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PREFACE

This thesis is based on a study of the inter~action of
flat plates with transversely loaded columns and shear walls.
The study consisted of two experimental programs, which were
carried out independently by Messrs A, Parnichkul and R. Nantasarn.

The first of these, conducted by Mr. Parnichkul, in-
volved the fabrication and load testing of two 1/16 scale micro
concrete flat plate models. The second, performed by Mr. Nantasarn,
involved the construction and testing, by the Moiré method, of four
1/24 scale plastic plate models.

To avoid duplication and to facilitate comparisons

between the two programs, both are reported on in this thesis.
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CHAPTER I

INTRODUCTION

1.1 Object and Scope. In recent years the use of multistory build-

ings has grown rapidly for both residential and commercial purposes. As
buildings increase in height, it becomes increasingly important to ensure
adequate lateral stiffness against wind, seismic or blast loads. A com-
monly used type of structure which provides this lateral stiffness con-
sists of a central core, which acts as a shear wall and accommodates
elevators, stairs and services, surrounded by peripheral and possibly
interior columns. The floor systems generally consist of flat plates,
flat slabs, waffle slabs or concrete joints.

In the lateral load analysis of such shear wall-frame structures,
the structure is often idealized asza series of parallel planar frames
for which the "beams" are portions of the floor systems. One of the most
comp Lex problemg in the analysis is the estimation of the effectiveness
of the floor systems in resisting the relations of the shear walls and
columns. In the past, it has sometimes been assumed for analysis pur-
poses that the frame carries only vertical loads while shear walls resist
all lateral loads. If, however, the shear wall-frame interaction is
considered, the frame and shear walls tend to prevent each other from
taking their natural free deflected shapes and a redistribution of forces
among them will result. The calculated stiffness of the structure will
also be increased. The force distribution in the structure depends on

the stiffness of the members connecting the frame and the shear walls.
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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 in resist-
ing lateral loads.

The object of this study was to measure experimentally the stiff-
ness and carry-over factors for flat plates loaded by couples produced
by loads applied transversely to columns and shear walls of various dimen-
sions and shapes. The stiffness factors 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 would have the same flexural stiff-
ness at a laterally loaded column or shear wall as the actual flat plate.

Four 1/24 scale plexiglas and two 1/16 scale micro concrete
flat plate quels were used in the tests. Each model consisted of several
continuous flat plate panels supported by peripheral columns and loaded by
couples applied transversely either to central column or shear wall stubs

or to peripheral column stubs.

1.2 Relationship to Previous Tests. Interaction of wideplates with

laterally loaded columns and shear walls has been treated analytically
and experimentally by several investigators. Tsuboi and Kawaguchi (1)
carried out tests on nine mortar plate models loaded through column stubs,
and compared their test results with those from an elastic finite difference
analysis. They reported effective plate widths based on stiffness factors
for interior columns.

2
Khan and Sbarouniss ) investigating the "Interaction of Shear Wall

and Frames" reported an approximate solution obtained from simple mathema-
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tical and physical models. The analytical study was supported by a sypli-
fied elastic model test showing good agreement. Also the results of their
study of column plate interaction were in close agreement with those of
Tsuboi and Kawaguchi.

Brochie and Russel(3) who 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 elastic medium with a variable
modulus of elasticity and the loads were assumed applied directly to the
plate. They expresséd their findings in terms of effective plate widths,

(4)

Carpenter studied the subject of effective plate stiffness and
reported effective slab widths which were in good agreement with those
obtained by Brochie and Russel, althoughvthey were based 6n different def-
initions of stiffness. While Carpenter used the moment rotation charac-
teristic of one column with other columns remaining fixed, Brochie rotated
simulteneously every column on the axis of rotation and obtained a somewhat
lower stiffness due to the transverse carry-over factor.

(3)

Bernard and Schweighofer studied plexiglas models subjected

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

a series of plates of varying sizes. Test results showed a good agreement
with an analytical study employing Rosman's formula. When the width of

the plates was increased, different stress values resulted., It was repér—
ted that the difference could be caused by stress concentrations due to
unconnected shear walls. The tests yerified that within the elastic rang
the entire width of the prototype plate could be considered as effective

stiffness for frame action for two coupled shear walls. Carry-over factors



were not considered in this study.

The ACI Building Code(6) 318 - 63 does not recommended specific
valueé for effective stiffness, but does imply in Sec. 2102(g), the
participation of the entire panel width for transfering unbalanced mo-
ment. The pertinent section states: '"When concerning with lateral loads,
the moment shall be distributed between the column and ﬁiddle strips in
the same proportions as prescribed for negative moments due to gravity
loads." A further statement in the same section reads in part, "A slab
width between lines that are 1.5t each side of the column may be consi-
dered‘effective.”

(7)

Distasio and Van Buren, developing an analytical procedure for
transfering moment between columné and a flat plate floor, suggested that
the lateral force moments be split into two parts; one part was carried
in direct bending from the slab into the column. The critical section was
assumed at a distance equal to the slab thickness outside the column peri-
phery. The other part, in the same critical section, was carried by tor-
sional moment. Concrete and steel bars passing through this section were
considered to produce resisting shearing stresses.

The studies cited above investigated the interaction of flat plates
and 1aterally 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.



CHAPTER 1II

THEORETICAL CONSIDERATIONS

2.1 Introduction. The general elastic plate theory has been used

by Carpenter(A) to analyse a flat plate to which couples have been applied
by laterally loaded columns. While finite element or finite difference
methods could be used to extend this analysis to plates loaded through
shear walls, only an experimental study is undertaken here. Plate deflec-
tions and slopes under knéwn loadings are measured and the plate stiffness
and carry-over factors calculated from the appropriate applied loads and

measured deflections.

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

over factors used for the plate are those normally used in the slope -
deflection equations. The factors are derived by considering a member

AB subjected to transverse loads and end forces as shown in Fig. 2.2.1

P P
v A l l
% ~—~_0B {
L ———'l AN

Fig 2.2.1 Toads and Displacements for Member AB
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Assuming clockwise moments and rotations to be positive, and assum-
ing displacement to be positive for clockwise rotation of the member about
end A (all signs shown here are negative) the following relationships

are obtained:

2EI 3 A . -
M = - e .2,
" (20, + 6, ) * gy
L L
2EF I 3A) u 2 2.0
M = (26_ +6, - + ¥
BA L B A L FBA
where, M , M = moments on ends A and B respectively,
AB BA
MFAB, MFBA = fixed end moments on ends A and B respectively,
QA s QB = rotations of ends A and B relative to line AB,
= transverse displacement of end B relative to
end A,
L = gpan length of member,
P = any arbitrary load,
E = Young's Modulus of Elasticity,
and I = moment of inertia of the member.

The above two equations are known as the slope - diflection equations.
For a continuous flat plate as shown in Fig. 2.2.2, if a moment, MAB’ is
applied at the support AA, the slope - deflection equation may be simplified
as follow:

Let the span length I, the width b and the depth d of the member

be the same as the span length Lys the equivalent width Ly and the thick-



Ly (effective width)

-
/
B

B = b(beam width)

h{slab thickness)

+= d(beam depth)

Fig. 2.2.2 Imaginary Beam of a Flat Plate.
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ness h of the flat plate, thus creating a hypothetical wide shallow

membexr.
From equation 2.2.1, since M = 0,
FAB
2E I 3 A
M = (206 -6 = —— ) I 2.2.3
AB L A B L

where QA » B clockwise rotation and counter clockwise rotation
of ends A and B of the plate respectively,

I

the moment of inertia 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 restrained from trans-

lation (pinned), GB and /\ become zero and then

4 FE I GA
MAB = T e e ean, . 2.2.4
Lx
MAB 4 E I
or _“5“““ = T i et 2.2.5
A Lx

Equation 2.2.5 gives the moment - rotation relationship for the

plate, and is used to define the stiffness factor which is designated as

M

LE I
K -2 _ - . e . 2.2.6
L
9A X
1. h3
where T = J e 20207
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Combining equations 2.2.6 and 2,2.7

LE L B E L h
K = ( 2 ) = L ceeen. 2.2.8.
L 12 3 L
X X

The stiffness factor can be determined experimentally by applying known
moments MAB and measuring the resulting plate rotations QA . When the

stiffness factor has been determined, the effective width of the plate,

Ly » can be calculated from equation 2.2.8, and is:

3K L
L = —= . 2.2.9
Y E b
2.3 Carry - Over Factors, The carry-over factor for a member AB

is the ratio of the moment M.BA produced at fixed support B, to the
moment M.AB applied at a simply supported end A. Since it is difficult
to measure the fixing moment at a plate support, the principle of super-
position was used in obtaining the carry-over factors.

To illustrate the procedure beam ABC in Fig. 2.3.1 is considered.
End C 1is fixed while points A and B are simply supported. In Fig.
2.3.1(a), a clockwise moment, MBA s is applied at B and caused rotations
QAl and 931 at A and B respectively. Moment, MBA > 1s now removed

and a clockwise moment, MAB » is applied at end A as shown in Fig.2.3.1(b).

The resulting rotations at A and B are 9A2 and GBZ respectively,

Since M causes a rotation O at A, and
BA Al

M causes a rotation 0 at the same point A,
AB A2
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the moment at A required to produce rotation OA at point A is

M o .
AB eAl / A2

B B . .
y =P TRl Il v S
idsas QA]_ gBlnA]M t CEairias '2;
BA
(a) (b)

%[@

|~
-
=
e
~
z
-
-

ASIN) S\NRY

%égs;\‘_—%%;;QT;éii;/MFBA

(c) (@)

Fig. 2.3.1 Superposition

If the total rotation at A is to be made zero, an imaginary clock-
wise moment equal to MAB gAl / 959 should be applied at point A at the
same time as MBA is applied at point B. This imaginary moment is called
the fixed end moment A to B or MFAB as shown in Fig. 2.3.1(c).

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

moment Mp,p, divided by the moment MBA/2 or

M
2 AB gAl

BA o] M
A2 BA
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In the same way if Op, 1is to be kept at zero when Mup 1is

applied, the fixed end moment B to A or MFBA is equal to MBA QBZ/ gBl

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

M

C}
CAB = gBA B2 L. ceceeaene
M
Bl AB

Equation 2.3.1 is uded to determine the carry-over factors for

panels loaded at interior columns of shear walls, while equation 2.3.2

is used to determine the carry-over factors for panels loaded at exterior

columns.

2.4 Measurement of Stiffness Factor for Model Cl1. For micro - con-

crete model C1 (shown in Fig. 2.4.1), the section modulus of the loaded

column was very small compared to that for the plate and it was impossible

to obtain sufficiently large plate deflections by applying lateral loads

to the column. Consequently, the following procedure had to be used to

determine the stiffness factor for the plate.

Wires }‘Metal Strip
I

| P—
L

_JL
5 .
; //,“‘——B\\\ I,
: e et 5 ’/:7ﬁ
Zéé7 ofT ;\\‘JQ::__J_,_,,
P /
/|l
[ U

Fig. 2.4.1 Model Cl
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A pair of loads P were applied to the slab at equal distances
from the exterior column as shown in Fig. 2.4.1. A metal strip fixed
to the column, was connected to deflection gauges by means of copper wires
and used to accurately measure the column rotations.

From the reciprocal theorem

2p6 = Mo Y S
where : 8 = the column rotation produced by loads P,
5§ = the slab deflection at each load P that

would result from a moment M applied to

the column.

