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ABSTRACT

The behaviour of reinforced.concrete flat plate structures,
subjected to various combinations of vertical and horizontal loads, was
studied. Being mainly experimental, the investigaﬁion consisted of
(1) The development and the design of the instrumentation systems to
obtain the appropriate information; (ii) the observation of the
behaviour at various stages and under various load combinations, and
(iii) the evaluation of the experimental data which resulted in a
suggestion for a method of analysis applicable to the design of structures

of this particular type.

Two large scale test structures, consisting of a 21 ft. x 21 ft.
and 4 in., thick plate supported on nine columns spaced at 10 ft. centres,
were designed, instrumented and tested. The studies of the behaviour of

these two test structures concentrated on two main aspects of the problem:

i. The general flexural behaviour of the test structure, under

various load combinations,

ii., The local behaviour of various types of slab-column connections,
with particular reference to the punching shear strength

problenm.

For both of the above aspects, various methods of analysis are
applied; and compared with the experimental findings. A number of
conclusions are drawn from these comparisons as well as from the
observations. Sone suggestions are also made for further research on

the subject.
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CHAPTER 1

INTRODUCTION

Flat slab type structures consigt of reinforced or prestressed
floor slabs supported (without the aid of intermediate load transferring
members, namely beams) by columns which may or may not have enlarged
connections such as column capitals or drop panels. 1In design, such
external stiffeners can sometimes be eliminated when the loads are
relatively moderate; or in other words, they can be hidden in the column
or in the slab. The resulting structure is called a FLAT PLATE., This is

the particular type with which the present work is mainly concerned.

Flat Plate structures are being used more and more, mainly
because of the architectural advantages they offer. Some of these
structures do not have a structural core to provide stability. This type
of gtructure must be designed to resist horizontal loads due to Wind or

earthquakes.

The majority of the work done on flat plate structures so far,
is mainly concerned with the relatively simple case of internal panels
under vertical load only. Therefore, the design of this type of structure,
subjected to vertical load alone, can be carried out gquite satisfactorily

by various methods.

One of the most common methods of analysis is to consider the
structure to be divided longitudinally and transversely into frames
consisting of a row of columns and strips of slab between the panel
centre-lines acting as beams. This method, without sufficient experimental
evidence for its justification, is being used in practice, especially when

the structure has to be designed for combined load.

The present investigation was planned to obtain information in

this respect.

Two structures were tested. The choice of size, shape ete. of
thesg test structures will be discussed later. After considering the time

and faéilities available, the following objectives were aimed for:

i, The distribution of moments in two perpendicular directions at
various stages of combined loading, to assess the way in which

the structure resists the load.
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ii., The deflected shape at various stages of testing. This
information together with that obtaincd from (i) will indicate

the performance of the test structure under design load.

iii., The crack pattern rccorded from stage to stage, to see how

realistic is the yileld line analysis.

iv. The strain, deformation and crack patterns near column regions,
to investigate the behaviour of the connection with special

regard to shear.

v. Any possible recommendations for future codes of praetice, to
give a more realistic design proceduxre for this type of structure

under combinéd loadinge.

Various aspects of the investigation are presented in this thesis

in the following order:

Chapter 2 is devoted to the review of previous work on related
subjects. This work is placed in two main categories; (i) work which
deals with the flexural behaviour of flat plate type structures, and

(i1) that vhich deals with the problem of punching shear strengfh of slabs.

In Chapter 3, the principles governing the design and the
planning of the investigation are explained and disucssed., The next
chapter simply presents the design of the test structures., The highly
sophisticated experimental side of the investigation required rather
complicated systems of instrumentation. These systems as well as the

materials used, are discussed in Chapter 5.

Chapter 6 explains the tests carried out on each test structure
and the performance of the test structures during these tests. The chapter
following is the backbone of the whole work. The methods of analysis of
the experimental results are explained and discussed, and the proposed

design methods are presented.

Chapter 8 is the closing chapter where the conclusions, drawn
during the course of the work on various aspects of the problem, are listed.
It is furthermore explained in that chapter that the present work is by no
means the end of research on the subject, but it is just a modest start,

and for further research some interesting avenues to explore are pointed out.

The text is followed by three appendices which may be useful for
the interested reader, although they have been considered of secondary

importance as far ag the main text was concerned.
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REVIEW OF PREVIOUS WORK

The following paragraph is gquoted from Ref. 1:

"Centuries of coustruction with stone and timber preceded
reinforced concrete. Consequently, just as the first motor cars were built
to look like the horse-drawn carriages, the first reinforced concrete
gsystems were conceived ih the image of traditional types. In a timber
structure, the planks carried the load to the joists, the joists to the
girders, and the girders to the columns:; go must they in a reinforced
concrete structure. Hence the flat slab had to be invented rather than

developed as one of the obvious applications of reinforced concrete."

So, the flat slab was treated as an invention when it was
originated by C.A.P.Turner in 1902. Some ecngincers savagely resisted the
idea while others were blindly in favour. Following the first flat slab
built by Turner in 1906, many such structures came into existence, designed
purely on the bagis of the practical experience of the designer and the
results of a few tests carried out on some of the existing flat slabs.

These tests generally indicated much lower moments than would have been
expected in corresponding slab and beam type structures. This fact caused
a good deal of speculation in favour of the flat slab, However, the more
coungervative designers were not satisfied with the evidence produced, and
they thought that the flat slab should gtill be designed to the conventional
statical requirements. In 1910, A,B.McMillan illustrated the wild variation
of the results of the various design methods, by comparing the amounts of
reinfercement required for a certain practical case, by each of the known

methods, The comparison dramatically showed 400 percent variation.

This controversy went on and on until Westergaard and Slater

published their comprehensive paper in 1921.

In 1914, J.RoNichols3 suggested the following simple and
straightforward analysis which formed the basis for most of the present
codes of practice. Tor the case of an infinite number of uniformly loaded
panels, he pointed out that the equilibrium conditions for one half of the

panel indicate that the sum of positive and negative moments must be equal
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to the total static moment, That is,

L

. 1 /
ra—— - L] L] . * L] L] . L] * . . L] - L] . L] L] l
. 1)

=
ay
o
H
@
=
1

total moment along panel centreline
M = total moment along column centreline
Ll and L2 = panel dimensions

q = uniform load per unit area

When the plate is supported on circular column heads of diameter D, the
reaction can be assumed wniform around the periphery of the column head.
Then for the geometry illustrated in Fig. 1, ignoring the twisting moments,

Fge 1 becomes

M-—E}-J?-KZ A Y )
o 8

B

For the usual dimensions used in flat slab structures Eg., 2 can be

approximated closely by,

al, | op |2
_.M:O=‘—'8’“\7Ll—"3—'] cooaoo-ocucoonnoooo(B)

-t

This analysis was severely criticised by Turner and others for

not taking into consideration the effect of the plate action.

This point is taken into account by the codes of practice, simply
by changing the coefficient %-to %B, 0,09 oxr 0,09F (F being 1.15 —~%, but
not less than 1), without a comprchensive treatment. The question of
Justification for such a disregard of the considerations of statics, is

discussed in detail by R. Taylor4.

Nichols! analysis could establish a basis for estimating the total
static moment, but its distribution was not determined. The major work in
this connection was published in 1921, by H.M.Westergaard and W.A.Slaterg.
One of the main points shown in the above paper was the fact that the method
previvusly used to calculate the moments from measured strains, was

misleading. The linear moment-steel strain relationship which had been
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used previously, gave only a fraction of the actual moment applied. This
discrepancy was greatest in the pre-cracking zone and just after. This
was the case in most of the previous tests since all the measurements were
taken on real structures which could not be tested to loads far beyond

cracking. +)

Cn the other hand, Westergaard established a theoretical analysis
to calculate the distribution of positive and negative moments throughout
the slab when considered as an isotropic plate. His solution was checked
by Slater by tests on reinforced concrete flat slabs. Their overall
conclusion was that Nichols! analysis was in general sufficiently close to
the experimental results; however, there were some indications that flat

slabs had greater strength than expected.

With this information, the distribution coefficients were
formulated, in the codes of practice, for the positive and negative moments

at the column and the middle strips.

