¡io points is the íntegration

of the slope between them, or the area under the slope curve. Sfnce all

columns, and shear walls rvere assLlmed t,o prevent lateral deflectíon of

the pIate, the area under the slope curve from the exteríor column to

the point of maximum deflection should always equal that between Ëhe cen-

tre column or shear wall and the point of maximum deflection.

The calculated deflections in Appendix A show small relative de-

flectíons between the exËeríor column and the interior column or shear

wa1l. For load types A and B of all model plates¡ these differences

did not exceed 3 percent. ThÍs may be regarded as an error in interpreta-

tion of the photographs, In the case of load types C and D, the dif-

ferences range from 1 percent to 9 percent. The error may due partly

to movement of the plaLe supports normal to the plate surface. Ihis dis-

crepancy may also be due t.o discontÍnuíty of the plate rÍgídíty. The

loaded colurür r.{as rested on a knife-edge support and its posítioning may

CHAPTER IV

DISCUSSION OF TEST RESULTS

Test Results for Plastic Models. Deflections and slopes of

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

Table 4.L.L summarizes the applíed loadings and resulËing plate

rotations. The moments and rotatíons are classified accorcling to the

type of loading and model. The stiffness, and carry-over factors and

the effectíve widths obtaíned are presented in Table 4.L.2 Values are

lísted for panel loaded by an interior column or shear wall and for a

panel loaded by an exterior column. The stíffness factors K l¡7ere

calculated from equation 2.2.6' while the effective widËhs v¡ere ob-

talned from equatíon 2.2.9. The carry-over factors were obtained from

equation 2.3.L for the interior column loading and from equation 2.3.2

for the exLerior column loading.

The reliability of the test results is mostly dependent on;

1. the reliability of the ínstrumentation,

2. the precislon in scale reductíon of the photographs

and 3. the ínterpretation of the photograph to obtain

curvaLures and rotation.

Plate slopes obtained using the luloirer method are a function

of the size of the plate¡ the distance between the plate and the ruled

screen, and the spacing of the lines ruled on the screen. When Ëhe

last two varíables are kept constant, the slope values obtaÍned are de-

pendent on the size of the plate only. The error due to the sLze of.

the plate has been studies by Ligthenbet.(tt) For sízes of the plate

from 0.5 to 0.8 of the distance between the plate and the screenr

the errors are of the order of 1 to 4 percent. The Moíre I method
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ís used primarily in rhe srudy of momenrs in flar plates.(15)'(16)'(17)

Kupta and Vaugh"n(tt) used thÍs method in conjunction with a comPuteï

program to lnvestigate the curvatures and relatíve deflectionsof flat

plates. Deflectíons at three points, obËained by reaehing Ëhe polnL by

different routes r,{ere compared. The differences were found to be as

large as 3 percent.

Precísion l-n scale of the prínts ís very ímportant since the

deflections under fnvestigation are extremel-y smal1 compared to the di-

mensions of the plate. Since the deflections and the angles of rotaÈion

are so small, human errors which may oceur in the interpretatíon of frin-

ges and in the measurement of the areas under the slope curvesr may be

sígnífícant.

4.2 .Test Results for Concrete Models. The test results for the

coircreËe models are presented ín AppendÍx C. The computed values

of the stiffness factors and effectíve widËhs are summarized ín Table

4.2.L

TABLE 4.2.L

Stiffness and Carry-Over Factors and Effective tr{idËhsfor Concrete Models.

Model

InËerior Column (Shear Wa11) Loading

St íffnes s

ín. -lb . /rad

C1

C2

32,328

448, Boo

Effective
I^IídLh

ín.

7 .24

101. 00

Carry-
Over

Factor

Exteríor Colunn Loading

0.L492

SËlffness
ln. -1b , /rad,

47 ,LOO

E ffect ive
I^Iídth
in.

Carry-
Over

Factor

10. 60 0.666
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Because the central column for model Cl I^Ias not sufficient

stiff to Ëransmit the required moments to the plate, the indirect loading

procedure díscussed in Section 2.4 \{as necessary, and stiffness factors

and effective slab wídths T/üere determfned only for the int.eríor column

load ing.

Three different load levels were tabulaLed in Appendfx C. The

coeffÍcíent of variatíon of computed stiffness facËors and effective r,øidths

agreed within 4.07 percent, the average values can be seen from Table

4.2.L.

For model C2, stiffness and earry-over facLors and effective

slab widths were determíned for borh ínterior and exterfor column (shear

wall) loadings, and are tabulated in Table 4.2.L. Each of the tabulated

values was obtaíned by averaging values obtained for either four or fíve

different load levels. The indivl.dual values and the corresponding load

levels are also t,abulated in AppendÍx C.

The eoefficient of varíations are as follows.

Load ApplÍed bv Interior Shear l,rrall.

Stíffness facËor (and effecËíve width)

Carry-over factor

Load Applfed by Exteríor Column

Stiffness factor (and effective width)

Carry-over factor

After the elastíc sËiffness

termined for model C2, the model was

11.85

7.75

and carry-over factors had been de-

loaded to failure by loads applíed

ol

11. 10

6.57
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transversely to the shear wall. Fifty pound loading íncrements r¿ere used

and cracking was first observed at a load of 250 1b. at which time the

maximum plate d.ef lection \^Ias 0.0493 in. The fÍrst crack ínitíated on

the top of the slab at the point vihere slab and shear wall meË, and pro-

pagated across the width of the panel in a directíon per:pendicul-ar to Lhe

shear wa11. At a load of 350 1b., another crack appeared on the top of

the slab but at other síde of the shear wall and had a similar dírection'

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

the shear wall and Lhe peripheral columns. Many cracks extended from the

edges of Ëhe shear wal1 Ëowards the corners of the slab. Fíg' 4'2'l shows

cracking línes of the s1ab. At failure load maximum deflectíon' \^7as 0'L42

in.