If M is assumed to be unity, then equation 2.4.1 becomes

S = _° e, 2,42

2P

By varying the points of load application, a series of @ values
was obtained and the corresponding deflections calculated and plotted.
The slope o¢ of the plate was then measured from the deflection curve,

and the stiffness factor calculated from;

K = X - Ceess e esan 2.4.3
X

_L
oC
stiffness calculations for loads P of 50, 100 and 150 1bs. are

included in Appendix C.



CHAPTER IIL

EXPERIMENTAL PROCEDURE

PART A PLASTIC MODELS

3.1 Description of Models. Four 1/24 scale flat plate models

designated P1l, P2, P3 and P4 were tested, Their dimentions are given
in Figs. 3.1.1, 3.1.2, 3.1.3 and 3.1.4 respectively, Panel widths for
models P2, P3 and P4 were varied to accomodate shear walls of various
shapes.

The models were designed in such a way that loading could be
applied through either the center column or shear wall, or one or two
of the exterior columms along the same loading line. All exterior co-
lumns remained fixed when the center column or a shear wall was being
loaded.

The models were cut from a sheet of 1/4 in. thick black ple~
xiglas (acrylic sheet). Fixed columns were simulated by column stubs
cut from 1/2 in. square steel bar with 1/4 in. diameter holes drilled
through their centres to clamp them to the plate and loading frame.
They were 1/2 in. in height except for those in the line of loading,
which were 3/4 in. in height. The loaded columns had the same cross-
sectional dimensions as the fixed columns and were 3% in. in height.

A V-notch was made on each loaded column stub at 2 7/8 in. from the
plate in order to provide a 6 in. moment arm. The rectangular shear
walls were cut from black plexiglas sheets and cemented to the top and

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

-13-
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plate floor., The box shear wall was fabricated by cementing sheets
together and then cementing the assembly to the plate. Jaybond GC-2
acrylic adhesive cement was used for cementing all joints. In order

to provide a 6 in. couple arm, a 3/16 in. diameter hole was drilled
through each shear wall at a point 2 7/8 in, from the plate, to accomo-

date a loading yoke.

3.2 Experimental Procedure. The Moire'apparatus shown in Fix. A -2

was used to meaéure the plate slopes for all plastic models. The prin-
ciples of the Moire' technique are summarized in Appendix A, All models
were positioned vertically and bloted to the frame shown in Fig. 3.2.1.
Since the slope and deflections parallel to the direction of loading
(the vertical direction) only were required, the screen was always
positioned such that the ruled lines were horizontal.

Each model was subjected to four different types of loading,
designated 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 determine the plate stiffness
factor loaded at an interior colummn.or shear wall by a couple of forces
6 in. apart acting in upward and downward directions. The forces were
provided by weights attached to steel cables which were connected to
a pair of galvanized steel strips that were placed on either side of
the column or shear wall. The upward force was applied by means of a
pulley system. The pulleys were calibrated to correct for friction

force,



-19-

e

ettt

e arasaatiiriaie e - -t el
,o'qotooooococoooou;c,onﬁDOtarcnonoon

3.2.1 Loading Frame

Fig,




-20-

‘g °dLy, PeOT ‘€'g'¢ ‘SId Y. odAL
peoT ‘7'Z7'¢ ‘SId

]
| .
ANSNAN



-21 -~

@ °dLy peOoT ¢C'7Z°'¢

814

NN

') 9dLT, peoT %°C ¢ 814




-22-

Loading type C was used to measure the stiffness of the plate
loaded at an exgerior column or in the case of model P4, at two adjacent
exterior columns. Since the lateral couples applied to the exterior co-
lumns tended to cause lateral deflection of the plate at these columns,
it was necessary to provide simple supports for the plate at the loa&ed
columns to restrain the slab laterally as indicated in 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 were restrained by
angles which were bloted to the frame, |

Since the fixing moment at a fixed column could not 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 B was similar to type A except that one exterior column on the
loading line was replaced by a simple support as shown in Fig. 3.2.3.
Loading type D1 was similar to type C except ﬁhat the slab was simply

supported at the interior column or shear wall.

3.3. Properties of Plate Material. Eight specimens cut from the

same plexiglas sheet as were the model plates, were used to test the
flexural properties of the material. The tests conformed to ASTM Speci-
fication D790~66 Procedure A, Test for Flexural Properties of Plastic?
The specimens were 5 x 1 x 1/4 ins. and were loaded with the 1 in.
dimension horizontal on a 4 in. span, using a universal testing machine,
The supports had 3/8 in. radii and the radius of the loading head was

1 in. The rate of crosshead motion was set at 0.167 in,/min. The load -
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deflection curves are presented in Appendix B where the flexural pro-
perties are also calculated.

Table B - 1 shows the material properties as computed from the
test results, and the average values. The other physical properties of

(9

the plexiglas used may be obtained from the manufacturer's cataloque,

3.4 Photographic Technique, The curvatures and rotations of the

model plates were obtained from photographs of interference fringes ob-
tained using the Moire" apparatus.

Kodak D - 19 Developer and Kodak Metallographic plate were
used in the photography. The camera was first focused on the unloaded
model and a sharp image of lines of the Moire' screen obtained on the
ground glass window of the camera. This was accomplished by completely
opening the diapﬁragm and viewing the image on the ground glass with a
magnifying glass. During focusing the photoflood lamps were switch on.
After focusing, the diaphragm was set to its smallest opening (£:32) to
obtain good contrast. The double exposures of the unloaded and loaded
model were then made, and the photographic plate developed. The picture
was fixed with the Kodak Fixer, washed under running water and allowed
to dry at room temperature. Kodak Bromide Paper F - 3 Single Weight
and Kodak Dektol Developer were used for obtaining enlargements, which
were made to one half scale.

The camera of the Moire' apparatus is located behind the ruled
screen and the photographs were taken through a hole at the center of

the screen. A difficulty was encountered due to a reflection from the
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cylindrical inner surface of the hole which produced a black circular
ring on the photographs. This could not be prevented either by painting
the surface black or by moving the screen. However, it was minimized by
raising the photographic plate and lowering the screen to focus at the
area of interest on the model. The dark spot, which appears on the most
of Moire' photos is thé image of the opening through which the photos
were taken.

To obtain photos with clear, sharp interference patterns it is
essential that the reflecting surface of the model be clean and dust
free. Since it is extremely difficult to clean the surface without scrat-
ching it, great care should be exercised to avoid the forming of dust on
the models.

Four types of loading which have been described previously were
used for each model pléte. Because of the sizes of the models and the.
Moire'apparatus, it was impossible to photograph the whole plate. Furtu-
nately all loadings used gave symmetrical fringe patterns (an example of
which is given in Fig. 3.4.1), and only the lower half of the model was

photographed and used for fringe measurements.
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Fig. 3.4.1 Symetrical Fringes for Model P2 Ioad Type A,

(obtained by positioning model as far as possible from the camera)
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PART B REINFORCED CONCRETE MODELS

3.5 Description of Test Structures. The two micro concrete models,

designated Cl1 and C2 and shown in Figures 3.5.1 and 3.5.2 respective~
ly were tested. Model Cl had four square flat plate panels with peripheral
columns and one central column. Model C2 had three panels in one direc-
tion two in the other, and a central rectangular shear wall whose width
covered a full panel.

(a) Prototype The concrete models were designed to represent
flat plate floors with 16 foot square panels, a 6 in. slab and 12 in.
square columns. No drop panels or column capitals were used. The height
of each story for the prototype was assumed to be 10 ft. The rectangular
shear wall for model €2 corresponded to a 17 ft. wide, 8 in. thick
wall for the prototype. The prototype was designed according to the
318-63 ACI Building Code,(6) using the empirical method of Section 2104.
The live load assumed was 60 psf and the dead load of the slab was 75 psf,
giving a total load of 135 psf. Three thousand pound concrete with an
allowable compressive stress of 1350 psi. and an allowable shear stress
of ZVEZ or 110 psi was assumed. An allowable stress of 50% of the
minimum yield strength or 20 ksi was assumed for the reinforcement.

(b) Models A scale factor of 1/16 was used for the two
models. This yielded a model panel length of 12 in. and a slab thick-
ness of 3/8 in. Three quarter in. square by one half in. thick steel
blocks were used to simulate fixed columns for both models. Three six-
teenth in. diameter bolts, passed through the steel blocks and the plate,

were used to fasten the models to a loading frame., Other columns and
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the shear wall were cast from mortar. The dimensions of the shear wall
for model C2 were 12 3/4 in. by 1/2 in. The heights of sheat wall
and column stubs were &4 1/4 in.

A 0.038 in. diameter music wire (piano wire) was used as slab
reinforcement and 0.067 in. diameter wire was used for column and shear
wall reinforcement. Column ties were fabricated from 0.015 in. diame~
ter copper wire. Of the wire used, only the 0.038 in. diameter music
wire was annealed, The slab reinforcement patterns for models Cl and
C2 are shown in Figures 3.5.3 and 3.5.4 respectively.

The design method, design loads and allowable stresses of models
Cl and C2 were the same as those for the prototypes.

(c) Design of the Models Because the design loads and allow~

able stresses were the same for both models and prototypes, the follow-

ing force conversions had to be used:

2
P = S
p - £ ( SL ) Pm
and M = S. (s )3 M
P £ L m
where Pp’ Mb =  Forces, moments on prototypes

g
8
22
it

Forces, moments on models

S¢ =  Stress scale factor £../f = 1

SL =  Length scale factor 16

The unit stresses and moduli used for models were:
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£l = 3000 psi

f = i

¥y 40000 psi

E, = 30 x 10° psi

6 .

E, = 3x 10 psi
n = 10

The properties of the concrete used for the model structures were
similar to those of a typical concrete that would be used for the proto-
type. Because the models were to simulate the prototype, the steel rein-
forcement for the models required the same pertinent properties as that
for the prototype. Music wire suitably treated, served the purpose satis-

factory.

3.6 Material Property Control

(a) Introduction Remarks Micro concrete models are composed

of only two important materials; namely mortar and reinforcing wires.
In order to simulate the properties of the concrete and reinforcement
in the full-scale structure, Both the mortar and reinforcing wire have
to be carefully prepared. As noted by Petri,(lo) the location of the
material is one problem, while continuous supply with consistant proper-
ties is an other. The latter is generally more prominent because of the
fact that the quality control of commercially available materials is not
sufficiently good for model construction.

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

has to be equal to that of concrete in the prototype. The workability of

the mortar must be moderate. A stiff mix results in poor workability and
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makes the removal of voids and air pockets difficult. On the other
hand, if the mortar is too wet, excessive shrinkage occurs. Also the
proportion: of components of the mortar must be consistent. Because
of the small size and quantities involves, materials of consistent pro-
perties must be exactly proportioned.

The fine aggregate used was 100% Selkirk Silica Sand with a
specific gravity of 2.67. The sand was obtained from the Selkirk Silica
Co. Ltd. in three sdizes: 16#Z— 30# 30# - 60% and 60# - 100# Three
gradations designated type A, B and C, were tested to obtain the grada-
tion that would yield the highest strength. Type A was obtained from
Portland Cement Association Bulletin D113.(1l) Type B was obtained
from the Magazine of Concrete Research Vol. 14 No.40, March 1962.(12)
Type C was adapted from the Structural Research Series Bulletin No.256

(13)

University of Illinois. Sieve analysis for the three gradations used
are shown in Table I and the particle size distribution curves are shown
in Fig. 3.6.1.