For the following forty years, various aspects of the flat slab
were treated in a predominantly mathematical manner. Both V.Lewe and
A Nadai dealt with the problem of the deflection of an internal panel of
an infinite slab on point supports, loaded with uniformly distributed
vertical load, in a combined form of algebraic, trigonometric and hyperbolic
series. The case of finite column area was studied by S. Woinowsky-Krieger,
K. Frey as well as V. lewe. But H. Marcus' numerical approach to these
problems was more practical., The theory developed and published by
J.E«Brotehie in 1957, was more general and claimed to be applicable to any
geometry with any type of loading and with any degree of fixity between
slab and column, In this rather new and interesting approach, the slab
was considered floating on a fictitious fluid of a density related to the
stiffness of the slab. The solution which was in form of a Bessel function
wag given as influence coefficients in tabular form. later, the ever
increasing use of the computer encouraged the numerical approach to the
problem, In this connection, A, Ang in 1959 developed a distribution
procedure applying Newmark's plate analog concept, for the analysis of
continuous rectangular flat slabs. At Imperial College, H.C. Chan5 studied
the cases of one-panel, four-panels and infinite slabs on point supports
and with finite column area, by finite difference method, Furthermore, he
tested a full size one-panel flat plate and observed its hehaviour under

combined load, in support of his numerical work.

Q+)Discussed in detail in Chapter 7.
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In the early sixties, a comprehensive experimental investigation
of this type of structure was carried out at the University of Illinois.
G.T.Mayes, D.S.Hatcher and J.0.,Jirsa under Professors M.A.Sdzen and
C.P.Siess each tested a quarter scale model of a nine-panel reinforced
concrete flat slab floor. Different slab types were studied with each
of these models; namely flat plate, flat slab, and one reinforced with
welded wire mesh. The results obtained confirmed that the total moment
in a panel can reasonadbly be estimated by Nichols! formula, and that the

ultimate strength can closely be predicted by the yield line theory6’7’8.

An interesting design approach for glabs in general was introduced
by A. Hillerborg in 1960, Its appeal to the designer lies in ite simplicity
and accuracy, and the freedom of choice it provides in placing the
reinforcement, The basié idea is to deliberately make the directions of
reinforéement coincide with the principal moment directions in order to

gimplify the general equilibrium equation

2 2 A
2 T T2 T = P
O x Ty E)x:)y
ézmx
into = ={XD and

s

- (1-x)0p

where X is the proportion of load taken in gtrips in the x - direction,
and (1 ~X) in the y - direction. The value of ©X is taken to be either
0 or 1, in various regions formed by introducing lines of stress
discontinuity chosen arbitrarily. This choice is in most cases guided by
the elastic design experience of the designer. The application is
illustrated in Fig. 2, by the loads to be congidered in the design of
each individual strip. Since the lines of stress discontinuity are
arbitrarily chosen, it was suggested by R.H.Wood and G.S.T.Armer39 that

these lines can be chosen to fit the reinforcing bands (Fig. 3).

In the original form, this strip method was not applicable to
the design of flat slabs. Iater in 1964, Hillerborg published an advanced
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strip method which treats in particular the case of slab supported on
columns. In addition to the two types of elements considered in the
simple strip method, another type of element is introduced; rectangular
element dispersing load in two directions and supported at one corner.

It is assumed to have no shear along its edges so that the moments acting
along the edges can be considered maximum. The load on the element is
assumed to be carried by complicated system of strips to the column at
one corner. R.HLWOod and G.S.T.Armer9 very closely studied the method,
and then stated that in spite of the fact that it requires violent
discontinuities, the patterns of reinforcement it produces, are very

gatisfactory and reasonable.

The method was critically examined by Wood and Armer, and

somewhat simpler alternatives for the design of flat slabs were suggested.

The work mentioned so far has been mainly concerned with the
flexural behaviour of the flat slab, very little, if any, reference has
been made to the problems of shear involved in the design of this type
of structures However, shear strength is a very critical, if not the
most critical, aspect of the problem. In addition, it is the least known,

and probably the most controversial.

The shear strength of slabs should have been a problem of
interest even before the int¥oduction of the concept of the flat slab,
since it was involved in the design of reinforced concrete wall and column
footings. But curiously enough, there is not a single investigation of
the problem, reported before 1913, when A.N.Talbot9 published the results
of his experimental investigation on wall and column footings. He computed
the maximum shear stress v, caused by a loaded square area, using the

formula,

= v
v 4(r+2dl)jd’l "‘"!Oo-ocnua-...a.c.(4)

where V = ghear force,
r = side length of loaded area,
dl = effective depth, |
jd. = moment arm,
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.He also observed that the flexural reinforcement had some effect on the

shear strength.

Later, O.Graflo gtudied the problem., He used the formula,

v
v o 4I't » . e o s o ° (5)
where t = <total thickness of the slab.

Although he suggested that the flexural cracking might have gome influence
on the shear strength, his formula implicitly indicated, by considering
the total thickness instead of the effective depth, that this influence
was not particularly significant. This view was somewhat supported by
F.H.Sayanill of Imperial College in 1968. He studied the shear strength
of beams with axial tension, and concluded that axial tension and therefore
cracking did not have a significant effect on the shear strength within the
practical range of loading, where interlocking of the aggregate could

transfer the shearing stresses.

Another variation was suggested in 1946, by €. Forsell and
A.Homberg. Assuming parabolic shear stress distribution, they employed
the formula,

1.5V e a e & @ . e * e 2 L] LI . ° 13 e e . . n. LI} L] 0(6)

where D

]

length of critical section taken at a distance of t/2

from the edges of the loaded area.

In 1948, F.E.Richart published the results of hig investigation
on reinforced concrete footings., Iater in 1953, E. Hognestad12 Tre-
evaluated the shear failures of footings reported by Richart to develop an

ultimate shear stress formula in which he introduced the ratio

Py T erst/vflex'
Within the range of available information, he suggested the

following expression for the ultimate shear strength,

Foe (0035 + By et 4 130 met L.l u(7)
o c
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On the other hand, he thought that the maximum shear stress should be
evaluated at the edge of the loaded area by,

After testing a variety of slabs failing in shear, in co-
operation with R.C.ElstnerlB, he modified the ultimate shear strength

equation into the following simpler form,
;—; = 333 pSi + 00046 fé / ¢(‘ ® 8 e & & o ¢ a4 o & & o e & @ 0(9)

for slabs without shear reinforcement, and introduced,

p 'A f 8ind A ( )
¥ = 3 i + 0,046 f! + e - 0.0 £, . (10
553 ps ¢ / ¢0 (8 - é 5) °

for slabs with shear reinforcement: These suggestions were accompanied by
some rather disturbing conclusions. They found no effect on the ultimate
shear strength due to concentration of the flexural reinforcement under
the colum. What is even more interesting; according to their results
the eccentricity of the applied load did not seem to have any influence

on the ultimate shear strength. (+)

In 1957, C.S.Whitney14 presented an wltimate shear strength
theory with emphasis on the contribution of the ultimate resisting moment
of the slab per unit width inside the "pyramid of rupture" which he defined
as a frustrum of g cone or pyramid formed by 450 surfaces sloping from the
column face. On the basis of analysis of previously reported data, he

suggested the following ultimate sheer strength expression,

- m. f dl '
v = 100 pSi + 0.75 '"-é" — 4 & ¢ 2 8 e 8 5 & s s & » (11)
dl Qs

(+) The results of the present investigation contradict these conclusions.,

In Chaptor 7, the problem is treated in detail.
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ultimate resisting moment of the slab per unit width, and

where m
u

[
]

ghear span.

An entirely new approach to the problem of punching was
developed by the Swedish school of thought, represented by H.Nylander,
S.Kinnunen and J.L.Anderssonl5’ 16, 17} The "Compressed Conical Shell"
concept was introduced'by Nylander and Kinnunen15 in 1960, They established
a theory for estimating the ultimate punching load by considering the
equilibriun of this cone acted upon by the external forces and the stresses
in the reinforcement and in the concrete., Various aspects of the problen,
such as different types of flexural reinforcement and cases with shear
reinforcement were studied (Ref. 16, 17) on the same basis., The shell
concept is obviously not applicable to edge and corner columné where a
closed ring can not be formed. So, Anderssonl8 abandoned the idea when
he investigated the behaviour of edge columns in 1966, and developed

another approach based on the superposition of torsional and direct shear

gtresses,

One of the recent major studies of the subject was published
by J.Mbel9 in 1961, His stress eguation has the conventional general

form of,

P g M
V—'bdl + w.-...............-...(12)

where @3 = coefficient defining the amount of external moment carried
by internal shecaring stresses, and
W = modulug of the resisting section at the face of the column.