An ultimate strength analysis of modeL c2 is presented in

Appendix D. Yield líne theory vTas used to find the ultimate load.

4,3 Discussion and Compaiison of Test Results. As mentioned in

chapter I, five plexiglas and two mÍcro concrete models were tested. Plexi-

glas models Pl and P3 were símilar to concrete models Cl and C2

respectively, and Table 4.3.L shows the comparison of the resulËs obtalned

from the similar models.

The computed effectíve wídth for the interÍor column loadíng of

model CI was smaller than that for model Pl. Thís different may be

due partly Lo the different values of Poisonrs ratio for the material used'

However, the discrepancy is probably largely due to the unreliabílity of

the resulË for model Cl, since iË was obtained by a rather indirect pro-
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Fíe. 4.2.L Crackine Línes on the Slab C2
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cedure. UnfortunaLely Ëhe stiffness facLor

loadíng and carry-over factors could not

InLerior Column (S'hear I^Ia11) Loading

Stiffness
tn. -lb . /rad.

2,320

32,400

16, 000

448, Boo

Effect ive
I^Tídth

in.

TABI,E 4.3.L

for the exterior colurm

be obtained for model Cl.

FormodelP3,Ëheeffectivewidthsforboththeínteriorand

exterior loading were smaller than those for model c2' This could be

explained by the facL that the models \.{ere made from materlals which have

different values of Poísonts ratlo and ín additlon, while model P3 fías

homogenousandÍsoËropícrmodelC2wasnoË'Thecarry-overfactorsfor

exterior column loading for models P3 and C2 agree within r.l0 percent'

Ílhile the carry-oveï factors for the panel laoded by the ínterior shear

r¿all do not agree axactly, the factors have the same order of magnítude'

Because of their relatively small magníËude, an axact agreement would

probably extremely difficult to obtain. Tlhe discrepancy may be large1-y

due to the dífficulty of simulating complete fixityr or a smooth pin at

the plate suPPorts.

10. 00

7 .36

69.00

101 
" 
00

Exterl-or Column Loading

0. 133

0. 091

0.1492

St iffnes s

in.-lb . /rad.

L,325

L,250

47 ,L00

Effectlve
\^Ildth

ín.

Carry-
Over

FacLor

s.70

5.40

1-0.60

o .290

0.743

0 .666



-84-

The results of thÍs investigaËíon are compared with those from

previous sËudies ín Figs. 4.3.L, 4.3.2- and 4.3,3. Fig. 4.3'L

shows plots of effective wldËh/actuaL panel wídth vs column panel width

ratios for panels loaded through an interior column. From the figure'

it can be seen Ëhat the effecÈive widths and stÍffness facËors for in-

terior column loading are extremely sensitiye to the size and shape of

the interior column. For model C1 wíth a column-to-panel wídth ratío

of L/L6, the average value of the effecËive width obtained from three

set of loadings (50, 1OO and 150 lbs. ) \^7as 0.61 of the actual panel

width. Thís was slightly srnaller than the values obt.ained by Brotchie
(3)

and Russelt"' who reporËed a range of 0.67 and L,67 for column to -

panel width rario of L/20 to L/7. The value obtained from äode1 Cl

is also smaller than that, obËained by Carpenrut(O) who reported that

the full slab width rnay be used for the column-to-panel wídËh ratio of

L/L4. For model P1 the effectlve width obËained can be seen to be

approximately L6 percent hfgher than Lhe value obtained by Carpenter

for the same column panel \,lídth ratio.

Fíg, 4.3.2 shows effective wídth/actual panel widËh vs column

panel width ratios for panels loaded through exterior columns. For this

loading of all model plates the effective panel wídths vary líttle. When

the plate is subjecLed to a moment aË exterior colurur, 1Ë appears that

the moment does not distribute lnto the lnterior pane1. Ihis resulted

ín the same sLiffness regardless of the size and shape of the ínterior

supports. The stiffness factor obtaíned for model Pl is about 24 pet-
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cent higher than that obtained by CarpenËer for a model with simÍlar

geometry and the same column panel wídth ratio.

The carry-over factor for panel loaded by interior columns is

exËremely smalL compared with Ëhose obtained analyËically using an

eguívalent beam. FiI;g. 4.3.3 shows a comparLson of Ëhe carry-over fac-

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

Carpenter for the same column panel width raËio. The value is approxi-

rnately 45 percent lower than that obtained by CarpenËer. The carry-

over factors for panel loaded by interlor column or shear r'7411 are aP-

proximately the same for all models except P3 indicating that the

carry-over facEor from an interior column or shear wall is almost inde-

pendent of the sÍze and shape of the column or shear \^7411.

For exterlor colunn loading the carry-over fa"tot" ranged from

O.2g to 0.81-5, the hígher values corresponding to the stiffer interíor

shear wal1s.