Trial batches using the three gradations were mixed, using a w/c
ratio of 0.6 and agg/c ratio 0.3. DAREX AEA air entrainmment agent was
used in each mix. Nine 1 in. by 2 in. cylinders, cast in the plastié
moulds shéwn 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 the highest strength can be
explained by the fact that it had a smaller volume of voids than either

type A or B. TFor this reason, it needed less cement paste. The arrange-

ment of sand particles was another possible reason for the highest strength
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TABLE I

Particle Size Distribution of Sands

U.S, Sieve Type A % Type B % Type C %
No. retained retained - retained
8 0 0 0

16 20 0 1.40

30 20 30 25.60

50 10 35 23.55

60 - - 6.50

100 16 35 25.75

200 -- -— 12.90

F.M. 1.76 1.95 3.14
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3.6.2 Cylinder Moulds




-38-

of type C.

The material used for the concrete models were:high early
strength Portland Cement, Sieved Sand, air entrainment agent and water.

The air entrainment agent had an important effect on the results
as it increased the strength and workability of the concrete: for a given
cement or water content. DAREX AFEA was used at the rate of 3/4 fluid
ounces per sack of cement,

The 3/4 cu.ft. capacity electric mixer, shown in Fig. 3.6.3 was
used for mixing all concrete for the models. The duration of mixing was
3 minutes. The proportions finally selected were: sand 21.0lbs.,‘cement
6.0 1bs., watér 4,081bs.., w/ec ratio 0.68 and air entrainment agent
1.95 c.c. All materials were measured by weéight to the nearest ounce on
a balance scale.

Table 1II shows strengths for trial mixes employing gradation C.
Both the w/c ratio and the agg/c ratio were varied. Seven cylinders
were cast from each mix. Workability, type of vibration and method of
curing were recorded for each. Crushing strength xm;w/cvratio curves
were plqtted in Fig. 3.6.4. Each point on the "air-dried" curves re-
presents an average strength of 4 cylinders, and each point on the "humid-
room' curves represents the average of 3 cylinders.

(c) Reinforcing Steel The small wires used in model construc-

tion should have similar properties to those of the prototype reinforce-
ment. Consequently it was desired to achieve a yield stress of 40 ksi.
to correspond to the yield stress for intermediate grade steel and to
scale down the diameters of the prototype reinforcing bars by a factor

of 16.
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3.6.3 Electric

Mixer
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It was not possible to find a wire to meet these requirements
exactly. However, it was possible to obtain high strength mﬁsic wire
of the correct diameter and by heat treating it for different lengths
of time obtain the proper yield point.

In this annealing process, various lengths of wire were placed
in a rack which was 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 1700°F and a 2 hours duration was found to be satisfactory. A larger
diameter wire would require a longer annealing time.

After cooling in air, the wires were placed in a 1 litre capacity
glass cylinder containing dilute acid (1 part hydrochloric, 3 parts water)
for about ten minutes, then rinsed and dried.

Figure 3.6.5 shows the stress-strain curves for a typical wire
before and after annealing. The value of the modulus of elasticity was
reduced from 28000 ksi to 26000 ksi during the annealing process. Table
III gives the values of the yield strengths for eight samples of the
annealed wire. The value assumed as the yield point for the slab rein-
forcement was 46.25 ksi. The coefficient of variation of the slab steel

yield point was 10.8%.

3.7 Construction of Test Structures

(a) Construction Considerations Great care was necessary in

the construction of the concrete models because small errors in measur-

ing or placing the wire reinforcement in the models could correspond to
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TABLE III

Yield Point of Annealed Wires

Sample No. fy (ksi) fy ave. (ksi)
1 47.7
2 39.8
3 42.4
4 40.5
5 50.3 46,25
6 52.0
7 45,2
8 52.3
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relatively large errors in the prototype. An approximation of +5%
of construction error was allowed, while a tolerance of +0.02 in.
was allowed for the thickness of the slab, span length and the place-
ment of reinforcement.

(b) Formwork The formwork for each model consisted of a
single 1/2 in. thick plywood sheet lined with a 1/8 in. thick plastic
sheet. The plastic sheet was used to prevent water absorption from the
mortar by the plywood. Plastic strips 3/8 in. deep and 1/2 in. wide
were screwed on the form to provide edge forms for the slab and serve
as a guide for the screed. The slab forms are shown in Fig. 3.7.1 and
3.7.2. The column forms and the shear wall form for model C2 were
made from 1/2 in. thick plastic sheet. The joints were screwed together
and sealed by a double coating of plastic glue. It was found that glued
joints between.the columns and slab form for model Cl sepafated during
vibration, and screwed joints were used for model C2,

To provide holes through the slab at fixed columns, 3/8 in long
1/4 in. outer diameter plastic tubes were screwed to the form. The plas-
tic tubes were removed by drilling after casting and provided holes for
bolting the slabs to the loading frame.

Holes of the appropriate sizes were provided at the centre and
edge of the form to accommodate the column and shear wall stubs through
which the loading was to be applied,

Each form was stiffened by a 2 in. by 4 in. timber frame which
was designed to minimize deformation of the form during casting and vibra-

ting.
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(c) Reinforcement Fabrication

1. Slab Reinforcement Fabrication For convenience,

the wires were taped to a plywood sheet which had the same dimensions

as the slab see Fig. 3.7.3. The orthogonal sets of reinforcing wires
were soldered at the joints to maintain the correct spacing between
individual wires. An oxygen acetylene torch was used for the soldering.
Tt was discovered that for a time consumption of a few seconds with a
flame length 1/8 in., the yield strength was not effected.

2. Golumn, Shear Wall Reinforcement Fabrication

Music wire of 0.067 in. diameter was used for column and shear wall re-
inforcement. This wire was not annealed because the study did not re-
quire accurate simulation of the column and shear wall behaviour.

Column reinforcement cages were fabricated using 4 in. squate,
1/4 in. thick plywood templates. Longitudinal wires of the correct
length were passed through accurately located holes in the templates
and 0.015 in. ties were bent to a square shape around the main reinforce-
ment and soldered. The spacing of the ties was about 3/4 in. It was
impossible to pass a completed column reinforcing cage through the slab
reinforcing mat because of the close spacing of the wires in the mat.
Thus the half-completed steel cage was positioned and then the other
half was fabricated,

The shear wall reinforcement was fabricated in the same manner.
Fig. 3.7.4 shows the column and shear wall reinforcement.

(@) Placement of Reinforcement Before the column steel cages

were positioned, both positive and negative slab reinforcement was placed.
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Fig. 3.73 Plywood Sheet and Soldering Device for

Fabricating Slab Reinforcement .
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The positive slab reinforcement was supported on a 1/8 in. long piece

of 0.038 in. diameter bar spaced at approximately 1 in. intervals through
out the slab., For the negative reinforcement, steel spacers of the pro-
per diameter were used as chairs to place the reinforcing mats at the
correct height. The chairs were positioned at about 1 in. intervals
throughout the slab. Figure 3.7.5 shows the placement of chairs and
steel bars.

The mat was tied doﬁn using 0.01 in. diameter copper wires pass-
ing through one sixteenth in. diameter holes in the slab form., Careful
checks were made to insure éufficient tie-downs and to assure the correct
positioning of all wires. Then the holes on the slab form were glued and
final checks were made to assure that all joints were watertight. Fig,
3.7.6 shows the view of réinforcement for model Cl in place ready for

casting.

o @Kzo o@"l:/o (3 y ‘o 3
\\\\\¢£f// %%iﬂ éi;— Flat Surface

Steel Spacers

Negative Reinforcement

o] [o] [o] [o] o}
Lo} ro (o) (e} (o]

\ZStee]_ BarSX/ Flat Surface

Positive Reinforcement

Fig. 3.7.5 Slab Reinforcement Spacers
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Fig. 3.7.6 Over-all view of the Reinforcement - Model C1
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(e) Casting

1. Casting and Curing The lower portions of the
columns and shear wall and the slabs were cast as a unit. Fig. 3.7.7
shows the casting operation. A small massage vibrator was used on the
under side of the slab form at points close to the columns and the shear
wall, a concrete vibrator was used at the edge of the form.

A wooden 2 in. by 4 in. screed was used to screed the slab sur-
face. Two 3 in. by 6 in. and twelve 1 in. by 2 in. control cylinders
were cast from each mix., Seven hours after casting, the surface of the
slab and all cylinders were coated with white shellac to minimize mois-
ture loss. After the surface had dried, the slab and cylinders were
covered with wet burlap and a plastic membrane as shown in Fig. 3.7.8.
One day later, the upper portions of the columns and the shear wall
were cast. The control cylinders were removed from the moulds, coated
with shellac and stored with the slab.

2. Material Properties The control cylinders were

tested three days after loading of the models (at an age of 40 days).
The average compressive strength of the 1 in. by 2 in. cylinders was
3080 psi.

Stress-strain curves obtained from the tests of the 3 in. by
6 in. cylinders are shown in Fig. 3.7.9. The average value of the
initiai tangent modulus from the curves was 3.14 x 103 ksi. and secant
modulus was 2.85 x 105 ksi.

(£) Condition of Structures at Beginning of Testing The

structures were cured under moist condition for seven days and the
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Fig. 3.7.8 Curing of Slab C2
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forms removed on the eighth day. The slabs were carefully examined
with a magnifying glass for any damage or cracking that may have oc-
curred. There wefe no craéks but several voids were observed; primarily
in the columns of the model Cl1 and on the slab closed to the shear wall
»of model C2.

Patching was carried out with the slabs in an inverted position.
A cement-sand mixture was used to f£ill the voids. After patching, the

entire structures were moist cured an additional three days.

3.8 Loading System and Deflection Apparatus

(a) loading Frame The loading frame consisted of four 2 in.

by 2 in. by 1/4 in. angles embedded in a square 4 1/2 ft. by 4 1/2 ft.
and 8 in. thick concrete base slab. These angles served as columns sup-
porting a system of 3:in. by 1 1/2 in. by 1/4 in. channels. The columns
were stiffened by four 2 in. by 2 in. by 1/4 in. angle horizontal braces
bolted near the tops of the columns. Two of them acted as‘beams to carry
channel supports to which the 1/2 in. long steel bars which simulated

the fixed columns for the test structures were bolted. To stabilize the
frame laterally, two 1 1/4 in. by 1 1/4 in. by 1/4 in. 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 céncrete base
slab. |

(b) Loading System The loading systems for test structures

Cl and C2 were different. 1In the case of structure Cl, vertical loads

were applied to the slab as described in Chapter IT. Six 1/8 in. dia-



-65-

Fig. 3.8.1 Loading Frame
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meter holes were drilled on either side of the column along the slab
centre line. A 3/32 in. diameter threaded steel rod was used to support
the loads in each direction. The downward force was provided by suspended
weights while a tail nut fixed to Dillon Gauge was tightened to give the
upward force simultaneously. The pointer on the gauge showed the magni-
tude of load, loads were applied at each pair of 1/8 in. diameter holes
in turn. Fig. 3.8.2 shows how the Dillon Gauge was fixed to the frame.

Structure C2 was loaded by horizontal forces applied to the
column or shear wall 3 3/4 in. above and below the mid plane of the slab.
The forces were provided by suspending weights from flexible steel wires
running over fixed pulleys. The pulleys.were calibrated to account for
friction loss. Fig. 3.8.3 shows the method of load application.

Pairs of steel plates 1/8 in. thick, 1 in. wide and 28 in. long
were used as loading yokes for the shear wall, as indicated in Fig. 3.8.4

(c) Deflection Apparatus, Because the slab deflections were

relatively small, special deflection measuring gauges were fabricated.
They consisted of 0.01 in. thick 3/4 in. wide 2 3/4 in. long, cantile-
vered brass strips with a strain gauge mounted on the top face close to
the clamped end. Each strip was clamped between two 1/2 in. thick 3/4
in. wide 2 in. long steel plated which could be bolted to a dexiom angle.
The deflection of the free end of the brass strip was measured in terms
of the strain gauge reading. Fig. 3.8.5 shows the deflection measuring
device.