The crucial contribution of the work is the ultimate shear strength
eqguation which directly tekes into consideration the effect of flexural

reinforcement through the toerm V Based on the statistical analysis of

flex®
information from his own tests and from some of the previously reported

tests, he derived the expression,

15 (1 - 0.075 %)
. 1

’y .
- bdft ofc.oaoheeoonn'aa.(la)
1 C

1+ 5.25

Vetex

<
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where Vflex has the same meaning defined by Hognhestad, that is "the

shear force at ultimate flexural capacity of the slab". However this temrm

Vetex

than to calculate in actual cases, since various methods and assumptions

has continually been a source of controversy. It ig easier to define

may lead to a wide range of variation, The method is claimed to be
applicable to edge and corner columns as well g8 internal ones(+); but

the results of the present work indicaste that, for the cases of edge and
corner columns, it is hopelessly unrealistic. Nevertheless, this situation
may, to some extent, be explained by the manner in which Vflex was
calculated; a different method might have given slightly more reasonable
results, It was preferred to keep the same assumptions and the same method
(Yield Line Theory) for all the cases treated. These and some other
congsiderations make one tend to question the validity of Moe'!s ultimate
shear strength equation. The same opinion can be traced in the report35
of ACI-ASCE Joint Committee 326 (later 426) published in 1962. Although
Moe's work was thoroughly considered in the above report, the simple form

(from ACI 1956 Code),

.-‘—,‘=4\!floi.tl.t.o.-.‘-olocnueo-ci.9(14)

of ultimate shear strength expression was recommended for design.

In a paper published in 1966, D.Yitzhakigo presented a different
approach to establish a correlation between punching resistance and flexural
strength. The effects of r/dl ratio and of the reinforcement gtrength pf
on the punching strength were introduced by linear independent multipliers,

2 ' T
Ppm = 8(1 b %‘) dl (14903 + 0.164 pfy)(l +-2'a';:) e« & & s s e 9 0(15)
where p = percentage of reinforcement, and
£
5
d = P ?“Z
cu

(+) The information obtained in the present investigation was evaluated
with the method suggested, and the results obtained were compared

with experimental results in Chapter 7.
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N.W.Hanson and J.M.Hanson21 reviewed the recent methods, in the
light of their own tests, with special reference to the work of Moe and
of the ACI~ASCE Joint Committee, from an interaction relationship point
of view., They arrived at the conclusion that the ultimate strength design
method recommended by ACI-ASCE Joint Committee 426, could give a good
prediction of the strength of the slab-column connection if the moment

reduction factor K was changed from 0.2 (original recommenddtion) to 0.4,

A theoretical method of analysis was suggested in 1967, by
A.E.Long and D.Bond for the calculation of the punching load of flat
slab structures with two-way flexural reinforcement and no shear
reinforcement. The method is based on elastic thin plate theory
considering a biaxial state of stress of concrete. An octshedral shear
stress criterion of failure is used to find the failure stresses. Sinee
the structural element is assumed to be elastic throughout, the approach
is not entirely satisfactoxry method of analysis, Also, it does not have
much value as a design tool being restricted only to the internal columns
with axial load, and being rather complicated and impractical,

The latest work on the subject is being finalised by N.N.Anis
and C.W.Yu22 at Imperial College. Their approach is directed towards
a better understanding of the actual process of punching. Employing the
"conical shell" concept, they have developed a theory on the basis of
equilibrium and compatibility conditions. Some of the data obtained in
the present investigation was evaluated using the above method and the

results obtained are presented in Chapter 7.

As can easily be seen from the review of previous work, most
of the research related to both principle aspects of the flat plate
behaviour was conducted on either small scale or individual models,

There arc very few large scale complete prototypes tested. On none of
these prototypes was the effect of horizontal loading systematically
studied. Thorefore, the need for a series of experimental investigations
into the behaviour of flat slab type structures is quite obvious. This
kind of work at the Imperial College was started by C.H.Chan who tested
a large scale one panel flat plate. The present investigation can be
considered as forming the next stage including two large scale four panel
flat plate structures tested under various combinations of vertical and

horizontal loading.
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CHAPTER 3

PHILOSOPHY OF THE PROJECT

The whole research project wam based on the principle of
construeting and testing structures to represent practical cases as
realistically as possible. To this end, an attempt was made to choose the
largest possible number of test structures to the largest possible scale
and with the most realistic shape and dimensions, within the limitations

of time, space and facilities available,

Congidering the financial resources, the size of the project and
the time required, it seemed reasonable to test two structures each
consisting of four pancls. Four panels were chosen since this is the
ninimum nunber of panels which can provide a number of combinations of
various types of colwmns and pancls, Three of these combinations (Fig.4)
were considered. As this is one of the pilot research projects in the

field, the one with the sinplest geometry and symmetry (Fig.4C) was chosen.

Having decided on the number of pancls, their size was determined
solely by the space available in the laboratory which allowed a maximum
gsiee of 21 ft. x 21 ft., i.,e. 10 £, centre-to-centre column spacing. In
practice a 20 ft. span length is quite common for this kind of structure.
The test structures can thus be considered to represent common practical
structures to approximately half secale. Therefore, all the dimensions and
the load combinations were chosen accordingly. The test structures were
intended to represent the third floor of a ten-storey building of common
shape and dimensions, carrying 200 psf uniformly distributed vertical load,
and 19 plf wind load which are the recommended values given by CP3,V.

The final geometry of the test structures thus obtained is illustrated in
Fig. 6. Congiderations of the point of contraflexure being at mid-height
and the intended scalc of the test struetures, would allow the 12 ft, high
columng normally found in practice to be reduced to 3 ft. However, this
latter dimension was further reduced by 2, so that the resultant relative
stiffness ratio used in the equivalent franc method was similar to that of
the actual structure considered. The results of the analysis (Fig. 7)

show that this agssumption is quite reasonable.

The choice of column sizes presented some difficulty. Due to the

lack of a reliable method for assessing the shear strength of columns, the
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British Code of Practice, CP 114 method was used as a guide. Other methods
of analysis such as ACI and Moe's methods were then applied to check the
shear strength of all columns. As a result, a larger size (12 in. x 12 in.)
was chosen for corner columms, while the others were 8 in. x 8 in., in the

hope that all colunns would have a similar shear strength.

It is appreciated that it was impossible to ensure that the test
structures would have the sane strength in shear as in flexure, However
investigation by all known applicable methods indicated that the test
structures would be slightly weaker in shear than in flexure. This was the
desired combination since the information required for studying the flexural
perfornance can be obtained without failing the structure completely., On
the other hand, information in respect of shear can only be obtained by

complete failure of column regions.

Since the number of test structures has been limited to two as
discussed above, the number and sequence of tests to be carried out on each
test structure were very carefully studied. The object of the exercise is
to investigate the performance of the structure, not only at the working
loads, but also at the various combinations of higher loads. This requires
informaticn regarding the effects of wvericus crack patterns, created by

various loading combinations, on the overall behaviour of the test structure.

In general, there are two critical loading stages affecting the

behaviour of the test structure:
1., The load at which the first crack pattern is formed. The tests
indicate that this stage occurs between 1.25 and 1.5C times the

design load,

2¢ The load at which the test structure fails either in flexure or

in shear,

On the other hand, there are three combinations of loads which

can be employed to obtain the above critical stages. MNamely,
1. Uniformly distributed vertical load alone,
2. Combined vertical and horigzontal loads,
3. Horizontal load alone.,

A1l possible cases of loading history based on the above can be

presented in a matrix form:

- -
11 €10 Clsi
Co1 Co2 Co3 !
c ¢ c

31 32 33 1

S —
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where Cik denotes the case where firgt crack pattern is formed by k th
type of loading, and failure is caused by i th type of loading.

Bach of these nine combinations were studied with respect to the

practical cases they represent. The two which secvmed the most ugeful, were

C
21
ig created by vertical load alone, and the failure is due to combined load.

end Cy, (Fig. 5). The former is the case wherc the first crack pattern

Thig represents the practical casge where the structure is overloaded with
gravity loads and a very high horizontal load (may be due to strong winds
or earthquakes) is superimposed. In the latter case the test structure is
cracked under combined load, and failure is obtained by increasing the
horizontal load alone while the vertical load is kept constant at a cortain
level (1.5 times the design wvertical load). This combination was chogen to
study the behaviour of structures subjected to exceedingly high horizontal

loads while they were alrcady overloaded by gravity loads.