Líttle published information is available on the effective stíff-

ness of plates loaded by transverse loads applied to shear walls. Barnard

(s)
and Schwaighofer'-' conducted a study of sËructures including shear wa1ls

coupled by a slab. They reported that the enLire wídth of phototype plate

can be considered as effective for frame acLl-on for Lhe shear v¡alls con-

nected by a plat.e. This result is in agreement with the test results ob-

tained in the study sínce for model P2, P3, P4 and C2 efÍ.ective widths

much greater than the actual panel width were bbtaíned. It ls obvious

from the large vâlues obtained, that effective panel \,.7idËh is not a suit-

able críterion for expressing the effectlve stiffness of the slab ln a
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flat plate - shear wall structure. consider for example the typical floors

illustrated in Fig. 4.3.4. Because of the posftioníng 9f Ëhe shaded exter-

ior columns in Fig. 4.3.4(a),large torsiònal moments wí1l be developed ín

the centre panels when Ëhe structure is subjected to shearíng loads parallel

to the shear wal1. For the.sËructure ín Fíg. 4.3.4(b) these torsíonal mo-

ments will not be present, and the aPparent slab síffness will therefore

be greater reduced.

It ís thus obvious Ëhat the "effective slab widthn is a function

not only of the slab thíckness and panel sLze, but also of the geometry

of the whole structure and therefore not a suitable críteríon for speficy-

ing plate stíffness.

Model C2 \,7as tested uP to faílure. I'{hen failure occured the ob-

served ulËlmate load was 450 lbs. compared with the computed strength

from Appendix D whfch was 47L lbs. for first collapse mechanism and

4gg lbs. for Ëhe second collapse mechanism'

(a)

ar lson

(b)



CHAPTER

CONCLUSIONS AND SUGGESTIONS

5,L Conclusipns. An experimental study of stíffness and carry-over

factors for elastic plates loaded by transverse loads applied to columns

and varíous shapes of shear wall has been made. For a shear wall struc-

ture subjected to lateral loads the following conclusíons are made.

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

tive panel wídths range approximately from 0.6 to 1.1 of the true panel

wídth. It may be concluded that, for a column panel widËh ratio of 1/10

or greater, the full slab width may be assumed effective.

2. For a flat plate loaded through exterior columns, the effec-

tive panel wid.th is índependent of the shape and sLze of interior suPPorts.

The effective hridths obtained were approximately 0.6 of the true width

for model P series and 0.88 for model C2.

3. Values of the carry-over factor for a flat plate panel loaded

through an exLerior column ranged from O.2g to 0.815, dependíng on the

size and shape of the fixed interior column or shear wall.

4, Carry-over factors from a loaded interior column or shear wall

are relatively small, and practically independent of Lhe size and shape of

the interior column or wall. Values ranging from 0.091 to 0.156 were

V

FOR FURTIIER STI]DY

obtained.

5 Effective widËhs of panel loaded through interior shear walls

ranged from 3 to L2 tímes the true panel width. The large values ob-

taÍned indicate that effective slab width is an unsuítable criteríon for

-90-
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indicatíng the efffectfve stiffness of flat plate - shear wa11 structures.

Micro concrete model C2 was loaded to failure, whích resulted

from flexural faílure Ln the slab combíned with punching shear at the edge

of the shear r¿all. The experimental uttfmate load was in good agreemenË

with the results of a yield line analysis, the effective slab wídth reduces

as ulLimate moment approaches;, This can be explained by the fact that as

the ultimat,e load approaches, large deformations occur wíth very little

increase in Lhe slab moment capacity. Thus the stiffness factor at the

ultimate load decrease.

5.2

to esLablish suitable effective platse widths or stiffness and carry-over

factors for plate loaded through shear r^741ls wiËh various geometríes.

The effect of slab openings near shear walls or columns should be further

investigated. Sfmilar invesËigations to thÍs one ,:.should be performed for

Sussestion for Further Study.

flat slabs and concrete joíst floors. The experímental results obtalned

should be corelated with analyËical studies that could be performed using

finite element or finite difference Ëechniques. Because of the unsuitability

of the effective wídth criteríon, further studíes to obtain different cri-

teria for representing slab stíffness for shear wal1 buildings should be

made. Finally the behavior of flat plate and flat slab - shear wall struc-

tures ín the inelastic region requires consíderabl¡r more study.

Further study is recommended
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A-1

experimental procedure for measuring the slopes of a defLected plexiglas

pLate model. If the slopes ane established along a set of paralLel lines'

a slope díagram can be drawn. The s1-ope curve along any given Líne can

then be integrated to obtain a deflectíon diagram aLong that line.

A model p1-ate with a reflectíng surface is clamped to a loading

frame ín front of a ruled screen, as shown ín Fig. A - 1. The unl-oaded

model ís phoËographed through a small openíng ín the screen, and a reflec-

ted image of the ruled dark and light línes on the screen obtained. For

example, the image of a dark line at point a would be reflected from

point P on the pLate and would aPPear at poínt s on the fílm. The

model ís then loaded and rephotographed. If point. P on the model ro-

tates Lhrough an angle Ø, the image of a ne1,r.point R appears at S.

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

photo will- be dark. Otherwise it will be somewhat lighter in color. Thís

gives interference patËerns on the photographic plate and produces Moirel

fiínges as shown in Figs.A - 3, A - 5, A ^ 7' etc. These fringes repre-

sent contours of constant slope, and since the slope along each fringe ís

constant, it foLLows that the change of sLope betl¡leen the contours corres-

ponding to tr¡ro consecutive fringes must al-so be constant. This constant

rrctr is dependent on the inlerval of rulíng screenr rrdrr and on the dis-

tance between the screen and the model plate, trarr shown in Fig. A - 1.

Basíc Principle of the Moiret Method.