Many such devices were made and all were calibrated individually.
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Fig, 3.8.2 Dillon Gaunge
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Fig., 3.8.3 ILoad Application of Model C2
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Model C2 .

Fig. 3.8.4 Steel Yokes used for Load Application
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Fig, 3.8.5 Deflection Measuring Device
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The calibration apparatus 1s shown in Fig. 3.8.6. During calibration

an initial strain gauge reading was recorded with the brass strip free.
Then the pointer of a 0.0001 in. increment dial gauge was brought into
contact with the bottom surface of the strip while a fine thread screw
from the top maintained the initial reading on the strain indicator,

The dial gauge reading was noted. By turning the top screw in incre-
ments, the deflection was recorded on the dial gauge and on the strain
indicator. This gave the relationship between the vertical deflection
of the strip and the strain indicator reading. The calibration was per-
formed twice for each gauge; for increasing deflections, and for decreas-
ing deflections. Fig. 3.8.7 shows a typical calibration curve,

During the testing, deflection measurements were made using a
0.009 in. diameter copper wire connecting the slab and the free end of
the cantilevered brass strip. Thus it was necessary to correct for the
elastic elongation of the wire. In order to do this a wire was glued
to the free end of the strip and a load of approximately 60 grams applied.
The load was increased or decreased until the deflection of the strip was
within the calibrated range. The true deflection at the free end of the
wire was then obtained by substracting the elongation of the wire from
the deflection determined from the strain indicator reading.

Small 3/8 in. by 1/4 in. by 1/16 in. "L" shaped steel strips
were glued to the slab at points where the deflection was to be measured.
The free end of the wire was pulled down till the strain indicator read-
ing was close to that obtaiﬁed~during the calibration, and then glued to

the leg of the steel strip. A plumb line was used to properly position
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Fig, 3.8.6 Set ﬁp Measuring Device
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the deflection measuring dévices on the dexiom frame.

For model €2, sixteen deflection measuring devices were spaced
along the centre line of the slab. Typical deflection curves are shown
in Figs. ¢ - 7, C - 8, C - 9, C - 10, C - 11, Appendix C. A describe

strain indicator was used to record all deflection gauge readings.



CHAPTER IV

DISCUSSION OF TEST RESULTS

4.1 Test Results for Plastic Models, Deflections and slopes of

models P1, P2 and P3 were calculated along the loading line which passed
through the centre column or shear wall. For model P4 which involved a
box type of shear wall, deflections and slopes were calculéﬁed along the
two 1oading'lines which joined the edges of the shear wall and the ex-
terior columns. The calculated deflections and slopes are shown in Ap-
pendix A,

The relative deflection between any two points is the integration
of the slope between them, or the area under the slope curve. Since all
columns, and shear walls were assumed to prevent lateral deflection of
the plate, the area under the slope curve from the exterior column to
the point of maximum deflection should always equal that between the cen-
tre column or shear wall and the point of maximum deflection.

The calculated deflections in Appendix A show small relative de-
flections between the exterior column and the interior column or shear
wall. For load types A and B of all model plates, these differences
did not exceed 3 percent. This may be regarded as an error in interpreta-
tion of the photographs.. 1In 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 plate supports mormal to the plate surface. This dis-
crepancy may also be due to discontinuity of the plate rigidity. The

loaded column was rested on a knife-edge support and its positioning may

-75-
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have affected the movement of the column.

‘Table 4.1.1 summarizes the applied loadings and resulting plate
rotations. The moments and rotations are classified according to the
type of loading and model. (The stiffness, and carry-over factors and
the effective widths obtained are presented in Table 4.1.2 Values are
listed for panel loaded by an interior column or shear wall and for a
panel loaded by an exterior column. The stiffness factors K were
calculated from equation 2.2.6, while the effective widths were ob-
tained from equation 2.2.9. The carry-over factors were obtained from
equation 2.3.1 for the interior column loading and from equation 2.3.2
for the exterior column loading.

The reliability of the test results is mostly dependent omn;

1. the reliability of the instrumentation,
2. the precision in scale reduction of the photographs
and 3. the interpretation of the photograph to obtain

curvatures and rotation.

Plate slopes obtained using the Moire' 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 the
last two variables are kept constant, the slope values obtained are de-
pendent on the size of the plate only. The error due to the size of

15)

the plate has been studies by Ligthenber.( For sizes of the plate

from 0.5 to 0.8 of the distance between the plate and the screen,

the errors are of the order of 1 to 4 percent. The Moire' method
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is used primarily in the study of moments in flat plates.(ls)’(l6)’(l7)
Kupta and Vaughen(l7) used this method in conjunction with a computer
program to investigate the curvatures and relative deflectionsof flat
plates. Deflections at three points, obtained by reaching the point by
different routes were compared. The differences were found to be as
large as 3 percent.

Precision in scale of the prints is very important since the
deflections under investigation are extremely small compared to the di-
mensions of the plate. Since the deflections and the angles of rotation

are so small, human errors which may occur in the interpretation of frin-

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

significant.
4.2 .Test Results for Concrete Models, The test results for the
concrete models are presented in Appendix C. The computed wvalues

of the stiffness factors and effective widths are summarized in Table
4.2.1
TABLE 4.2.1

Stiffness and Carry-Over Factors and Effective Widthsfor Concrete Models.

Interior Column (Shear Wall) Loading Exterior Column Loading
Effective Carry- Effective | Carry-
Model Stiffness Width Over Stiffness Width Over
in.-1b./rad. in. Factor | in.-1b./rad. in. Factor
c1 32,328 7.24 - - -
c2 448,800 101,00 0.1492 47,100 10.60 0.666
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Because the central column for model Cl was not sufficient
stiff to transmit the reqﬁired moments to the plate, the indirect loading
procedure discussed in Section 2.4 was necessary, and stiffness factors
and effective slab widths were determined only for the interior column
loading.

Three different load levels were tabulatéd in Appendix C. The
coefficient of variation of computed stiffness factors and effective widths
agreed within 4.07 percent, the average values can be seen from Table
4.2.1,

For model C2, stiffness and earry-over factors and effective
slab widths were determined for both interior and exterior column (shear
wall) loadings, and are tabulated in Table 4.2.1, FEach of the tabulated
values was obtained by averaging values obtained for either four or five
different load levels. The individual values and the corresponding load
levels are also tabulated in Appendix GC.

The coefficient of variations are as follows.

Load Applied by Interior Shear Wall.

Stiffness factor (and effective width) 11.85 %
Carry-over factor 7.75 %

Load Applied by Exterior Column

Stiffness factor (and effective width) 11.10 A

Carry-over factor 6.57 %

After the elastic stiffness and carry-over factors had been de-

termined for model C2, the model was loaded to failure by loads applied
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transversely to the shear wall. Fifty pound loading increments were used
and cracking was first observed at a load of 250 1b. at which time the
maximum plate deflection was 0.0493 in. The first crack initiated on
the top of the slab at the point where slab and shear wall met, and pro-
pagated across the width of the panel in a direction perpendicular to the
shear wall. At a load of 350 1b., another crack appeared on the top of
the slab but at other side of the shear wall and had a similar direction,
At a load of 400 1b., long diagonal cracks formed between the edges of
the shear wall and the peripheral columns. Many cracks extended from the
edges of the shear wall towards the corners of the slab. Fig. 4.2.1 shows

cracking lines of the slab. At failure load maximum deflection was 0.142

in.

An ultimate strength analysis of model C2 is presented in
Appendix D. Yield line theory was used to find the ultimate load.
4.3 Discussion and Comparison of Test Results. As mentioned in

chapter I, five plexiglas and two micro concrete models were tested. Plexi-
glas models Pl and P3 were similar to concrete models Cl1 and C2
respectively, and Table 4.3.1 shows the comparison of the results obtained
from the similar models.

The computed effective width for the interior column loading of
model Cl was smaller than that for model Pl. This different may be
due partly to the different values of Poison's ratio for the material used.
However, the discrepancy is probably largely due to the unreliability of

the result for model Cl, since it was obtained by a rather indirect pro-
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Fig. 4.2.1 Cracking Lines on the Slab C2




cedure.
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Unfortunately the stiffness factor for the exterior column

loading and carry-over factors could not be obtained for model CI.

TABLE 4.3.1

Interior Column (Shear Wall) Loading Exterior Column Loading

Effective Carry- : Effective| Carry-

Modell Stiffness Width Over Stiffness Width Qver
in.~1b./rad. in. Factor in.-1b./rad. in. Factor
P1 2,320 10.00 0.133 1,325 5.70 0.290

Cl 32,400 7.36 - - - -
P3 16,000 69.00 0.091 1,250 5.40 0.743
c2 448,800 101,00 0.1492 47,100 10.60 0.666

For model P3, the effective widths for both the interior and

exterior loading were smaller than those for model C2.

This could be

explained by the fact that the models were made from materials which have

different values of Poison's ratio and in addition, while model P3

homogenous and isotropic, model C2 was not.
exterior column loading for models
While the carry-over factors for the panel laoded by the interior
wall do not agree axactly, the factors ha
Because of their

probably extremely difficult to obtain.

P3

was

The carry-over factors for

and C2 agree within =10 percent.
shear
ve the same order of magnitude.
relatively small magnitude, an axact agreement would

The discrepancy may be largely

due to the difficulty of simulating complete fixity, or a smooth pin at

the plate supports.
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The results of this investigation are compared with those from
previous studies in Figs. 4.3.1, 4.3.2. and 4.3.3. Fig. 4.3.1
shows plots of effective width/actual panel width vs column panel width
ratios for panels loaded through an interior column. From the figure,
it can be seen that the effective widths and stiffness factors for in-
terior column loading are extremely sensitive to the size and shape of
the interior column. For model Cl with a column-to-panel width ratio
of 1/16, the average value of the effective width obtained from three
set of loadings (50, 100 and 150 1bs.) was 0.61 of the actual panel
width. This was slightly smaller than the values obtained by Brotchie
and Russe1(3) who reported a range of 0.67 and 1.67 for column to -
panel width rétio of 1/20 to 1/7. The value obtained from model Cl
is also smaller than that obtained by Carpenter(4> who reported that
the full slab width may be used for the column-to-panel width ratio of
1/14. For model Pl the effective width obtained can be seen to be
approximately 16 percent higher than the value obtained by Carpenter
for the same column panel width ratio.

Fig. 4.3.2 shows effective width/actual panel width vs column
panel width ratios for panels loaded through exterior columns. For this
loading of all model plates the effective panel widths vary little. When
the plate is subjected to a moment at exterior column, it appears that
the moment does not distribute into the interior panel. This resulted
in the same stiffness regardless of the size and shape of the interior

supports. The stiffness factor obtained for model Pl 1is about 24 per-
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cent higher than that obtained by Carpenter for a model with similar
geometry and the same column panel width ratio.

The carry-over factor for panel loaded by interior columns is
extremely small compared with those obtained anélytically using an
equivalent bgam. Fig. 4.3.3 shows a comparison of the carry-over fac-
tor from the interior column of model Pl with value obtained by
Carpenter for the same column panel width ratio. The value is approxi-
mately! 45 percent lower than that obtained by Carpenter. The carry-
over factors for panel loaded by interior column or shear wall are ap-
proximately the same for all models except P3 indicating that the
carry-over factor from an interior column or shear wall is almost inde-
pendent of the size and shape of the column or shear wall.