Each of the above cases was adopted for each of the test structures.
However it was thought that it could be nore beneficial if some additional
tests of secondary inportance were conducted on each test structure. The
extent of loading and the location in the sequence of testing of these“
auxiliary tests were very carefully selected to minimize possible effects
on the géneral behaviour of the test structurcs as far as the main fests
were concerned. It is still, however, very difficult to be certain that
the behaviour of the test structures was not affected. The question of
these auxiliary tcsts being worth the doubts they caused, will be discussed
in Chapter 6. As can be secn from the loading history diagrans (Fig. 33),

two auxiliary tests were conducted on the test structure 1,
i. Pancl by panel loading and
ii. Superpogition check.
However, only the latter of these two auxiliary tests was carried out on

the test structure 2, and to o lower extent.

The "Panel by panel loading test" congisted of three parts in
which, respectively, one, two and thrce panels were loaded with uniformly
distributed vertical load. Pig. 8 illustrates the patterns of loading and

the comparisong intended.

The "Superposition check" also congisted of three parts. The
first was the loading of the whole slab with vertical load alone. In the

second the applied horizontal load corresponded to the highest value of the
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vertical load in the previous part. The third part was a combined loading
test. Both types of loads were applied proportionally to the same extent
as the previous onesg. This final part of the test was expected to produce
effects on the test structure equivalent to the sum of the effects produced

by the first and second parts,
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CHAPTER 4

DESIGH OF THE TEST STRUCTURES

The geometry of the test structures had been determined by a
number of considerations related to the philosophy of the project. Having
the geometry determined, the remaining information required for the process

of design were:
i. Loads to be considered, and
ii. Properties of the materials to be used,

Consideration was given to the most common loads resisted by this
type of structure. With the aid of the British Code CP 114, the design

loads were calculated as follows:s
i. Uniformly distributed vertical load
Dead weight (including floor finish) ¢ & ¢« o o o . 120 psf

PartitioniNg o o o o o o o o o o o o o o o o o o & 20 psf

g = 140 psf
Live 10azd L] - * . . . . - - . . - . . . L] L] . . . 60 psf

g = 200 psf

ii. Horizontal load - A rather high value (Exposure C, V = 63 mph)
of wind load was chosen in the British Code CP3,V. The

corresponding wind pressure was

P = 19 psf

Considering the eighth floor from top, the equivalent uniformly

distributed (per length) load was,
w o= 7 . % ., 12 . 19 = 800 plf

As far as the strength properties of the materials were concermned,
it was desired to choose the most common values. For design purposes, the

following properties were considercd:

i. High tensile strength steel with

fSy 60000 psi and

E

]

il

30 1O6 psi, and



ii, A concrete of

e}
1l

ou 6000 psi and

b = 3 . 1O6 psi

However some congiderations related to the behaviour of the test
gtructure 1 led to the use of mild steel in the test structure 2., The case
was very carefully studied, and mild steel with the following properties

was preferrcd:
£
sy

ES = 30 ., 106 psi

Il

40000 psi and
Pull details of the reasons for this choice arc presented in Section 6.2
of Chapter 6.

4els STRUCTURAL ANALYSIS -~ TFor the structural analysis of flat plate
structures, both the British (CP 114) and the imerican (ACI) codes of

practice recormend two methods:

i. Empirical distribution of total moment
222

M = kgl (L1 -3
where k = a coefficicnt Ci to lid
8 10
o] = wuniformly distributed vertical load
Ll = longer span length

L2 =  ghorter span length
D = diameter or equivalent diameter of the columms

ii, In both directions, the elastic analysis of the frames formed by

dividing the structure along panel centrelines.,

For the analysis of the test structures, the latter method was
chosen, since the effect of the horizontal load can be considered explicitly

only in this method.

The frames were formed as recormended by the Code. Fige 9
illustrates the division and designation of these frames.
The frames shown in Fig. 9, were elastically analysed, and the

nonent distributions were determined. These values are given in Fig. 10,

The reinforcenent strips were also formed according to the code

recommendations. The division and designation of these strips are shown









35

in Fig. 11, Using the coefficients given in the code, the calculated
noments were distributed to these reinforcement strips. The computations

are given in Table 1,

The code, furthermore, requircs that the sum of absolute values
of the calculated moments in each panel to be not less than the total

nonent given for the Empirical M:thod, that is,

M = ZEE. (L - .2_D)2
t 10 1 3
In this case,
M . 200,10 (10 - Eu;~l)2 = 17400 th - 1b
t - 10 3 - v 3

On the other hand the sums of the calculated moments in each panel are:

In W-E direction

r v v .7 8800 + 9340 15530
My = Wyp = Mgy = Mgp = 4680 + 2 + =

+ 12100 + 18960 )
> = 29280 {ft 1b-) > M,

In NS direction

7010 + 10850 9690 8680 + 21740
+ S5+

My = My = 4820 + 5 7

I

26250 [£4-1v > M,

10590 + 7830 9250 15320 + 16180
SW SR 4540+ 5 t Tt 4

26250 { ft—-lb] >M,D

Therefore, the above requirement was also satisfied.

S’ﬂ
]
3E
1

I

442, REINFORCED CONCRETE DESIGN - Along each gtrip the highest positive

and negative nmoments were chosen as design moments, and each strip was

reinforced for these values. In order to avoid further complications, only

two complete meshes were considered and short bars and bent-up bars were
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not used. A standard sizo bar (%g in. dia.) was used throughout each slab,
Fach mesh provided two effective depths differing by one bar diameter., For
optimun use of gteel, the larger effective depth was considered in the more
critiecal dirvection each time. This consideration resulted in precisely the

same spacing of bars in both directions, for both top and bottom meshes,

The reinforcement was calculated by ACI ultimate design

recommendation. Namely,

. £
. 2 . _ sy
My = b a £ (1-0.59q) withq = rfc

If a load factor ¢ is considered,

Then, the ACI formula can be solved for ﬁs to obtain,

f
—2 I 2l s
Ay 1.16k 4 - \/dl - 2436 of where k = ...lfc

The above formula was used with appropriate material properties, to determine
the spacing of ég in. bars in each strip., The computations are summarized in
Tables 2 and 3. The matcrial properties considered in these calculations

are listed below:

Por the test structure 1

- (+)
fsy = 60000 psi
£, = 0.80 . 6000 (+) 4800 psi
X £0000 12 a 2.0
= Tigop <~ e ad g o= 2

a = 0,1104 sq. in. (area of onc bar)

In W-E direction; d 3,1875 in. and d; = 2.8125 in,

In N-S direction; d 2.8125 in. and 4, = 3,1875 in.

b [ 2 2436 x 2.0 M
Then, Ay = Ti5 x 1.5 [ dy - le - —Z%00 _ * % J

It

Ped o

or, A
s

It

. . _ :
OY.O678b ({:_dl - \/’ a; - 0.000984 E‘X
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For the test structure 2

48500 psi (+)

£ =

sy

£, = 0.80 x 6000 = 4800 pxi (+)

- 48500 w : -

k = “T560 < 10 and ¢ = 1.6

a = (0,1104 =q., ine.
’ 3

In W-1 direction; d1 = 3%,1875 in. and d1 = 2,8125 in.
!

In N-S directions d1 = 2,8125 in. and dl = %,1875 in,

b 2 236 x16 _ M
Then, Ay = T8 %10 [dl - \/dl = 4800 * 35 4

i

Or, A
S {
L.

0,08475 b{ 4 —.\/di ~ 0.000787 & ‘\

The resulting cross sections for both test structures are shown

in Fig. 12,

The design of the columns was not so critical asg that of the
slab, and attention was mostly concentrated on the behaviour of the slab
as required by the philosophy behind the project. It was therefore thought
that it would not matter if the columns were stronger than required as long
ag they provide a reagonable relative stiffness and reasgonable sections to
regist shear. Preliminary investigations using working load methods
indicated that 2ll the colummsg would be gtrong enough if they were
reinforced with four high strength steel longitudinal bars of 1 in,
diémeter. Fach colurn wag then checked using an ultimate strength design

method and each proved sufficiently strong.