APPENDIX

The Moirer Method is an

-95-
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Ref lective P late l"Iode I
a

Loading Frame

Fie. A - 1 Basíc Principle of Moriet Method

Rùled Screen
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The evaluaËion of the constant rrCrr

and for the M 1/03 apparatus used in thls

shows two views of Lhe lvloiret apparatus.

A-2
photograph of a model pLate ís taken with the rulíngs of the screen ín Lhe

x- directlon (horízontal), a curve of. aw/òy along a líne parallel to Ëhe

y- direction (vertical) may be obtai¡red as follows:

A líne ís drawn parallel to the y-axis as shown fn Figs. A - 3,

A - 5, A - 7, et.c., thís line íntersects a number of frÍnges. The cen-

tres of the fringes along the líne are then projected downward and plotted

as shown fn Figs, A - 4, A - 6, A - 8, etc. Values of slope are then

plotted to obtaín a curve of slope øy vs distance along the líne.

The frínges are numbered sËaríng from the zeto frLnge, which re-

presents zero slope (i.e. a.zero value for QR ín Fig. A - 1) In Figs.

A - 3, A - 5, A - 7' eËc., for examples, the zero frlnge ís the one that

extends from the exteríor fixed columns. The slope (in a direction per-

pendicular Lo the ruled lines on the screen) at any polnt is thus the fringe

order at the point times C.

A - 3 Calculation of SLiffnessess and Carry - Over Factors. The Moirer

frínge patterns and the plots of the computed plate slopes and deflections

are presented in Fígs. A - 3 to A - 34.' The calculatíons for the stíff-

D.êss: effectíve width and carry-over factor are also íncluded. The last

two calcuLations are based on the fo1-lowing physícal properties and dimen-

s ions :

Determínatlon of Slope Curve from Moiret Photographs, If a Moírel

( 14)is descríbed by J. Inleíbe'

study C = 0.0015. Fig. A - 2
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Youngrs Modulus of ElasticitY of

Average lhickness of the Plate'

Panel length of the Plate'

l.

2.

3.

P lexiglas, 441-, 000 psi.

0.243 in.

9.00 in.L=
v
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Fíe. A-3 Photosraphof l"todel P1 Load Type A.
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Fig. A - 6 Slope and Deflectíon Curves Model Pl Load
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Fig. A - 8 Slope and Deflection Curve ModeL Pl_ Load Tvpe C
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Photoeraph of Model Pl Load Type D.
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Fís" A - 10 Slope and Deflectíon Curves Model Pl Load Type D,
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Fie. À - 13 Photosraph of ModeL P2 Load Type B.
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LL65 lb.-in. /rad,
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-0 .007 9 2
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-0.003495
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Carry - Over Factors Calculatíons.

Slope and Deflection Calculations Model P2 Load Type D

TABIE A - 8

0,
4

cz

0. 0143

0. 004

c.l-nter LoÍ

Cexterior

rad.,

rad.,

2M, 0^+¿

0

tz o4

MO26

6
= 0.000775 rad

0 = 0.0089 rad
5

M4 os

0. 348

2x L5 x 0.004
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60 X
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15 x 0.0089
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I - 8.35

8.35 - 9

9-10
10 - 11_

L1- - L2

L2.L3

L3 - L3.5

v

-LzB-

1

(

2v
òw/ ¡y ) dy

ín.

-0.00208

-o.00457

-0.00528

- 0. 00540

-0. 00523

-0.00473

-0. 00380

- 0. 0023 I
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( ¿w/ ¿y ) dy
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-0.033655

-0.032655

-0.025855

- 0. 018355

-0.01_0855

-0.003355

0. 000395

Stiffness and Effectíve üIidth CaLcuLations.

1"1

1

Slope and DefLection CalcuLations Model P3 Load Type A.

L20 lb.-in.,

K

M I
e1

TABLE A - 9

L

I
1

v

3KL
-^ ------;-

Eh,

0.0075 rad.

69.00 in.

16,ooo

3x16,000x9

44L,Ooo x (0. 2ß)3

1b. -in , /rad,



-L29-
Fíe- 'A - 2L Photosraph of Model P3 Load Tvpe B.
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TABLE A . 10
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Load Type B
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Yl - Y2
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0-L
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2.75 - 4
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5""

- 135-

(èw/ øy ) dy
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-0 .007 22

-0.002L4

-0.00075

0. 000585

0. 00132

0.001_75

0. 00195

0.00186

o.ool422

L

(aw¡ ¿t ¡ dy

in,2

M
3

Slope and DefLectíon Calculations

Stiffness and Effectíve I^Iidth CalcuLatíons.

-0 .007 22

-0.00936

-0.009735

-0.009150

-0.00783

-0. 00608

-0.00413

-0.00227

- 0. 000848

1_5 lb. - in. ,

K
M3

T_
3KL_xl. = ay Eh'

TABLE A - 11

e
3

0.0012 rad.

ModeL P3 Load þpe

4|L,OOO x (0. 2ß)3

5.40 ín.

3x1-250x9

L250

C,

lb,-ín. /rad.
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Fig. A - 26 Slope and Deflection Curves Model P3 Load Type D.
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0-1

L-2
,-rac,

2.gs - 4

4-s
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6-7

7^8

B-9

v.L

- 138-

(òw/¿Y ) dy
Yz 

in.

-0. 00940

-0.00312

-0. 000705

0. 00060

0. 00141

0. 001_875

0.002L0

0. 00207

0.001s6

0. 00075

0.00075

0. 00075

0. 00075

0. 000375

z

9-10

10-11

11-L2

L2-L3

13 - 1_3. 5

(èw/èy

in.