For exterior column leading the carry-over f;ctors ranged from
0.29 to 0.815, the higher values corresponding to the stiffer interior
shear walls.

Little published information is available on the effective stiff-
ness of plates loaded by transverse loads applied to shear walls. Barnard
and Schwaighofer(S) conducted a study of structures including shear walls
coupled by a slab. They reported that the entire width of phototype plate
can be considered as effective for frame action for the shear walls con-
nected by a plate. This result is in agreement with the test results ob-
tained in the study since for model P2, P3, P4 and C2 effective widths
much greater than the actual.panel width were pbtained. It is obvious
from the large values obtained, that effective panel width is not a suit-

able criterion for expressing the effective stiffness of the slab in 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 positioning of the shaded exter-
jor columns in Fig. &4.3.4(a) large torsional moments will be developed in
the centre panels when 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 will not be present, and the apparent slab siffness will therefore
be greater reduced,

It is thus obvious that the "effective slab width'" is a function
not only of the slab thickness and panel size, but also of the geometry
of the whole structure and therefore not a suitable criterion for speficy-
ing plate stiffness.

Model C2 was tested up to failure. When failure occured the ob-
served ultimate load was 450 1bs. compared with the computed strength
from Appendix D which was 471 1bs. for first collapse mechanism and

499 1bs. for the second collapse mechanism.

[J U U - U U

%,
7

S |

%,

ul A ] [ (1 (]

(a) (®)

Fig. 4.3.4 Comparison of Two Types of Shear Wall Structure.




CHAPTER V

CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY

5.1 Conclusions. An experimental study of stiffness and carry-over
factors for elastic plates loaded by transverse loads applied to columns
and various shapes of shear wall has been made. For a shear wall struc-
ture subjected to lateral loads the following conclusions are made.

1. For flét plate loaded only through interior columns, the effec-
tive panel widths range approximately from 0.6 to 1.1 of the true panel
width. It may be concluded that, for a column panel width 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 width is independent of the shape and size of interior supports.
The effective widths 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 exterior column ranged from 0.29 to 0.815, depending on the
size and shape of the fixed interior column or shear wall.

4, Carry-over factors from a loaded inferior column or shear wall
are relatively small, and practically independent of the size and shape of
the interior column or wall. Values ranging from 0.091 to 0.156 were
obtained.

5 Effective widths of panel loaded through interior shear walls
ranged from 3 to 12 times the true panel width, The large values ob-

tained indicate that effective slab width is an unsuitable criterion for

-90-~
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indicating the efffective stiffness of flat plate - shear wall structures.
Micro concrete model C2 was loaded to failure, which resulted
from flexural failure in the slab combined with punching shear at the edge
of the shear wall. .The experimental ultimate load was in good agreement
with the results of a yield line analysis, the effective slab width reduces
as ultimate moment approaches; This can be explained by the fact that as
the ultimate load approaches, large deformations occur with very little
increase in the slab moment capacity. Thus the stiffness factor at the

ultimate load decrease.

5.2 Suggestion for Further Study. Further study is recommended

to establish suitable effective plate widths or stiffness and carry-over
factors for plate loaded through shear walls with various geomeﬁries.

The effect of slab openings near shear walls or columns should be further
investigated, Similar investigations to this one Ishould be performed for
flat slabs and concrete joist floors. The experimental results obtained
should be corelated with analytical studies that could be performed using
finite element or finite difference techniques. Because of'the unsuitability
of the effective width criterioﬁ, further studies to obtain different cri-
teria for representing slab stiffness for shear wall buildings should be
made. Finally the behavior of flat plate and flat slab - shear wall struc-

tures in the inelastic region requires considerably more study.
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APPENDIX A

A - 1 Basic Principle of the Moire' Method. The Moire' Method is an

experimental procedure for measuring the slopes of a deflected plexiglas
plate model, If the slopes are established along a set of parallel lines,
a slope diagram can be drawn. The slope curve along any given line can
then be integrated to obtain a deflection diagram along that line.

A model plate with a reflecting surface is clamped to a loading
frame in front of a ruled screen, as shown in Fig. A - 1. The unloaded
model is photographed through a small opening in the screen, and a reflec-
ted image of the ruled dark and light lines on the screen obtained. For
example, the image of a dark line at point Q would be reflected from
point P on the plate and would appear at point S on the film. The
model is then loaded and rephotographed. If point P on the model ro-
tates through an angle ), the image of a new 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. This
gives interference patﬁerns on the photographic plate and produces Moire'
fringes as shown in Figs.A - 3, A -5, A - 7, ete. These fringes repre-
sent contours of constant slope, and since the slope along eaéh fringe is
constant, it follows that the change of slope between the contours corres-
ponding to two coﬂsecutive fringes must also be constant., This constant
"C"  ig dependent on the interval of ruling screen, '"d" and on the dis-

tance between the screen and the model plate, "a'" shown in Fig., A - 1.

-95-
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Fig., A - 1 Basic Principle of Morie' Method
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(14)

The evaluation of the constant "C" is described by J. Weibe
and for the M 1/03 apparatus used in this study C = 0.0015, Fig. A - 2

shows two views of the Moire' apparatus.

A - 2 Determination of Slope Curve from Moire' Photographs. If a Moire'

photograph of a model plate is taken with the rulings of the screeh in the
x- direction (horizontal), a curve of dw/dy along a line parallel to the
y~ direction (vertical) may be obtained as follows:

A line is drawn parallel to the y-axis as shown 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 then projected downward and plotted
as showﬁ in Figs. A -4, A -6, A - 8, etc. Values of slope are then
plotted to obtain a curve of slope Qy vs distance along the line.

The fringes are numbered stafing from the zero fringe, which re-
presents zero slope (i.e. a zero value for QR in Fig. A - 1) 1In Figs.
A-3, A~-5, A-7, etc., for eiamples, the zero fringe is the one that
extends from the exterior fixed columns. The slope (in a direction per-
pendicular to the ruled lines on the screen) at any point is thus the fringe

order at the point times C.

A - 3 Calculation of Stiffnessess and Carry - Over Factors. The Moire!

fringe patterns and the plots of the computed plate slopes and deflections
are presented in Figs. A - 3 to A - 34, The calculations for the stiff-
ness; effective width and carry-over factor are also included. The last

two calculations are based on the following physical properties and dimen-

sions:



-98-

Fig. A-2 Moire' Apparatus Type M 1/03
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1. Young's Modulus of Elasticity of Plexiglas, E = 441,000 psi.
2. Average thickness of the plate, t = 0,243 in.
3. Panel length of the plate, L = 9.00 in,






(aw/2y) (0.0015) in.

w(0.001) in.
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Fig, A - 4 Slépe and Deflection Curves Model Pl Ioad Type A,
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Yl y1
yl - Y2 (aw/ 2y ) dy E: 3 (ow/ oy ) dy
in, y2 in. y2 in,
0-1 -0.00105 -0.00105
1 -2 . -0.00196 -0.00301
2 -3 -0.00220 -0.00521
3 -4 -0.00210 -0.00731
4 - 5 ~0.00168 -0.00899
5~ 6.35 -0.00100 ~-0.00999
6.35 - 7 0.00033 -0.00966
7-28 0.00231 ~-0.00735
8 ~9 0.00760 0.00025
Ml = 30 1b.-in., 91 = 0,0129 rad.
Slope and Deflection CalculatimsModel P1 Load Type A.
TABLE A =~ 1

Stiffness and Effective Width Calculations.

M
K = L = 2320 1b.-in./rad.
0
1
3 KL
X
L =
y -
3 x 2320 x 9

3
441,000 x (0.243)

10.00 in.
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Fig. A - 6 Slope and Deflection Curves Model P1 Load Type B.
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y y
1 1
.ot Y, S (aw/ 2y ) dy > (ow/ 2y) dy
. y y
in. 2 in. 2 in,
0-1 -0.00255 ~0.00255
1 -2 -0.00250 -0.00505
2 -3 -0.00234 -0.00739
3 -4 ~0.00207 -0.00946
4 -5 -0.00157 -0.01103
5-6,15 ~0.000735 -0.011765
6,15 - 7 0.000554 -0.011211
7 -8 0.00270 ~0.008511
8 -9 0.00840 -0.000111
= 30 1b.-in., 92 = 0,00255 rad., 95 = 0.01375 rad.
Slope and Deflection Calculations Model P1 Load Type B,

TABLE A - 2
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Fig. A - 8 Slope and Deflection Curve Model P1 Inad Type C .
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_ Yl Yl
‘yl - y2 S Caw/ 2y ) dy | 2. S (aw/ 2y ) dy
in, y2 in, y2 in,
0-1 -0.00714 -0.00714
1 -2 o ~0.00220 ~0.00934
2 - 2.55 -0.000285 -0.009625
2,55 - 4 ' 0.00120 -0.008425
4 -5 ' 0.00184 -0.00685
5~-6 0.00225 ~0.004335
6 - 7 , 0.00228 -0.002055
7 - 8 0.00204 -0.000015
8 -9 0..00096 0.000975
M3 = 15 1b.-in., 93 = 0,0113 rad.
Slope and Deflectioﬁ Calculations Model Pl Load Type C.
TABLE A - 3

Stiffness and Effective Width Calculations,

M

K - 3 = 1325 1b.-in. /rad.
0
3
3K L
X
Ly -
3 x 1325 % 9

441,000 x (0.243)°>

5.70 in.
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Fig, A - 10 Slope and Deflection Curves Model P1 Toad Type D,

‘\\\\\b\\\\\
//////////, \‘\-~~__
/// Slopg Curvs
0 1 2 3 4 5 6 ‘ 7 8 10 11 12
o 1 2 3 4 5 FUy g 10
il | g(y
* Y
| |
| V4
\ %
| Deflection (Curve
|
] \ y/
\! \ /
X N_ 7



-111-

¥ y »
1 1
yi - Yy (ow/ 2y ) dy :E: (2w/ay ) dy
in. V2 in. 72 in,
0-1 ~0,00845 -0.00845
1 -2 -0.00272 -0.01117
2 - 2.65 -0.00039 -0.01156
2.65 - 4 0.00121 -0.01035
4 - 5 0.00192 ~-0.00843
5-6 0.00234 -0.00609
6 - 7 0.00253 -0.00356
7 -8 0.00250 -0.00106
8 -9 0.00206 0.001
M4 = 15 1b.-in., 94 = 0.0192 rad., 96 = 0.002 rad.,
M2 = 30 lb.-in., 92 = 0.00255 rad., 95 = 0.01375 rad.
Slope and Deflection Calculations Model P1 Load Type D.
TABLE A - 4
Carry - Over Factors Calculations.
. . 2 M4 62 ) 2 x 15 x 0.00255
interior - M, 0, 30 x 0.0192
= 0.133
M 0
) 9 6 30 x 0,002
exterior M4 95 15 x 0.0137
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Yl y1
1o Yo S (aw/ 2y ) dy Z S (2w/ 2y ) dy
. 72 . Y2,
in, in. in,
0-1 -0.001035 -0.001035
"1 -2 -0.00318 -0.004215
2 -3 -0.00362 -0.007835
3 - 4 -0.00375 -0.011585
4 -5 -0.00352 -0.015105
5-6 -0.00307 -0.018175
6 - 7 -0.00216 ~-0.020335
7-7.8 -0.00069 -0.021025
7.8 - 9 0.00223 -0.018795
9 - 10 0.00795 -0.010845
10 - 11 0.00900 - -0.001845
11 - 11.25 0.00225 0.000405
M1 60 1b.~in., 91 = 0.00922 rad.
Slope and Deflection Calculations Model P2 Load Type A.
TABLE A -5

Stiffness and Effective Width Calculations.