However, the problem of bond presented some difficulties. Since
the bars congidered were not deformed and the columns were very short, it
would not be posgible to provide sufficicnt bond length. The solution to
this problem was to use two U-shaped bars, instead of four individual ones,
and to pub them through the steel base plate and to fix then to the base by

bolting. The details are shown in Fig. 13, The above method was not

(+)

These are the valuce considered in design: later tests gave slightly

different results as expected,
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satisfactory as it stood, since: the radius of the bars would have caused a
very unrealistic pattern of reinforcement in the slab-column connection.,
To overcome this’problem, upper column stubs were introduced. In addition,
they helped in obtaining more realistic behaviour in the test structure as
far as the crack pattern was concerned, although they had no structural

value.

4,5 YIRLD LINE ANALYSIS - The designed test structures were then
analysed by Yield Line Theory to estimate the oversll flexural capacity of

ecach test structure. Considering the geometry and the loading, the simple
yield mechanism illustrated in Pig. 1l4e geemed likely, The mechanism
consists of positive yield lines along panel centrelines perpendicular to
the horizontal load direction, and negative yield lines along middle column
centrelines and around far end columns. However, in a similar test,

Dr. Chan5 had obtained a more complicated zig-zzg yield line pattern

(Fig. 14b). 1In this case, there arc two parameters to be assumed, namely
x and y, to determine the yield line pattern. A number of reasonable
combinations of these paraneters were considered. Each of these
combinations and the simple yield mechanism werc analysed, and the ultimate
loads obtained for cach of these patterns were compared. That obtained for
the simple mechanism was:

(Combined load) 2.15 (Combined load)

ultimate design

The above seemed to be the smallest, and therefore the most likely. Indeed

it was the one obtained in both test structures.

5e4.  PUNCHING SHEAR ANALYSIS -~ As mentioned earlier in Chapter 2, very

1ittle attention hag been focused on the problem of punching shear. A

great deal is still unknown. Duc to the absence of a reliable method for
predicting the behaviour of the slab-column connectiong, for design purposes
the simple nominal shear formula, as required by the version of the British
Code (C£&14), applying at that time, was used as a guide to check the
strength of column regions. However at a later date the relevant code
requirenents were slightly altered. The new form is used in the analysis

of experimental results. In Chapter 7, a numbcr of various methods and
their various combinations are explained, applied and compared, in addition
to the British Code (CP114) method.
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CHAPTER 5

INSTRUMENTATTION AND MATERTALS

Experimental investigations of this size are not very common.
Considering their cost and the labour involved, it is obvious that a great
deal of attention has to be paid to the instrumentation. On the one hand
is the concern to get the maximum possible amount of information from each
test; on the other are the financial limitations, Where instrumentation
is in terms of hundreds of items, it ls extremely important to consider the
cost of each item, the amount of data to be recorded and processed, and
the complexity of mamufacture and maintenance of such a system. In the
present investigation therefore, a considerable amount of effort was
devoted to the design and the development of the instrumentation and
experimentation techniques. TFor example, the newly developed hydraulic
deflection measurement system saved a good deal of moncy and served the

purpose very efficiently.

The principle behind the design of the instrumentation was to
adopt a grid for each kind of instrumentation, which is fine enough to
obtain a fair amount of information throughout the test structure, and yet
not too fine to exceed the capacity of the instruments and man-power
available. Considering the limitations concerning time, space, manpower,
recording instruments, financial sources etc., the advantage of axial
symmetry was taken; and only one half of ecach test structure was fully
instrumented. However, a number of points in the other half were also

ingtrumented to check that the behaviour remained symmetrical.

5¢l. LOADING SYSTEM -~ To simulate uwniformly distributed vertical load,

concentrated loads were applied to the slab at 192 points uniformly spaced
at 18 in. As schematically shown in Fig. 6 these loading points were
arranged in groups of four by using a suitable system of simple beams made
of steel box sections. 48 pull-type hydraulic jacks of 4 tonf. capacity
and 6 in. ram travel, were employed to load these groups of four loading
points. These hydraulic jacks were attached to the floor by hinges which
allowed rotation as the test structure swayed under the horizontal load.
The jacks were specially menufactured and were intended to be identical.
The tests proved that their load-pressure characteristics were reasonably

close, if not, identical. Besides, a rumber of calibrated pulling wires
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were used in the tests on test structure 1, to check that the load applied

by each of these jacks was reagonably the same.

As illustrated in Fig; 6, the horizontal load was applied by
Jacking against concrete blocks tied to the testing floor. Two
symmetrically loaded simple beams applying equal reactions to the test
structure at the end supports, were employed. Thug, the test structure was
horizontally loaded with load P(variable) along the edge column centrelines
and with load 2P along the central dolumn centreline. As implied by the
loading history diagrams, the horizontal lozd required for the test
gtructure 1 was far less than that required for the test structure 2,
It was therefore thought that if the high capacity jacks required for the
test structure 2 were used for the other one, a considerable amount of
error due to employing the very low loading range of jacks, might have
been introduced. Therefore two different sets of jacks were used for each
of the test structures. For the first one, only one push-type hudraulic
Jack of 20 tonf. capacity was used for each of the simple beams; but the
horizontal load was applied by two 50 tonf, capacity jacks to each simple
beam in the case of the test structure 2. The jacks used for horizontal
loading were calibrated, and they were arranged so that the system applied

a reasonably evenly digtributed load.

To both of these loading systems, the pressure was applied by two
Amgler pressure cabinets of 5500 psi capacity. The vertical loading jacks
were connected to one of the pressure cabinets, through a pressure system
which enabled panel by panel control of loading., That is, the jacks
loading the same panel werc connected together and controlled by use of a
valve. The pressure system was designed to minimize the head loss
differences among the jacks. Since the loading was gradual and very slow,
the effect of head loss differences was, anyway, expected to be extremely
small, Similarly, the horizontal loading jacks were comnected to the other
pressure cabinet through a pressure system which could be controlled by two

valves, one for each half of the test structure.

542+ BEACTION MEASUREMENT SYSTEM -~ To measure the reactions at the

bottom of cach column, specially designed tripod-type reaction dynamometers

were used. As explained in the previous chapters, the structural design of
the test structures required the columns to be supported on moment-free
supports. Therefore, the quantities to be measured at the Hottom of each
column were only the three components of the reaction. A tripod-type

reaction dynamometer was sufficient to measure these, without introducing
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more complicated systems. REfforts and attention were therefore concentrated

on the design, manufacture and calibration of individual dynamometers.

5.2,1, TDESICGN OF THE REACTION DYNAMOMETER =~ The idea of tripod-type

reaction dynamometer is by no means & new one; it has been employed by at
least two similar research projects (i.e. i, University of Illinois team,
Ref. 6, 7, 8, and ii. Dr. Chan” at Imperial College) before the present
investigation., However, many points requiring improvement could be

observed and special attention was paid to these points. For the sake of
gymmetry, simplicity and stability, a regular tetrahedron shape was chosen
as the general form of the dynamometer. The column, which had a 13" thick
gsteel plate base, was supported on a 13" diameter hardened steel ball
bearing placed at the apex of the tetrahedron. Three legs formed the three
gides and the base was made of 2" thick steel plate which was considered as
infinitely rigid. The legs were attached to the base plate through foot
units which were in turn bolted to the base, At the top of the dynamometer,
the legs were connected together by a top unit upon which the ball bearing
wag placed. The legs were screwed into the top andvfoot units. This method
of attachment allowed a slight movement which under the working loads was
sufficient to enable the legs to be considered asg pin jointed at both ends,
The analysis of the dynamometer structure was therefore based on this
assumption. Considering the geometry illustrated in Fig. 15, the flexibility

analysis resulted in,
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If a linear stress-sgstrain relation is assumed for the material of which the

legs were made,

Q

R PR TS IR O

where, A = crcss—-gectional area of the leg

RS Vo P et

B modulus of elasticity for the material the legs were made of

I}

The expected maximum reactions were already known from the
gtructural analysis of the test structures. The only quantity to be
determined was the maximum leg force expected in the most critical case.

From the theoretical analysis of the dynamometer structure,

L« ]_1. 1@3}
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So the theoretical { K ] ~ matrix was inverted and used to determine the
L.