- 0. 00940

-0.07252

-0.0L3225

-0.0L2625

-0.011215

-0.009340

- 0 .007 24

-0.00517

-0.00361

-0.00286

-0.00211

-0.00136

-0.00061

-0.00023s

dy

,4

Mz

15 1b.-in.,

L20 I-b. - ín. ,

Carrv - Over Factors Calcul-ations,

Slope and

e,
+

e2

C.
l_nt er 10 r

t"*r"Jro'

Deflection CalcuatÍons Model- P3 Load Type D.

0.0L75 rad. ,

0.00636 rad.

_ 2M+ oz

Mz o4

lvl 0,26
M4 os

TABLE A - L2

ø.
o

e-))

15 x 0.00636x 2

L20 x 0.0175

120 x 0.00075

0 00075 rad

00808 rad0

15 x 0.00808

'0.091

0.743



-139-
Fíe. A - 27 Photograph of Model P4 Load Type A.
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Yl - Y2

Ín.

0-1

1-2
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3-4
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6-7

7 - 7.75

7.75 - 9

9-10

10 - 11

11 - L2

L2-13

13 - 13.5

-L4T-

v2
(èw/ ay

ín.

-0. 001815

-0.0037 20

-0.004140

- 0. 0041 10

-0.003675

-0.002855

-0.001905

- 0. 000480

0. 001980

0 .00447 0

0. 004s00

0. 004500

0. 004500

0.002250

dy z r:, (òw/ ay )

in.

- 0. 001815
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- 0. 009 675

-0.013785

-0.0L7460

- 0. 0203 15
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-0.022700

-0.0207 20

- 0. 016 250

-0.0117s0

-0.007 250

-0 . oo27 50

- 0. 000500

dy

M
1

Slope and Deflection Calculations

St,if fness and Effectlve l¡lídth Calculations.

L20 lb. -ín.

K

TABLE A - 13

e
1

M
I

ê-1

3KL
X

L
v

0.0045 rad.

Model P4 Load þpe A.

Eh3

115.00 ín.

26,650

3 x 26,650 x 9

441,000 x (0. 2ß)3

lb. - in/rad.
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Fie. A - 29 Photograph of Model P4 Load Type B.
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(àw/ àr ) dy
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-0.0047 2

- 0. 005 15
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r v
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M
2
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Slope and Deflection Calculations llodeI P4 Load Tlpe

Þ2 0.00467 rad.,

TABLE A-L4
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Y1 - Y2
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0-1
1-2
, - t 7\

2.75 - 4

4-5
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6-7

7-8

I - 9.3

vL

- 148-

( aw/ ay
Y2

]-n.

- 0 . 00758

-0.00247

-0. 000435

-0. 00085s

i,0. 00165

0.00207

0.002L7

0.00181

0.00111

dy :
rYL
\
) (awl¿y ) dy
Yt- ln.

M

Stiffness and Effective I,üidLh Calculations.

Slope and Deflection Calculations Model p4 Load Type C.

3

-0.00758

-0. 01005

-0.010485

-0.00963

-0.00798

- 0. 0059 1

-0 .0037 4

-0.00193

-0. 00082

15 1b. -in. ,

K

TABLE

e

M

3

L
v

3KL
v=- t

EhJ

A-L5

0.012 rad.

44L,OOO * (0. 2ß)3

5.40 ín.

3x1250x9

L250 lb. -in. /rad.
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Fig. A - 33 Photograph of ModeL P4 Load Type D.
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Y2

0-1
L-2

J"'Yt

2-3.4

3.4-4
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- 151-

(òw/ðy ) dy
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-0.00910

- 0. 00389

-0.00144

0. 00021
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0.001695
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0. 001215

0.00120
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9-10

10n11

11-L2
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13 - 13.5

/yLu)
V'2

(aw¡ ôy )
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- 0. 009 10

-0.0L292

-0.01436

- 0. 01415

-0. 01307

-0. 011375

-0. 009380

-0.007370

-0.0056L5

- 0. 004400

-0.003200

-0.002000

-0.000800

- 0. 000200

M
4

M2.

dy

15 1-b.-in,,

LzO lb.-in. '

Carrv - Over Factors CalcuLations.

Slope and Deiflectíon Calcul-ations ModeL P4 Load Type D.

TABLE A - L6

ern

cinterior

e2

0.015 rad, ,

0.00467 rad. ,

Cexterior

2M4 ez

M2 e4

tz go

e,
o

0-
5

M4 05

0,0012 rad

0.0059 rad

2x30 x 0.00467

L20 x 0.01-5

L2O x 0.0012

30 x 0.0059

0.156

0.815



B-1

1.

Determination of the Flexural Propertíes of the Plexiglas.

Flexural strength

)

S

Maximum straÍn

r

APPENDIX

(Modulus of Repture);

3PL
= 2b ð.¿

3. Tangent modulus

Es

in outer fiber;

where,

6Dd

2
L

of elastícity or modulus

L3*
=

4bd3

and

L

b

d

load at break in Load-deflection curve (Ibs.)'

span length (ín.),

width of beam (ín.),

depth of beam (in.),

maximum deflection (in,),

slope of the tangent to the initial straight

line portion of the load - deflection curve

(lb. /in. ) .

of elasticity;

D

-1

B-2

B-3

-t52-



Specímen
No.

-153-

S

psi.

L2,250

L2,4oo

10,800

11, 5 00

13,000

1 1,400

1L, 35 0

10,800

4

r
i.n. /in.