M

K =1 = 6500 1b.-in. /rad
9
3K LX 3 x 6500 x 9

Ly = 5 -
Eh 441,000 x (0.243)°
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TABLE A - 6

1 "1
Y1 - 9, Sy (aw/ 2y ) dy Z Sy (aw/ 2y ) dy
) 2 . 2 ,
in, in. in.
0-1 -0,00398 -0.00398
1 -2 -0.00393 -0.00791
2 -3 -=0.00375 -0,01166
3 -4 -0.00345 ~0,01511
4 -5 -0.00304 -0.01815
5-6 -0.00248 -0.02063
6 ~ 7 ~0.00140 -0.02177
7 -17.6 -0,00030 -0.02207
7.6 - 8 ~0.000225 -0,021845
8 -9 0.00287 -0,018975
9 - 10 0.00834 -0.010635
10 - 11 0.00900 -0.001635
11 - 11.25 0.00225 0.000615
= 60 1b.-in., 92 = 0.004 rad., 95 = 0.0089 rad.
Slope and Deflection Calculations Model P2 Load Type B.
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y ¥
1 1 :
1ot 7y S (aw/ay ) dy Z S (ow/ 2y ) dy
. . 2 .
in, in. in.
0~-1 -0.00736 ~0.00736
1 -2 -0.00219 ~0.00955
2 - 2.7 -0.00033 -0.00988
2.7 - 4 0.00087 ~0.00901
4 -5 0.001485 -0.007525
5-6 0.00186 ~0.005665
6 -7 0.002025 -0.003640
7 -8 0.00192 -0.001720
8 -9 0.00138 -0.000340
9 - 11.5 0.00000 -0.000340
M3 = 15 1b.~-in., 93 = 0.01285 rad.
Slope and Deflection Calculations Model P2 Load Type C.
TABLE A ~ 7

Stiffness and Effective Width Calculations.

3 x 1165 x 9

441,000 x (0.243)3

5.02

in.

1165

1b.-in./rad.
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Yl yl
YL - Y, B (aw/ 2y ) dy Ez S (aw/ 2y ) dy
in. V2 in. 72 in,
0-1 -0.00792 ~0.00792
1 -2 -0.00252 -0.01044
2 -2.9 -0.00060 -0,01104
2.9 —'4 0.000585 -0;010455
4 - 5 0.001335 -0.009120
5-6 0.00177 -0.00735
6 -~ 7 0.00195 -0.00542
7 -8 0.001905 -0.003495
8 -9 0.00156 -0.001935
9 - 10 0.00081 -0.001125
10 - 11 0.00075 -0.000375
11 - 11.25 0.00018 ~0.000195
M, = 15 1b.-in., 6, = 0.0143  rad., 9, = 0.000775 rad.
M2 = 60 1b.-in., @2 = 0,004 rad., 95 = 0.0089 Irad.
Slope and Deflection Calculations Model P2 Load Type D
TABLE A - 8
Carry - Over Factors Calculations.
. ) 2M, 9y _2% 15 x0.004  _
interior M2 94 60 % 0.0143 .
c _ M2 96 _ 60 x 0,000775
exterior M, 6. 15 x 0.0089

]
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Fig, A - 19 Photograph of Model P3 Load Type A.
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Yl yi
Yy T Y, ) ( ow/ 2y ) dy > (2dw/ 2y ) dy
in, 72 in, 2 in.
0-1 ~0,00208 ~0.,00208
1 -2 ~0.00457 -0.00665
2 -3 ~0.00528 ~0.01193
3 -4 -0,00540 -0.01733
4 - 5 -0.00523 -0.02256
5-6 -0,00473 -0.02729
6 -~ 7 ~0.00380 -0.03109
7 -8 -0.00231 -0.03340
8 - 8.35 -0.000255 -0.033655
8.35 -9 0.00100 ~0.032655
9 - 10 0.00680 ~0.025855
10 - 11 0.00750 ~0.018355
11 - 12 "0.00750 -0.010855
12 - 13 0.00750 ~0.003355
13 - 13.5 0.00375 0.000395
M1 = 120 1b.~-in., 91 = 0,0075 rad.
Slope and Deflection Calculations Model P3 Load Type A.
TABLE A -9

Stiffnessvand Effective Width Calculations.

M
1

9

3KL

Eh

69.00

in,

1

6,000

1b.-in./rad.

3 x 16,000 x 9

441,000 x (0.243)°
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7 71
-V, S (ow/ oy ) dy 2. S (ow/ 2y ) dy
in, y2 in, y2 in,
0-1 -0.00653 -0.00653
1-2 -0.00635 -0.01288
2 -3 -0.00608 -0.01896
3 -4 -0.00570 -0.02466
4L -5 -0.00522 -0.02988
5-6 -0.00450 -0.03438
6 -7 -0. 00344 -0.03782
7 - 8.2 -0.00186 -0.03968
.2 -9 0.00156 -0.03812
9 - 10 0.00780 -0.03032
10 - 11 0.00870 -0.02162
11 - 12 0.00870 -0.01292
12 - 13 0.00870 -0.00422
13 - 13.5 0.00435 ~0.00013
= 120 1lb.-in., ©, = 0.00636 rad., ©. = 0.00808 rad,

TABLE

Slope and Deflection Calcuations

A - 10

Model P3 Toad

Type B
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Fig. A - 24 Slope and Deflection Curves Model P3 Load Type C.
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y y
1.7 5 1 (ow/ oy ) dy > S 1 (ow/ 2y ) dy
in, V2 in, y2 in.
0 - -0.00722 ~0.00722
1 - ~0.00214 -0.00936
2 - 2,75 -0.00075" -0.009735
2,75 - 0.000585 -0.009150
4 - 0.00132 -0.00783
5 - 0.00175 ~0.00608
6 - 0.00195 -0.00413
7 - 0.00186. -0.00227
8 - 9.6 0.001422 ~0.000848
= 1b.-in., e = 0.,0012 rad.
3 3
Slope and Deflection Calculations Model P3 Load Type C.
TABLE A - 11

Stiffness and Effective Width Calculations.

K

= 125

3 x 1250 x 9

441,000 x (0.,243)°

5.40

0

1b.~in./rad.




Fig, A - 25 Photograph of Model P3 Toad Type D.
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Fig. A - 26 Slope and Deflection Curves Model P3 Load Type D.
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Y1 Yl
Y1 - Yy 5 (2w/2y) day | 2. 5 (dw/2y ) dy
in. Y2 in. 72 in.
0-1 -0.00940 ~0.00940
1 -2 ~0.00312 ~-0.01252
2 -2.95 -0.000705 -0.013225
2,95 - 4' 0.00060 ~-0.012625
4 -5 0.00141 -0.011215
5-6 0.001875 -0.009340
6 -7 0.00210 ~0.00724
7 ~ 8 0.00207 -0.00517
8 -9 0.00156 -0.00361
9 - 10 0.00075 ~0.00286
10 - 11 0.00075 -0.00211
11 - 12 0.00075 -0.00136
12 - 13 0.00075 -0.00061
13 - 13.5 0.000375 -0.000235
M4 = 15 1b,-in., 8, = 0.0175 rad., 8, = 0.00075 rad,
My = 120 1b.-in., ) = 0.00636 rad., 6. = 0,00808 rad.
Slope and Deflection Calcuations Model P3 Load Type D.
TABLE A - 12

Carry ~ Over Factors Calculations.

C. .
interior

C

&

exterior

My 8,
Mo
2

2N, 9,

6 .

15 x 0.00636x 2
120 x 0.0175

120 x 0.00075

15 x 0;00808

‘0.091

0.743
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Fig. A - 28 Slope and Deflection Curves Model P4 Toad Type A,
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y1 y1
Y1 7 Y S (dw/ 2y ) dy 2. 5 (2w/ 2y ) dy
in. 72 in. 72 in.
0-1 -0.001815 -0.001815
1 -2 -0.003720 -0.005535
2 -3 -0.004140 ~0.009675
3 -4 ~0.004110 - -0.013785
4 -5 -0.003675 ~0.017460
5-6 -0.002855 -0.020315
6 -7 ~0.001905 -0.022220
7 - 7.75 —6.000480 -0.022700
7.75 - 9 0.001980 -0.020720
9 - 10 0.004470 -0.016250
10 - 11 0.004500 -0.011750
11 - 12 0.004500 -0.007250
12 - 13 0.004500 ~-0.002750
13 - 13.5 0.002250 -0.000500
M1 = 120 1b.-in. Ql = 0.0045 rad,.
Slope and Deflection Calculations Model P4 Load Type A.
TABLE A -~ 13

Stiffness and Effective Width Calculations.

in.

26,650

3 x 26,650 x 9

1b.-in/rad.

441,000 x (0.243)3
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71 ,
5 (aw/ 2y ) dy

71
> S (aw/2y ) dy

Yy - y2
in. y2 in. 2 in.
0-1 -0.00472 ~0.00472
1-2 -0.00515 -0.00987
2-3 ~0.00470 -0.01457
3 -4 ~0.00410 -0.01867
4 -5 -0.00338 -0.02050
5-6 ~0.00250 -0.02455
6 - 7 -0.00141 -0.02596
7 -7.5 -0.000195 ~0.026155
7.5 - 8 0.000195 -0,02596
8 -9 0.00299 -0.02367
9 - 10 0.00502 -0.01865
10 - 11 0.00525 -0.01340
11 - 12 0.00535 -0.00185
12 - 13 0.00525 -0.00295
13 - 13.5 0.00262 -0.00033
120 1b.-in., 92 = 0.00467 rad., 95 = 0.0059 rad.

Slope and Deflection Calculations Model P4 Load Type B

TABLE A - 14
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Fig. A - 32 Slope and Deflection Curves Model P4 Load Type C.
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yl yl

Y1 = ¥y S (dw/ 2y ) dy > S (2%/2y )

in. 72 .in. 2 in.
0-1 -0.00758 -0.00758
1 -2 -0.00247 -0.01005
2 - 2,75 -0.000435 -0.010485
2.75 - 4 ~0.000855 ~0.00963
4 -5 0.00165 -6.00798
5-6 1 0.00207 | -0.00591
6 - 7 0.00217 -0.00374
7 -8 0.00181 -0.00193
8 - 9.3 0.00111 -0.00082

M3 = 15 1b.-in., 93 = 0.012 rad.
Slope and Deflection Calculations Model P4 Load Type C.
TABLE A~ 15

Stiffness and Effective Width Calculations.

M

3

K = — = 1250 1b.-in./rad.
e
3

3 K Ly

L =

y E 13
3 x 1250 x 9

441,000 % (0.243)3

= 5.40 in,
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Fig. A - 34 Slope and Deflection Curves Model P4 ILoad Type D.
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yl yl
V. - Y S (ow/dy ) dy >, S (ow/2y ) dy
in, V2 in, y2 in.
0-1 -0.00910 -0.00910
1 -2 ~0.00389 -0.01292
2 - 3.4 -0.00144 -0.01436
3.4 - 4 0.00021 ~-0.01415
4 - 5 0.00108 -0.01307
5-6 0.001695 -0.011375
6 - 7 0.001995 -0.009380
7 -8 0.00201 -0.007370
8 -9 0.001755 ~-0.005615
9 - 10 0.001215 -0.004400
10 = 11 0.00120 ~-0.003200
11 - 12 0.00120 -0.002000
12 - 13 0.00120 -0.000800
13 - 13.5 0.00060 -0.000200
M4 = 15 1b.,~-in., e = 0.015 rad., 96 = 0.0012 rad.
M2 . = 120 1b.-in., 0 = 0.00467 rad., 95 = 00,0059 rad,
Slope and Déflection Calculations Model P4 Load Type D.
TABLE A - 16
Carry ~ Over Factors Calculations.
2M4 92 2% 30 x 0,00467
Cinterior = = 0.156
M, &, 120 x 0.015
My 8 120 x 0.0012
Cexterior = = 0.815
Mﬁ 95 30 x 0.0059




APPENDIX B

B-1 Determination of the Flexural Properties of the Plexiglas.