@]

H
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leg forces from the components of the column reactions corresponding to the
most critical cases, Then all the sections were designed for the maximum

leg force calculated, considering the appropriate material propertics.

The matrix <E, is determined simply by measuring the strains on
each leg. On the other hand the matrix { Kil represents the geometrical
and material properties of the dynamometer. Once it is determined, the
three components of the load applied at the apex of the dynamometer can be
calculated by simply pre-multiplying the neasured strains matrix Ki} by
the matrix {K] o The calibration procedure to determine the matrix {K}

will be explained in detail in the next sub-gection.

In both of the previous rescarch projects which employed this

kind of reaction dynamometer, the legs were welded to the top unit and the
base plate, This welding inevitably introduced crrors due to (i) the fixity
of the ends, and (ii) the imperfections in geometry. The error due to the
former was greatly reduced by the clearance of threads at the ends of the
legs. On the other hand, lining-up crrors could, to a considerablc extent,
be corrected by turning the legs which required adjustment. The top and
bottom ends of the legs were machined to have right-handed and left~handed

threads respectively. When the length of a particular leg required to be



increased or decreased to correct the geometry, it was simply turned to the
left or right respectively., Bofore calibration each dynamometer was checked
for geometry under very well defined loading conditions, imperfections were
corrected, and the legs subsequently locked by tightening the locking screws
at the foot of each leg. Since the foot units were separate units bolted
down to the base plate, the assembling of the dynamometer was simple and

straightforward.

Tour strain gauges, two longitudinal and two transversal, were
fixed on eaeh leg. They were all Saunders-Roe foil gauges having a L in,
gauge length and a nominal resistance of 120Q2. These gauges were fixed to
the polished and cleaned leg surface with "Araldite" adhesive. The strain
gauges were connected to form a wheatstone bridge which gives the maximum
possible reading difference to reduce the errorg of measurement to a
minimum, The circuit they form is illustrated in Fig. 16, The wires from
the four corners of the wheatsgtone bridge were conneoféa to a set of 4 pin
Belling~Lee sockets which were fixed on the dynamometer base. To record
the strains of the dynamometers, a fifty-channel Peekel automatic strain

~recorder was used., The strain gauges on the legs were covered with

Durapipe specially machined to prevent pogssible damage.

The detailed drawing used in the manufacture of these reaction

dynamometers is given in Fig. 17.

De2+2+ CALIBRATICN OF THE REACTION DYNAMOMETER. - The basic relation of

the tripod~type reaction dynamometer analysis is,

%DS: {K—B . 3&3

By 'ealibration” is meant the determination of the (;K } - matrix., As shown

in the previous sub-section, the lﬁKl\— matrix can be broken down into two

parts,
!
[V}: B . ALK}
where L is a material property
o1
and Al_K ] represents geometry.

ro
In that sub-section, the kRZ.}-matrix was calculated theoretically.
Knowing the crogs-sectional area of the leg only the value of E remained to

be determined, Its approximate value was also known; however, for such a
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gensitive instrument, obviously a higher degree of accuracy was required.
Firetly, the value of the modulus of elasticity was measured for each
individual leg and used to determine the { Kjg— matrix. Thig congideration

requireg the equation

If thig form of the %ff%—-matrix is substituted in the eguation

o1 (2] - 5

then compared with the equation

o () - g

the (;Kf\- matrix can be eXpressed as,

J -t
B (k! : 'K’ , K‘.
i 1x 2#} 3x
! ; ! ” d\ T !
{;K 3= (82); 43 Ky (4B)y %oy ¢ (4B)5 < %3,
1 ' 1
LM ‘ L%lz} KQZ} KBZ
-

Fach leg was calibrated to determine the relation

Q, = (AE)i .z

i i

1
for that particular leg. Then, each column of the {I(I-matrix was
rmultiplied by the appropriate value of (AE)i to obtain the Y'Kt}— matrix

This method of determination of the | X |- matrix was theoretically
satisfactory, However, it was thought that a general calibration of the
dynamoneter ag a whole should be more reliable, since corresponded to the
real case and would probably include the effects of some other factors which

could not be explicitly cbnsidered.
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CALIBRATION THEORY FOR THE COMPLETE DYNAMOMETER., - The actual final

calibration was carried out on each reaction dynamometer as a whole, and
the { K‘E ~ matrices were determined experimentally. The matrices obtained
this.ﬁé& were then compared with the ones obtained by inserting the
individual leg calibration results into the theoretical form of the

izf]— matrix, In all the casges they agreed very well,

To determine all the nine elements of the K;Kt!— matrix, it is
theoretically sufficient to have three sets of strain readings corresponding

to three different sets of known loading configurations:

Conf, Applied Measured
* Pix Py Py £ & &
2 o Foy Py £01  Eop &z
5 Psx Py Px € & &3

ey
(=] Ley

If the bagic relation is applied to each of these three cases,

iPlg e} . 31618
?szg { k] . 162
§P3§ { K '} . <1£,3

1t

1t

it

These three relations can be combined as,
(SLPli gLP% %3%) LKJ g@lz) 152{ %3?5\)/

e
On the other hand,

36 B - (el v )
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Therefore,

ey wy) - e oy
DR S I SR Y

However, the degree of accuracy and reliability of the calibration

i

il

statistically increases with the number of different loading configurations
considered. Thexrefore five different configurations for each dynamometexr
were studied instead of three. The results were processed to obtain the
best (Kl- matrix using the principle of least squares. It can easily be
shown (Ref. 28, page 171) that the best n unknowns are determined, by the

principle of least squares, from m (m>n) equations as explained below:

The problem is defined by,

il
3

L . X

(m.n) (n.1) (n.1)

If both sides are pre-multiplied by LT

I"Lx = L h or x = (LTL)"1 1Th

The same principle can be applied to the problem of calibration,

] 0 - (B oD

h

Then,

e T (R R
]

If matrices [1& and [P] are defined as

Y- {Erel] (o]
and [P] <§pr) Py 51927@ T or

fl

il
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In this particular case n and m are 3 and 5 respectively. Therefore,[j?}

Then

it

is a(3.5) natrix, and {.&) is a (5.3) matrix. Consequently, their product
KK} is a (3.3) natrix,

As mentioned earlier, five different loading configurations were
considered for the calibration of each dynamemeter. In each case a load
P was applied at the apex of the dynamometer in a particular direction

which could be resolved into three known components. These configurations

weres
Conf. P P P
-2 = -
1 P 0 0
i3 1
2 3%1: 5P 0
3 L p =7 0
{2 Rt
\F 1
4 5 P 0 5 P
5 x o 1
{2 V2

The mechanical details of calibration and the method of load application

will be explained in the next paragraph.

For each of these configurations, the strain readings were
recorded at a number of loading stages., The strains measured were then
plotted against the load P, and a straight line was fitted to the strains
of each leg by the least square method. A qualitative P —= & relationship
is illustrated in Fig. 19, Then, strain values corresponding to P = 1 tonf.
and the appropriate values of components of P wete placed in the [ 6] and

Pl-matrices respectively. Once all the five configurations were gtadied
and the [g] and [Pl-matrices were completed, the calibration matrix [x{]

was calculated through the metrix operations explained abeve.

L comprehensive computer program was developed for the calibration
of the reaction dynamometers. The measured strains and the corresponding

lead components, for both individual leg and general calibration cases,
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were fed into the computer. For the case of individual leg calibration, a
straight line was fitted to the data for each leg, and the (AE) values were
calculated, 'These values were then used to determine the theoretical
[Kil— natrices, TFor the case of calibration as a whole, straight lines
were fitted to the strain data to obtain the elements of the matrix{if!}.
Then the above explained matrix operations were carried out fto calculate

the experimental calibration matrices.

MECHANICS OF CALIBRATION - The individual calibration of the dynamometer

legs was simple and straightforward, Two cylindrical steel blocks were
manufactured to fit each end of a dynamometer leg as shown in detail in
Fig. 18. It was then accurately placed in the 300 tonf. Amsler loading
frame, and the strgin readings were recorded at a number of loading stages.
The calibration as a whole however required a much more elaborate systen.
The frame used for this purpose is schematically shown in Fig.20 and the
details are given in Fig. 18, As illustrated in these figures, a 30 tonf.
capacity hydraulic jack, with a number of combinations of extension blocks,
was used to apply the load at four different angles of inclination (900,
75%, 60%, 45°) in the plane of the calibration freme.