0.0293

0.0300

0. 0328

0.0232

0.0314

0.0260

0.0246

0 .0222

E
B

psi,

Àverage
thíckne s s

ín.

460,000

440,000

430,000

434,000

440,000

420,000

44o, ooo

464,000

Average

0.236

0.239L4

0.2404

0.248L

0.24266

0.2474

0.249s

0.23796

1 1, 9oo

Flexural Properties of Plexiglas

TABLE B . 1

441 ,000 0.2430
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c-1
ture Cl

rotation

Determination of Stiffness Factor for Model Cl.

Tras loaded by a couple of loads P as shown in

0 of the plate at the centre column was obtained

APPENDIX

TesË struc-

Fig.C-1.The

by measuring

Steel Strip
Plan

L---ì
la
lP-l¡ -

Fis. C-l TesË Structure C1

E levation

-L62-



verËical deflections A

stub, Then, using the

plate deflection" á at

from the equation:

ó

_163_

at the ends of a steel strip glued to the colunur

reciprocal theorem as díscussed in Chapter II, the

the poínts of load application were calculated

where P

e

ME
2P

ð

curves drawn, and

Load applíed to slab

Rotation of the column caused by

loads P.

Deflection of load point that would

be caused by a moment M applied to

the column.

Load poínt" C to @ in Fig. C - 1 were used, deflectÍon

The plate deflectíons, calculat.ed stiffness factors and effective

slab widths for the three different load values P used are presented ín

Table C - 1. The corresponding deflection curves are shown inFigs.. C - 2,

C-3 and C-4.

where

K
M

rotatíon aË plate at centre coluum due

to an applied moment M.
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c-2
Model C2.

-L70-

Determination of Stiffness Factors and Carry-Over Factors for

The test structure C2,

loading types A, B, C and D shown

shown ín Fig.

in Fig. C-6.

C-5, was subjected to

7 /B':
3 /B,J

L3 7IB
3lB"-tl'

?,/B"

P

Plan

---lz

\ì

Fie. c-5

E levation

Test Structure C2

P
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The measured plate deflecríons at poinr O Lo @ ín

Fig. c - 5 are presented in Table c - 2. The rotations 01, 92, 03,

C4, 05, and 0O of the plate were obtaÍned by measurement from the

plotted plate deflection curves which are sho¡¡n in Fígs. c - 7, c - g,

c - 9, c - 10, c - 11. The plate stiffnesses and effective widths and

carry-over facËors were determined as outlined in Sections 2.2 and 2.3.

Sample calculations for transverse loads of 150 lbs. applied to the

shear wal1 and 40 lbs. loads at the edge column, are presented. in

Table c - 3. Tables c-4 and c-5 are the average values of stiffness
factors, effective wicrths and carry-over factors respectively.

(A)

Fie. C-6 Load Types for Model C2

(B)

(c)

(D)
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Moment applied

"1

Resulting plate roËatÍons :

to centre shear wall (See Fig. C -

Load type

Load type

and

Moment applied

M2

- 181-

A

B

L50x7.5

Resulting plate rotat,íons

to exterior column is:

Load type

Load type

and

6) is:

LL25 lb. -ín.

01

g2

05

(1) Stíffness facror

4ET
L

C

D

40x7.5

0.00238

0. 00259

0.00256

03

g/,

06

Moment of inertia 11 =

K1

300

rad.

rad.

rad.

Mt
e1

Effectíve width b1

= LL25
0. 00238

47 2,ooo

472,000 x LL.25
4 x 2.85 x 106

0.0066

0. 0096

0.00045

Calculatíon of Stiffness and

lb.-ín.

47 2,000

0.465xL2x8xBx8

rad.

rad.

rad.

3x3x3

lb. -in. /rad.

lb. -ín. /rað",

/,
tn..

Carry-over Factorsand Eff.

0.465

Table C - 3

105 .50

I,üídths for Model C2

1n.



(2> Stiffness factor K2

-L82-

Ivloment lnería Tz

4EI
=L

M2

E

Effectíve wídth b2

( 3) t43

300

0. 0066

45,500

45,500 x LL,25

4 x 2.85 x 106

0.0449xL2xBxBxB

45,500

Carry-Over Factor

lb.-in./rad.

(4) r"r,4

2 Nr2 g2

s4

3x3x3

0.0¿+49

for Interior Panel

Carry-Over Factor for

2x300x0.00259

2 x 300 x 0.00259

10. 20

0.0096 x LL25

.tttn.'

0. 0096

C1

Mt 9o

05

Calculation of

1n.

lvi3

I,ll

0.Lt+4

Interíor PaneL

lb.-in.

Stiffness and

L125 x 0.00045
0.00256

LL25 x 0.00045

0.00256 x 300

Carry-ôver Factorsand Eff . I^Tidthsfor Model_

Table C-3(Contínued)

c2 = NÍ4

M.2

lb.-ín.

0. 660

C2



Load

1bs.

50

100

r50

200

250

ot
rad.

- 183-

0 .00075

0 .00160

0.00238

0 .00340

0 .00520

K

in.-lb./rad.

500,000

469,000

47 2,oo1

442,000

36 I ,000

K
ave.

in. -lb . /rad.

Load

lbs.

b ave,
in.

44B,8oo

50

100

150

e_)
rad.

Load Type

0 .0008

0 .00165

0 .00256

101.00

92
rad.

0 .00090

0.00160

0.00259

Load Type

Plate Rotations

Tabl-e C-4



toad

lbs.