1. Flexural strength (Modulus of Repture);
3PL
S e S AR B-1
2bd
2. Maximum strain in outer fiber;
6Dd
T = e e B - 2
2
L
3 Tangent modulus of elasticity or modulus of elasticity;
L3 m
EB = g e B -3
4 b d
where, P = 1load at break in load-deflection curve (lbs.),
L = sgpan length (in.),
b = width of beam (in.),
d = depth of beam (in.),
D = maximum deflection (in.),
and m = slope of the tangent to the initial straight -

line portion of the load - deflection curve

(1b./in.).

-152-
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E Average
Specimen S T _ B thickness
No. psi. in,/in, psi. in.
1 12,250 0.0293 460,000 6.236
2 12,400 0.0300 440,000 0.23914
3 10,800 0;0328 430,000 0.2404
4 11,500 0.0232 434,000 0. 2481
5 13,006 0.0314 440,000 0.24266
6 11,400 0.0260 426,000 ' 0.2474
7 11,350 0.0246 440,000 0. 2495
8 10,800 0.0222 464,000 0.23796
Average 11,900 441,000 0.2430

Flexural Properties of Plexiglas

TABLE B




('ur) @

%7°0 €0 z'0 1°0 0
T°ON uswioodg - SBIIIX3[Jd JO Setaradoig T
R
Teanxa]4 JO uoIjBUIWIS®IS] [ - g 814 “
_
. | .
"1s8d 000 “9%% = ]
(9€2°0) ® £600°T % ¥ . _
= q
08€ X # X ¥ X % “ oY
‘ut/-ur £€620°0 =
§
% .q X ._N = I
. 9€7°0 X 0€€°0 X 9 09
"1sd L TArAL =
7(9€C°0) ¥ L600°T % ¢
7 X 911 X ¢ = S
0g
‘ur/'q1 08¢ = w
"ut 0€€°0 = a _ /
. . , * ->.m
ut 9€7°0 = P 001
‘ur 600" T = Mg \\\
‘ut 0"y = 1
971 w1t = d 021

("sq1) 4



~155~-

‘7 °ON USWIDdDGS- SBIZEIXO[J 3O So1jasdoig

TBINXDT JO UCTJIRUTWILIRC ¢ - g  SI4
‘1sd | 000 ‘0% =
mAqﬂmmN.oV X 8966°0 X %

SLE X ¥ X % ¥y ) :
‘up/cur €0°0 =
v Xy
= I
#1662°0 ¥ GEE€°0 X 9
18d 00%7°Z1 =
Nﬁqﬁmmw.ov X 8966°0 X ¢
= S
7 X %°L11 X ¢
‘ut/ q1 glE = w
‘ut | GEET0 = a
‘ut vieez'o = “%p
‘ut 8966°0 =  °q
ey 0% = T
a1 G L1IT = d

7°0

£'0

1°0

[}

L

0c

0%

09

08

001

021

{*sq1)4a



(‘ur) @

€0 Z°0 1°0 0
€ ‘ON udwrosdg - SBISIX®Id IO SoT3a9doxd I
Teanxks 4 IO uoljeuUIWIL®@I®g ¢ ~ ¢ ‘3TH __l
. . i
| '
"1sd 000°0¢€Y = :
_ / 0z
| ~
¢ (70%2°0) % 8566°0 X ¥ | \x
- 4 |
0LE X % X 4 X % . 4
0%
‘ut/rut 82€0°0 =
§ K
\O
0y = X
- % X GLT°0 X9
_ ‘ 09
"1sd 00801 =
NA¢0¢N.0v X 8G66°0 X T
= S
7 X G'€0T X ¢
08
‘utr/cq1 oL = w
‘ut : §/2'0 = a
i , ; ‘AB_
‘ut wozo = b 001
J/
ut 86660 = q
‘ut 0% = 1
‘q1 G'g01 = a 0z1

(sq1) 4



-157-

T oy Uswioodg - SE[SIXS1d JO So1319d0ig

1BINXSl  JO UOTIjRUTWI®ISQ ¥ -

"1sd 000 ‘wew

mmﬂwqw‘oV X HT10°T X %

07 XH Xy XY

‘ur/ut 7£20°0

7 XY

I8%7¢°0 X 62°0 ¥ 9

‘1sd 006°TT

NAqum.ov X $110°T ¥ Z

H X [0T X ¢
"ur/°q1 0Tw
‘ut €20
‘ut 18%2°0
‘ut qwﬁo.ﬁ
‘ut 0%
‘q1 L0T

g

]

*814

‘AR

‘AR

0%

(+sq1) 4

08

001

021




G ‘ON uswioodg - SBIZIXO[d FO S9t3asdoig

TBINXe[4 JC UGIJBUTWASIo] € - @ 314

“1sd 000 ‘O%Y

c(99272°0) X €/10°T % ¥

007 X 7 x % %%

‘ur/cur : #1€0°0

7 Xy

99Z%C.'0. ¥ . 9%€°0. X9

-158-

"18d 000°€T

NAmomﬁw.OV X €/T0°'T X ¢

% X 671 X €
ut/tqr ; ~00%
cut 9%€°0
‘ut 992720
‘a1 €LT0°T
‘ut 0%

‘91 621

770

€0

1°0

0%

09

08

001

T

(*sq1) 4



9 ‘oN uswioadg - SBIJIXS9[d JO so1jaadoid

b

TBINXD] JO UOTIJBUTWIIISQ 9 - g ‘ST

1sd 000°02%

mﬁquN.ov X 7600°T X %

qd
= q
007 X % X # X ¢
Ut/ ut 920°0 =
Ve
o A S— ‘ = X
0 YT 0 X 870X 9
] . . .
*18d 00%°T11 =
, NAqﬁqw.OV X Z600°'T X ¢
- . ) g
b X /1T X €
Ut/ q1 , 00% = w
‘ut ; 870 = T a
: o tAR
‘ut /%970 = P
‘ut 7600°T = Mg
‘ut 0% = 1
‘q1 LT11 = d

€0

A‘qﬁv [4

¢'0

1°0

0¢

oY

09

08

00T

('sq1) 4

0CT.



~160-

(‘ur) @

. £°0 0 , 1°0 0
/ °“ON udwiosdg - SeBIIIXS[d JO seoIjisdoag
Teanxs]j 3O uUoljeulwisisq [ - € 914
B,
“1sd 000°¢0%% = w 0¢
N | w
(§6%C°0) ¥ 9Z600°T X ¥ |
€ q ! \
= m‘. _
Qe Xy XK XYy \
| oy
/ut/ Ut 9%20°0 = _
VAR
= X
S6wC’0 X 90’0 % 9 \
09
“1sd _ 06€°11 =
Nﬁmmqm.ov X 97600°T X ¢
= S
7 X 611 X € 08
‘uT/q1 ; Gey = w
‘ut 7920 = a
! ‘ (R}
rut S6%Z°0 = p / , 00T
‘AR &
‘ut 926001 = q
‘ut 0% = T
‘q1 611 = d 071

('sqI) d



-161-

g ‘'oON uswioedg - SBISTIXS[g IO Seoriliedoig ; A.G.,.nv W

‘ €0 Z°'0 1°0 0
TeINXSTd JO UOCIIBUTWIVISC Q - g "SI
"18d 000 “+9% =
mﬁomNmN.OV X 96TI0°T X & : . o . _ 1 0z
= €y |
CoE X H X H Xy i
) y
:
‘ur/rut Z : =
/ 2700 | o
_
_
7 X g | -
= X T
96/E€7°0 X SZ°0 X 9 | -
_ g
"18d 008 ‘0T = 09 L
NAQmNmN.OV X 96T10°T ¥ ¢
% X €01 X ¢ = S
08
ur/q1 u G6€ = ; w
"ut | Sz°0 = a
ut 961€7°0 = - ABp : 001
‘A€
uT 96110°1 = q
ut 0% = 1
"q1 €01 = d 0Z1



APPENDIX C

cC -1 Determination of Stiffness Factor for Model CI1, Test struc-

ture Cl was loaded by a couple of loads P as shown in Fig., C - 1. The

rotation © of the plate at the centre column was obtained by measuring

@@@9@0 DOOBHOG,

: : .

Plan

Steel Strip
EEE;;;Eg%gggé;ggiizs
L I

— \l =5 L’?P\ A1
\ﬁi/(ih i

Flevation

Fig. C-1 Test Structure Cl
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vertical deflections /A at the ends of a steel strip glued to the column
stub. Then, using the reciprocal theorem as discussed in Chapter II, the

plate deflections & at the points of load application were calculated

from the equation:

s - me
2P
where P = . Load applied to slab
6 = 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 points (:) to <:> in Fig. C - 1 were used, deflection

curves drawn, and the stiffness factor calculated from

Q=

]

where oC rotation at plate at centre column due

to an applied moment M,

The plate deflections, calculatéd stiffness factors and effective
slab widths for the three different load values P wused are presented in
Table C - 1. The corresponding deflection curves are shown in Figs., C - 2,

C -3 and C - 4.
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Cc -2 Determination of Stiffness Factors and Carry-Over Factors for

Model C2.
The test structure (2, shown in Fig. C-5, was subjected to

loading types A, B, C and D shown in Fig. C-6.

Plan

Elevation

Fig. C-5 Test Structure (2
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Fig. C-6 Load Types for Model (2

The measured plate deflections at point () to C@ in
Fig., € - 5 are presented in Table C - 2., The rotations 91, O, 93,
9,, 95, and O; of the plate were obtained by measurement from the
plotted plate deflection curves which are shown in Figs. C - 7, C - 8,
C=-9, C=- 10, C - 11, The plate stiffnesses and effective widths and
carry-over factors were determined as outlined in Sections 2.2 and 2.3.
Sample calculations for transvefse loads of 150 1bs. applied to the
shear wall and 40 1bs. 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 widths and carry-over factors respectively.
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Moment applied to centre shear wall (See Fig. C - 6) is:

Ml = 150 x 7.5 = 1125 1b.~-in,

Resulting plate rotations:
Load type A 91 = 0.00238 rad.
Load type B ' 9, = 0.00259 rad.
and : 05 = 0.00256 rad.

Moment applied to exterior column is:

M, = 40 x 7.5 = 300 1b.-in,

Resulting plate rotations
Load type C 63 = 0.0066 rad,
Load type D 94 = 0.0096 rad.
and 86 = 0.00045 rad.
(1) stiffness factor K; = M1 = _1125  _ .9 409 1b.-in./rad.

81 0.00238
4 i L = 472,000 1b.-in./rad.
Moment of inertia I = 472,000 x 11.25 _ 0.465 iné
4 x 2.85 x 100

Effective width by = 0.465 x 12 x 8 x 8 x 8 - 105,50 in.