Under the calibration frame, the dynamometer was bolted to a steel
base, made of 15 in x 4 in. channel, fixed to the testing floor. This base
had been prepared so that the dynamometer could be placed at various angles
with respect to the calibration frame., The two positions used for the
actual calibration are shown in Fig. 21. Considering these two positions,
the loading configurations listed in the previous paragraph can be explained.

Referring to the co-ordinate axes shown in Fig. 15,

Conf, Position Si EE Eﬁ E&
1 1 90° P 0 e
¢ gz P i
2 1 60 . 2P 0
3 1 45° P 2 0
\2 2
4 2 60° {g; P 0 Ly
3
5 2 45° P 0 P

STl
ol



The pressure was applied to the hydraulic jack from an Amsler
pressure cabinet, and the load P applied to the dynamometer was measured

and adjusted by use of a pre-calibrated load cell.

5e3. DEFLECTION MEASUREMENT SYSTEM -- A reasonably fine grid'of deflection

neasurenent points was essential to study the deformational behaviour of the

test structure. Preliminary investigations showed that the grid would be
reasonably satisfactory if the measurement points were spaced at 2 ft.
centres. This neant more than 60 points over one half of the test structure.
If dial gauges were used to measure the vertical deflections, three rather

difficult problems would have to be faced:

i. The time lapse between the first and the last readings. At least
20 to 30 minutes is required to take sixby or more such readings.

That could have resulted in a considerable amount of creep.

ii. At some points 4 to 6 inches of vertical deflection had been
expected. The cost of so many dial gauges of this range of
neasuremnent would be considerable, Or otherwise resetting of
smaller dial gauges could have caused enormous and dangerous

practical problens.

iii  If the dial gauge supporting system was designed to be placed
over the test structure and independent of it, it would no doubt
have introduced very difficult design problems due to the very

long spans reguired.

The other alternative was the use of a level to neasure the
deflections by reading the scales fixed vertically at the measurement points
on the test structure. In this case however, another source of error was to
be faced in addition to the time lapse problem explained above. Due to the
retations of the measuremert points, the scales would rot remain vertical
which night have caused a considerable amount of error in deflection

readings.

There was of course another solution to all but one of the problems;
the use of linear displacement transducers. They are sensitive enough;
sixty of them can be recorded in 1 minute or so, provided that a recorder is
available; there are a wide variety of sizes to choose from. But they cost
£20 to £40 each; in other words, roughly £2000 was needed for the whole

deflection measurement systemn,
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Considering all these difficulties, a new system was developed.
It was based on the simple principle of continuity. Ordinary plastic
medical syringes which cost 104. each were used as transducers. Through 2
plastic tube, the syringe was connected to a vertical giass tube, and filled
with a coloured fluid. When the plunger of the syringe was pushed in, it
displaced a volume of fluid which caused a change of fluid level in the
glass tube in proportion to the ratio of cross-sectional areas of the
syringe and the glass tube. Practically any magnification can he obtained
in this manner by choosing suitable ratios of cross-sectional areas. In

this particular case, 25 seemed to be reagonable and practical.

A supporting frame made of 1%-in. ¥ 2% in, steel box sections was
placed under the slab and completely independent of the test structure.
The syringes were fixed on this supporting frame so that the steel ball
attached to the top of the plunger was Jjust touching the underside of the
slab. The details of the arrangement are clearly illustrated in Fig. 22.
The spiral spring around the plunger ensured recovery and measurement of

negative deflections.

The 67 glass tubes on the other end, were fixed in front of an
11luminated box and arranged so that the deflected shape of each cross-~
gsection on the test structure could be seen imnediately. At each loading
stage, a photograph was taken of these tubes which clearly indicated the
fluid levels., Thus the deflections of all the points were recorded
automatically and simultaneously. A typical record of deflections is given

in Fig. 23,

Of these 67 tubes, 65 were actual deflection measurements and the
other two were used as reforence tubes. The hydrostatic pressure applied by
the fluid in the ftubes was extremely small and therefore‘négligible, and the
temperature and hunidity were controlled in the laboratory. HNevertheless,
it was thought that it would be wise to have two reference tubes having the
same properties asg the actual measurement systems but closed at the other
ends,., Each of these corresponded to the longest and shortest of the plastic
tubes. Any deformation in the plastic tube due to pressure or tenmperature
change should be the same in character in all of them and proportional to
the length. If the changes in the two extreme cases were recorded, the

intermediate ones could be corrected by simple proporitioning.

The horizontal deflectiong, on the other hand, were simply
measured with three dial gauges at the end of each column centre-line, in
the horizontal load direction. They were supported by a frame made of

scaffolding bars.






Clincneters were also used to record the rotation at certain
parts of the test structures. HOW@Very‘the nuiber of clincmeters available
in the laboratory was not sufficient to cover the whole test structure.
Since they could measure the rotation in only one direction, twoc of then
were required at each neasurement point. Therefore this type of clinometer
was not the ideal instrument to be used on two dimensional structures.

A special two-way clincreter based on the suggestion of Prof, Baker was
developed, and a prototype was manufactured with the intention of producing
a sufficient nunber of them to cover the whole test structure, But due to
some problems faced in preparing the prototype, it was anticipated that the
manufacture of so rany of them might take a considerable time and therefore
might cause unjustified delay. However, the idea on which the design was

based, will be explained below.

If a segment of sphere is filled with a fluid and a small air
bubble is left inside, the container may be considered as a two-way spirit
level., If it 1s graded to indicate the angle of rotation in two perpendicular
directions, it beoomes.a two-way clinometer, Fig. 24 illustrates the design

of the prototype. The practical requirenents determined most of the

dimensions:
the diameter, d . = 6 inches
: practical
. . . o 1
the rotation capacity, Gpractical = Arc Tan 5
the spacing of the
division lines, s = lmm = 0.04 in,

Referring to the geometry illustrated in Fig. 24,

d e, d 6

= TE¥my - ZWns - xoa - o0
x = r(l - Cos8) =30 (1 - 0.995) = 0.15 in,

Then the sensitivity is,

1xg o

In the prototype, the base was made of an aluminium alloy. 4 circular glass
sheet was cut spherically to the required geometry, and fixed on the base.
It was then filled and sealed. A thin sheet of perspex on which the
divisicn lines had been marked, was fixed on top of the glass shect. The

instrument was placed at the measurement point with its axes parallel to
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those of the test structure, and by using its three adjustable point supports
it was adjusted so that the air bubble was right at the origin of the axes.
As the point rotated under load, the air bubble moved from the origin. The
components of this movenent indicated the rotations along the corresponding
axes. But unfortunately, in spite of all the efforts the size of the air
bubble could not be controlled. If this problem cen be solved, an ideal
instrument for this kind of experiment can be designed based on this

principle.

A”5.4. STRAIN MBASUREMENT SYSTEM -~  As explained in Chapter 7, a knowledge

of the steel strains is essential to study the flexural behaviour of the

test structure; similarly the concrete strains are very important for the
investigation of the local behaviour of the slab-column junctionss |
Therefore a successful and satisfactorily comprehensive strain measurement
systen has an enormous value as far as the whole research projecct is

concernede.

Degpite the fact that the spacing of the reinforcement was
somewhat different in the two test structures, it was possible to adopt
exactly the same pattern for the stecl strain measurement pointe. A grid of
approxinately 20 in. x 30 in, was chosgen for steel strain measurement points
in both directions., The pattern is shown in Figs. 25 and 26, 1In plan, all
the strain gauges along a particular section seem to be on the same bar,
but in fact some of them are on the bottom bar and some are on the top.

This situation ig illustrated in Fig. 27. Since the tension bars are
xpected te be further away from the neutral axis than the compression bars,
higher straing and consequently higher sensitivity are expected from the

strain gauges on the tension bars.