20

0^
J

rad.

30

-tB4-

0.00276

0 .00450

O . 00660

0.00113

40

I\

in. -lb . lrad.

50

54, 300

50, 100

45, 500

38, 700

K
ave.

ín.-lb . lrad.

Load

lbs.

10

b
ave,

in.

Load Type

47,L00

e.
o

rad.

20

0 .00010

0 .00021

0 .00032

0 .00045

0 .00060

30

r0 .60

40

n+

rad.

50

0 .00218

0 .0043

0 .0068

0 .0096

0.0125

Plate Rotations
Table C-4 ( Continued

Load Type
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D - 1 Yíeld Líne Analysis for Model C2.

any line r^ras computed using the formula for

where

APPENDIX

Mu

and

f¿b

P.-fu
f¿

Mu

AS

f.
v

fr
c

b

d2q.(t-

=As
bd

The resisting moment across

u1tímate momenË,

Ultimate momenL capacity of the section.

Area of tension reinforcement

Two fallure mechanisms were assumed ln the yield line analysís.

The first mechanism is shown in Fig. D - 1(a) and the second in Fig.

D - 1(b).

The materíal properties assumed were , fy = 461250 psi for
the reínforcement and f¿ = 3p80 psi for Ëhe concrete. slnce the

spacing of the reínforcement was not uníform in either direction, Ëhe

average number of wires in each dírection rrlas used in computing slab

moment capacities per unlL r¿idËh.

0. s9q)

fv
;îtc

Yield strength of reinforcement

Compressive strengËh of concrete

I^Iidth of the sectíon

Nominal effective depth.

(D- 1)

(D-2)

For Ehe negatíve

ínthe N-Sdrectionas

dírectíon.

reinforcement, number of wíres per ín. was 2.66

shor,¿n in Fíg. D - 2 and 2.10 in rhe E - i{

-L87 -
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Rotation Axes

iier¿a t i vc ;l(rtj.(ltrl I'j ".,1tl 
I.;r,.,

llechanism 1

Symmetrical and

Rotation Axes

r'()$ 11.,i--çil

Rotatíon Axes

i,lolu¿,:nL ì1-i.r: kl l*i.n¡.,:

l-"

Negative Moment Yield Líne

Fie. D-1 Assumed Failure Mechanisms, llodel C2
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i--rr'--j--rr'--*] c

sq. in.

The average depth

Thus, for the N-S

Fig. D-2 Direction of trnlires Reinforcement

For 0.038 in. diameter wire, cross-sectíonal area r¡ras 0.001134

1 x 0.288

and from equatíon (D-1)

for the slab was 0.288 in.

directionreuqation (D-2) gives:

{1 2.66 x 0.001134

rLi 3080 x L(0.228)2 x

46250

3080

0.ls7 (1 -

0,L57

0.59 x 0.r57)



=*1 =

Sírnilarly for the E-ll

q2 0.L24

and Muz = 29.30

=*2=
The unít moment capacity

AC ín Ftg. D-2 is then:
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36.30 lb.-in./Ín.

unit moment in N-S direcËíon

dlrect ion

*bl

lb.-in./ín.

unit moment in E-tr^l direction

mbl, ín a dÍrection normal to line

m1 Cos'r',, * ur, Sin2e1

36.30"i*zo.soxI

Similarly, the unit moment, rb2 normal t.o line AB is:

32. 80

mb2

For the posítíve

ín Lhe N-S direction and

m1 Cos'n, * m, sLn20,

lb. -ín"/in. Sínce

36. 30

34.90

4
X='T.)

Thus

Z9.ZO x I

lb.-in./in. where 02

reinforcement,

I.77 in the

2.52 x 0.001134q3

450

number of wíres per in. wete 2.52

E;I^l direction.

O.28B

462s0

Tan

260

3080

-1 I
l2

34',

0.L49



and Mu3 3080 x

34.7 0

n3

S írni I ar ly

9.'+
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0.083 x 0.L49(1 - 0.59 x 0.L49)

and

lb.-ín"/in.

unít moment in N-S direction

}I
u4

0. 105

25.L0

m4

The unlt moment normal to

*b3 = 29 '85 1b'-in ' /in'

And that normal to line AB is:

lb.-ín./in.

unit ¡nomenË in E-I^I directíon

m
b4

line AC is then:

Analysis for Mechanl-sm

32.7 6

to the shear wall

dlssípation ED

lb.-in./in.

causes a shear r¿all rotatíon of 0 radíans, the energy

ín the sLab is:

1. Assuming that external moment M applted
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Negatíve Yield Line

E
D1

1

24 x 32.80 x ¡ + L2 x 32.80 + 6 x 34.90

*24x34.90xL
6

305.70 lb. ín.rad.

Positive Yíeld Line

Eoz 24 x 29.85 x ] *, L2 x 29.85 + 6 x 32,76
L2

*24x32.76xL
6

Total

283.20 Ib. in.rad.

Eo = 305.70+283.20 = 588.90

_1'- L2

1x-
L2

lb . ín. rad.



External l^lorkdone

M.0

Thus, equating

L.25P
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P x 7.5

Analysis for Mechanísm 2.

the external and

_. 1

6

poÍnts where cracks Íntersect

L.25P

internal work:

s88. 90

588. 90

L.25

Assume parameters

the free edges of

*l "r- *l " l'-

47L.0 lbs.

----:

a and b to define the

the plate.