3x3x3

Calculation of Stiffness and Carry-over Factorsand Eff, Widthsfor Model C2

Table C - 3
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M
(2) Stiffness factor K, = =2 = _300 = 45,500 1b.-in./rad.
3 0.0066
4 E L - 45,500
Moment ineria I, - 45,500 x 11.25 = 0.0449 in%

4 x 2.85 x 10°

0.0449 x 12 x 8 x 8 x 8

Effective width b, = = 10,20 in,
3x3x3
(3) M, - 2My 6 _ 2% 300 x 0,00259  _;o
9% 0.0096
Carry-Over Factor for Interior Panel = 01 = M3
My
_ 2 x 300 x 0.00259 - 0.144
0.0096 x 1125
(4) M, = M % _ 1125 x 0.00045 1b.-1in.
5 0.00256
Carry-Over Factor for Interior Pamel = Cy = M
M2
_ 1125 x 0,00045 _ 0. 660

0.00256 x 300

Calculation of Stiffness and Carry-6ver Factorsand Eff. Widthsfor Model C2

Table C - 3 (Continued)
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Load e K b
1 ave. ave.

1bs. rad. in.-1b./rad. in.=1b./rad. in.
50 0.00075 500,000
100 0.00160 469,000
150 0.00238 472,000 448,800 101.00
200 0.00340 442,000
250 0.00520 361,000

Load Type A
Load 95 92
1bs. rad. rad.
50 0.0008 0.00090
100 0.00165 0.00160
150 0.00256 0.00259

Load Type B

Plate Rotations

Table C-4
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Plate Rotations
Table C-4 ( Continued )

Load e id b
3 ave. ave.
1bs. rad. in.-1b./rad. in.—lb./rad. in.
20 .00276 © 54,300
30 .00450 - 50,100
' 47,100 10.60

40 .00660 45,500
50 .00113 38,700

Load Type c
Load 96 94
1bs. rad. rad.
10 .00010 0.00218
20 .00021 0.0043
30 .00032 - 0.0068
40 .00045 0.0096
50 .00060. 0.0125

Load Type D
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APPENDIX D

D -1 Yield Line Analysis for Model (2. The resisting moment across

any line was computed using the formula for ultimate moment.

M, = £1bd?q (1-0.5q  ........ veve.. (D-1)

where  q S Y Y VIR e eiaaeieaa.. (D-2)
£e bd £7

and Mu = Ultimate moment capacity of the section.

Ag =  Area of tension reinforcement

fy = Yield étrength of reinforcement

fé = Compressive strength of concrete

b = Width of the section

d = Nominal effective depth,

Two failure mechanisms were assumed in the yield line analysis.
The first mechanism is shown in Fig. D - 1(a) and the second in Fig.,

D ~ 1(b).

The material properties assumed were : fy = 46,250 psi fqr
the reinforcement and £} = 3080 psi for the concrete. Since the
spacing of the reinforcement was not uniform in either direction, the
average number of wires in each direction was used in computing slab
moment capacities per unit width.

For the negative reinforcement, number of wires per in. was 2.66

in the N - S drection as shown in Fig. D - 2 and 2.10 in the E - W

direction,

-187-~
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Fig. D-1 Agssumed Failure Mechanisms, Model C2
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Fig. D-2 Direction of Wires Reinforcement

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

The average depth for the slab was

0.288 in,

Thus, for the N-S direction,euqation (D-2) gives:

qy - 2.66 x 0.001134
1 x 0.288

and from eguation (D-1)

46250 _ 4157

3080

My = 3080 x 1(0.228)% x 0.157 (1 - 0.59 x 0.157)



o

Similarly for the

4

M

and 12

The unit moment capacity

AC in Fig. D-2

By

is

36.
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30 1b.-in./in.

unit moment in N-S direction

E-W direction

= 0.124
= 29.30 1b.-in./in.
= m, = unit moment in E-W direction

then:

oy

Similarly, the unit

Y]

oy

36.

32.

36.

34.

w1 in a direction normal to line

003291 + my Sinzel

1 1
30 x 5 + 29,30 x >
80 1b.-in/in. Since 91 = 45°
moment , me normal to line AB is:
2 . 2
Cos 92 + m, Sin 92
4 1
30 x 5 + 29.30 x 5
-1
90 1b.-in./in. where 6, = Tan 6
12
= 26° 34!

For the positive reinforcement, number of wires per in. were 2.52

in the

Thus q

3

N-S direction and 1,77

2.52 x 0,001134

in the EsW direction.

46250 0.149

0.288 3080
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and M = 3080 x 0.083 x 0.149(1 - 0.59 x 0.149)

u3
= 34.70 1b.-in/in.
= my = unit moment in N-S direction
Similarly
q4 = 0.105
and M, = 25.10 1b.-in./in.
= my, = unit moment in -E-W direction

The unit moment normal to line AC is then:

mb3 = 29.85 1b.“in./in.

And that normal to line AB is:

o _ i .
» 32.76 1b.-in./in.

Analysis for Mechanism 1. Assuming that external moment M applied

to the shear wall causes a shear wall rotation of © radians, the energy

dissipation Ep in the slab 1is:



|
N

12"

12”
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12n

B

N
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ety

N

Negative Yield Line

D1

24 x 32.80 x L

12

+ 24 x 34.90 x %

305.70

Positive Yield Line

D2

Total E

D

1
24 x 29.85 x T3 +2 12 x 29.85 + 6 x 32,76 x

+ 24 x 32.76 x %

283.20

+ 12 x 32,80 + 6 x 34,90 x

1b.in.rad.

1b.in.rad.

305.70 + 283.20 =

588.90

S|
N

Sl =

1b.in.rad.
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External Workdone

Px7.5x 1 = 1,25P
5

M.©

Thus, equating the external and internal work:

1.25Pp = 588.90
P = 588.90 = 471.0 1bs.
1.25
Analysis for Mechanism 2. Assume parameters a and b to define the

points where cracks intersect the free edges of the plate,

a l (12-2a)
A
)
S >
b
b 5/ &

B 94 ™~
28 ~
(12-b) 245 N

& X 0

L]
5
A
%
l 2” A
L
L]
//
//
T

[
=
M/\_//
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Then, for triangle BCO

oC

0B Cos (- 91)

-

/288 - 24b + b? (CosxCos 6) + Sin«Sin ©,)

‘ {
Af288 - 24b + b2 __ P 12
’ Z
a® +b° Abss - 24b + b

+ 2 12-b J
Va® + b 1bgg - 24p + b2
- 12b 12a - ab
————rerrr At +—__.—_.__
VaZ + b2 VaZ + b2

12(a + b) ~ ab

a2 + b2

For negative reinforcement,

The unit moment capacity my s in a direction normal to line

BO 1is thus.

mbl = my 005291 + Moy Cos2 92
(12 - b) 12
where Sin Gl = and Cos 91 =
’V288 - 24b + b2 4J 288 - 24b + b*
} 2
my, = 36.30 144 4 144 - 24b + b7 59 39
288 - 24b + b2 288 - 24b + b2

" _ 9440 - 703b + 29.3b2

288 - 24b + b2
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Similarly, the unit moment, mb2 normal to line AO,

12 12 - a

when Sin © = and Cos © =
2 : i 2 i
1/288 - 2ta + a V288 - 24a + a
144 - 24a + a2
m, = 36.30 + 29.30 144
288 - 24a + a2 288 - 24a + a?

- 9440 - 872a + 36.3a2
288 - 24a + aZ

and the unit moment, w3 normal to line AB,

a b

when Sin « = and Cos & = -
a’ + b a2 + b2
b2 2 _  29.30a% + 36.30b2
moa = 36.30 D——— o+ 2930 5—— = > >
a2+ b 2 a“ + b ' a® + b

For positive moment,

The unit moment, m

ba in a direction normal to line BO is:

144 + 25.10 144 - 24b + b2
288 - 24b + b2 288 - 24b + b2

34.70

YA

Il

8615 - 602b + 25.10b2
288 - 24b + b2

The unit moment, m s s normal to line A0 is:
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144 - 24a + a2

= 34.70 + 25.10
b5 288 - 24a + a2
8615 - 832a + 34.70a2
288 - 24a + a2
The unit moment, L normal to line AB 'is:
2 2
m = 3470 -2~ 4+ 25.10 2
a? + b2 a? + b2

25.1a2 + 34.7b2
a2 + bz

Negative Yield Line,

ED1 =

- + .3a2
(24 - 2a) 9440 - 872a + 36.3a
288 - 24a + a2

144

X

- ' 2
+ fogjf:"i;f 9440 872a -+ 36.3a
288 - 24a + a2

25.1a2+ 34,7b2

\/az + b2

a2 -+ b2

+ 2

2

288 - 24b + b2

+ 24 x 34.9 x

o [

288 - 24a + a®

1

2

9440 - 703b + 29.3b2
288 - 24b + b2

12(a + b) - ab

+ 6 x 34.90 | x



-197-

Positive Yield Line,

1
x
D2 - 288 - 24a + a2 12

' 2
+ 24JaZ 7 b2 | 8615 -832a + 34.7a” 8615 - 602b + 25.10b2
288 - 24a + a? 288 - 24b + b2

L 29.3a2 + 36.3b2 [ Y a2 + b2

22 + p2 12(a + b) - ab

8615 - 602b -+ 25.10b2

+ 21(12 - b) + 6x 32,76 | x _L_
288 - 24b + b2 12

F 24 x 32.76 x L (D-4)
6

Adding eq. (D-3) and (D-4), then,

Total energy dissipation Ep

X

_ (24 - 2a) | 18055 - 1704a + 71a’|, 2(a2+ b2)
12 288 - 24a + a? 12(a + b)-ab

18055 - 1704a + 71a? + 18055 - 1305b + 54.4b2 4 54.4a2 + 71b?
288 - 24a + a2 288 - 24b -+ b2 ‘ a2 + 12

+ 6 x 67,66

(12 b) (18055 ~ 1305b + 54.4b2)
288 - 24b + b2

+ 4 x 67.66
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Assuming b = 4 in., from eq. (D-5)
E . (12-a) | 18055 - 1704a + 71a? | (a® + 16) [18055 - 1704a + 71a’
D = 3 5 s
288 - 24a + a La + 24 288 ~ 24a + a2
54.4a2 + 1137
+ 65.8 -+ + 425.5 L. (D-6)
a2 + 16
Assuming a = 2 in., from eq. (D-6)
ED = 649.5 1b, in. rad.
» L 649.5
1.25 = 520.0 1bs.
Assuming a = 3 in.,
ED = 648 .45 Ib., in. rad,
648,45
P = —é————— = 518.0 1bs.
1.25
Assuming a = 4 in.,
ED = 654 .86 1b. in. rad.
654.86
P = = 523.0 1bs.
1.25

use a = 3 in.



Substituting a = 3 in., in eq. (D-5)
) ,
Ey ~ 90.45 + 2(9 + b“) 60.3 4+ 18055 -
36 + 9b 288 - 24b + b2
) .
+ 1 (12 - b)(18055 - 1305b + 54.4b%) | 338.30
6 288 -24b + b2
Assuming b = 1 in., from eq. (D-7)
ED = 624,95 1b.in.rad.
624,
P = 4 95 = 500.0 1bs.
1.25
Assuming b = 2 in.,
ED = 624,25 1b.in.rad.
624.25
P = = 499,0 1bs.
1.25
Assuming b = 3 in.,
ED = 633.75 1b.in.rad.
P = 633.75 = 507.0 1bs.
1.25

Thus the smallest load P
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is 499.0 1bs.

1305b + 54.4b2 L+ 489.6 + 71b2

9 + b2

----------
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The computed ultimate load for assumed failure mechanism 1 was
471 1bs., and that for assumed failure mechanism 2 was 499 1bs.
The experimentally measured ultimate load was 450 1bs. The above
computed results based on the concept of the yield line theory, which
should be used merely as estimates of the ultimate capacity, are seen

to be agree with the experimental value.