--r-
I

I

b

- -./'

t.\

\

*l " l--

--+- G2-a)

(Y

l" f'-

(r2-b)



Then, for triangle

OC
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ll

BCO

OB Cos (o< - ef)

(CosocCos 01 * Sinxsin 01)

\tl;-;r
r2b

For negative reínforcement,

The unit moment capacity *bl, in a direction normal to

BO is thus.

12(a+b) - ab

L2-b

L2a - ab

where Sin 0,

%r m1 Cos'n, * m, cos2 e2

nbl = 36.30

(12 - b)
and Cos 0,

288-z4a+a2
L44

9440 - 703b + 29.3b2

1íne

288-z4a+a2

+
L44-z4a+a2

288- Z4A+A2
29.30
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Sirnilarly, Ëhe unít moment,

when Sin 0,

ffì" ^ =D¿
36.30

and the unit moment,

%Z normal to line AO,

when Sin o(

L44-24a+a2

and Cos 0,

288-24a+a2

9440-872a+36
2BB-24a*a2

%¡ normal to line AB,

For positive moment,

The unit moment,

\r?-.-7

+ 29.30

\: = 36'30

3a2

L2-a

288- 24a+a2

L44

^2+ b2
62

and Cos o(

%+=

a229.30 , ,
a+b

34.7 0

mbL'

288-24b+b2

The unit moment, r%S , normal to líne AO is:

288-Z4A+A2

8615 - 6o2b + 25.LOb2

1n a direction normal

L44

= z9.3Oa2 + 36.30b2

^2 + b2

+ 25.L0

to line

L44-z4a+a2

BO is:

288-z4u+u2



obs

288 - 24a+ a2

The unit moment, t%O , normal to line

34.7 0
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L44-24a+a2

8615 - B32a+34.70a2

288- 24a+a2

IIL-
bb

.2
34.70

^2+ b2

25 .Ia2 + 34.1b2

^2+ b2

Negative Yield Líne,

25.L0
288- 24a+a2

L44

E"Dl

25.L0

IS:

2

(24 - 2ùl

^2+

9440-872a+36.3a2

b2

288-24a*a2

25 .LaZ+ 34.7b2

9440-872a*36.3a2

^2+ b2

2BB-24a*a2

, 
[,12-b)

1
X

L2

]"

\rJ;-F
12(a+b) - ab

g44o - 7O3b + 2g.3b2

24 x 34.9

9440 - 703b + 2g.3b2

2BB- z4a+a2

288- 24b+b2

I
X

6

+ 6 x 34.m] "
1

L2



Positive Yield Line,

= (24- r.)[

-L97 -

+

8615- 832a+34.7a2

(

z{3 + azlaots -ezz^ + z+.tu2
v [. 288- 24a+a2

2BB-24a+a2

+
29 .3a2 + 36.3b2

+ zlr,, -

a2+ 62

Addíng eq. (D-3) and (D-4), rhen,

Total energy dissípation

]"

+ 24 x 32.76

1

L2

ra;-;r
I2(a+b) - ab

b)
8615 - 6o2b + 25.LOb2

+

288- 2t+b+b2

8615 - 602b + 25.rob2

1x
6

2BB- 24b+b2

I
+ 6x32.761 v 1

)12

^)L8055 - L7O4a + 7La¿l* zça2+ A2¡

2BB-24a+a2 J izC.*u>rl

18055 - L7O4a+7La2

288- 24a+a2

. å[, 12 -b)

ED

+ 4 x 67.66

(lSoss-130sb+s4.4a2\

+ 18055 - 1305b + 54.4b2 * s4.4a2 + ltu2
288-24b+b2 ^2+ 62

288-Z4A+A2

x

+ 6 x 6?.66J

....(D-s)



Äs suming

ED

in., from eq. (D-5)

(L2- a) [ reoss - L7o4a +
6 |. 2BB-24a+a2

As suming
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65 .8

L7O4a + 7La2

Er

54.4a2 + LL37

in., from eq. (D-6)

^2+ 16

Assumíng

649.s

649.s

* (^2 + 16) fraoss - L7o4a +

4a+r4W

L.25

Er

42s.5

lb. ín. rad.

]-ll . ¡

L7O4a + 7La2

Assuming

648.4s

648.4s

520.0 1bs.

L.25

in. ,

En

lb. in. rad.

654.86

6s4.86

518.0 lbs.

use

L.25

]-b. in. rad.

t-n.

523.0 lbs .



Substituting

Eo so.4s * z(g + a2) 
fuo., *36+eb t

Ín., ín eq. (D-5)
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Assuming

+-L
6 lc', 

- o,

E'"o

(180s5 - 13osb + s4.4b2) I +

18055 - 1305b +54.4b2

in., from eq. (D-7)

Assuming

624.9s

624.95

L.25

288 -24b + b2

288-24a+a2

E
D

, 489-r

338.30

lfl . ¡

6:
9

Assumíng

624.25 lb. in.rad.

624.25

+ 7

,+

Lb2

lb . in. rad.

500.0 lbs.

b

r.25

Thus the smallest load

]-fI . ¡

633.7 5 lb. in. rad.

499.0

633.75

L.25

lbs.

1S 499 .0 lbs.

507.0 lbs.



The computed ultimate load for assumed failure mechanism I \¡ras

47L lbs., and that for assumed faílure mechanism 2 was 4gg lbs.

The experímental]-y measured ultímate load ¡¡as 450 lbs, The above

computed results based on the concept of the yield f-ine theory, which

should be used merely as estímates of the ultimate capacíty, are seen

to be agree with the experimental value.
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