To measure the steel strains Saunders-Roe foil gauges having % in.
gauge length and a nominal resistance of 120Q, were used. They were fixed
on the reinforcement with "Araldite 103" plus “"Hardner 9517, and water-

roofed with "Gage Cote 5", a two part apoxy resin,
P b

These strain gauges were not simply fixed on the surface of the
bar, but they were placed in specially cut longitudinal slots. The shape
and dimensions of these slots are shown in Pig. 28. Numerous tests had
been carried out to compare the performance of the strain gauges placed in
this kind of slot with that of strain gauges conventionally fixed to the
surface, The results consistently indicated the following advantages of

the slot gauges.
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i. Smaller effects of eccentricity were expected and in fact,
obserred due to the strain gauge being positioned nearer the
centroid of the cross-section than is the case for the surface
gauge. In this sonse, slot gauges can be congidered as measuring
the actual internal strains, insgtead of the peripheral strains

neasured by surface gauges.

ii, Far better protection againgt external damage is provided bywing
slot gauges. A very good example of thig was given by the
unsuccessful first trial of casting the test structure l. Ais
explained in the following sub-scction the concrete had to be
renoved after placing. This operation inevitably required a -
rather harsh handling of the féinforcement. When the strain
gauges were checked at‘a later date, curiously enough, only two

out of 163 gauges were found damaged.

iii. Par better water-proofing is possible for slot gauges. The slots
were filled with an apoxy resin after positioning the gauges;
then the water-proofing material was applied. The tests had
shown that the slot gauge was also superior to the surface gauge

in this respect.

To measure the concrete strains around the colunn heads, a number
of Tokyo Sokki wire gauges having 50 mm. gauge length and a nominal
resistance of 120 Q were used., The adhesive used to attach them was
"PS Drug A plus Drug B" made and recommended by the manufacturer of the
gauges.

The number of gauges and the pattern in which they were arranged,
were different for the two test structures. TFor the test structure 1,

150 gauges were arranged in the pattern shown in Tig, 29. Aloﬁg some
comparatively nore important sections rosettes were formed, Since each
gauge was recorded separately; two members of a rosette indicated the
tangential and the radial strains at that particular point as well as
providing information for the determination of the principal strains and the
principal directions. However, after testing the test structure 1, it was
realised that some gauges nearer the colurn were required, and the rosettes
were not so useful as had been expected. Therefore, the pattern was
entirely changed for the next test structure. The new pattern which Was
composed of 116 strain gauges is ullustrated in Fig. 30. In this case,
T-shaped combinations were used, and the instrumentation was limited to

conparatively more important scetions,
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5.5 MATERIALS ~— When the number of specimens to be tested is limited,

it ig obviously best to keep unchanged as many parameters as possible.

It was therefore desirable to have identical material properties for both

of the test structures. Thig principle was reasonably satigfied for the
concrete used for the test structures; but in the case of the reinforcement,
some more important considerations led to the decision to use a different

kind of sgteel in the test gtructure 2.

5.5.1. CONCRETE -~ Ready mixed concrete was used for both test struchbures.

The mix was specially designed by Ready Mixed Concrete Ltd. to attain a
cube strength of 6000 psi at 28 days. The nix was also designed for case
of placing and compacting. Approximately 8 cu.yd. of concrete had to be
placed each time. By laboratory standards, this is a rather considerable
ancunt. It took 3 éo 4 hours for placement, compacting and screeding.
Since only two separate mixes were used, a reasonable workability was needed
for at least two hours after mixing. To ensure this, an initial slump of

3 to 4 in, and at least 1 in, slump at 3 hours were specified. Therefore
the use of a retarder was inevitable. Before the casting of the test
structure 1, the published data on retarders was studied in co-operation
with Ready Mixed Concrete Ltd. From this data a suitable retarder was
chogen and the amount required was determined. Some tests were carried out
in the laboratories of Ready Mixed Concrete Ltd. These gave satisfactory
results which led to the final decision concerning the material to be used,
the casting date, etc. The initial tests on the casting day secred
satisfactory; therefore the casting was started. But 2 hours later, when
nore than half had already been placed, the concrete started to stiffen
rapidly. 3By the time two thirds were in place, it was undérstood that the
casting could not be completed., A group discussion on the spot resulted in
the decision to reject the concrete before it was too late, A good deal of
granulated sugar was spread over the concrete in place aﬁd some water was
added. With the invaluable efforts of the technicians and the students, the
concrete was removed and the formwork and the reinforcement cleaneds It
tock over a month to preparec for another casting. The accelerating effect
of the so called retarder was studied and unsatisfactorily explained by
Ready Mixed Concrete Ltd. by a probable chenical reaction between the
retarder and the dry mix before the water was added. After this unpleasant
experience, nost of the retarders available in this country were
comprehensively tested; one was chosen and it was made sure that exactly

the same procedure would be followed in preparing the actual mix as in the









test mixes, As a result of this investigation, the next trial was
successfuly; both of the test siructures were cast without any serious
difficulty. Together with cach test structure, six strip beams, sixteen

cubes, eight cylinders and eight 4" x 4" x 20" prisms were cast.

Here, it rust be nentioned that the screeding of a slab of these
dinensiong, with the accuracy required by research standards presented some
difficulty. 4 large screeding board was designed for this purpose. It wag
hung on one of the cranes with specially designed spiral springs so that it
was not too heavy to handle and was heavy enough to serve the purpose. The
result obtained was ﬁ;%% in. on the slab thickness, and it was regarded as

satisfactory.

When the casting was completed, a curing compound (Febeure
Super 90) was sprayed over the exposed slab surface to prevent shrinkage
cracks. A couple of hours later, when the concrete had reasonably stiffened,
the structure was covered with wet hessian, and a layer of polythene was
spread on top to reduce the evaporation to a minimum. However, the hessian
was wetted every other day up to the 28th day after casting¢ The strip
beans were cured in exactly the same mamner. The control specimens were

stripped on the 7th day and then immersed in water at 20°¢.

When the specimens were tested, the following average material

properties were obtained:

. For the test structure 1; fou.= 6200 psi

E, = 4.62 x 106 psi
For the test structure 23 fcu.z 6700 psi.

Ec = 5,80 x 1O6 psi

The values obtained were considered satisfactorily close to the specified

ones.

56542+ STEEL =~ The reinforcement in the test structure 1, consisted of

%é in. dianeter deformed bars of high tcnsile strength steel. Its trade
name is "Norhite 60" indicating a guaranteed 60000 psi yield strength. This
type of steel has a well defined yield point and a high ductility. The
deformations on the bars were in the form of longitudinal and transversal
ribs providing good bond strength and crack control properties. A number of

specimens were tested and the average values of yielding stress and modulus



of elasticity given below, were obtained:

58600 tei

H
It

24 .44 x 106 psi

=
i

On the other hand, mild steel bars of the same standard size werc
used for the test structure 2, These were plain bars with 40,000 psi
guaranteed yield strength. The tests conducted on a number of specimens

gave the following average values:

L
i

44900 psi

26,67 x 106 pesi

=
1l

For the column reinforcement in both of the test structures, 1 in.
diameter plain bars of 60000 psi high strength steel were used. This
material was not tested to obtain very accurate values, because the strength
of the columns, as explained in Chapter 3, was not at all critical. On the
other hand, these bars were anncaled for bending to the required U-shape;

their properties would therefore have been affected by this process,
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CEAPTER 6

TESTING PROCEDURES AND RESULTANT
BEHAVIOUR OF THE TEST STRUCTURLS

Outlines of the tests conducted on each test structure were
briéfly explained in Chapter 3 where the loading history diagrams were first
introduced. In the present chapter, cach test carried out on each test
struéture, and the performance of the test structure during these tests are
explained in detail. The actual applied loading history diagrams (Fig. 3.3)
were ruch more complicated than the ones presented in Chapter 3, In other
words, not only werc the principal tests carried out, but also a munmber of

auxiliary tests were conducted on each test structure.

6.1, TESTS CONDUCTED ON THE TEST STRUCTURE 1 - Being the first one to be

tested, the test structure 1 underwent a larger number of tests than the
test structure 2. The performance of the instrunentation systems as well as
the behaviour of the test structure itself had to be tested., Apart from one
or two ninor modifications requirced during the tests, the intended testing
plan was followed. The actual applicd sequence of loadiné is illustrated

in Fig. 33,

6.1.1. TEST O: COMPLETE INSTRUMENTATION CHECK - The purpose of this test

was to see whether each iten of the whole gystem would work as planned,

Only the vertical load was applied up to nearly the désign vertical load.
Every single part of the instrumentation was employed to its full capacity.
All the systems sgeemed to be working satisfactorily, and in addition it was
seen that only two skilled persons could carry out all the experiments

except at the critical stages. Later the data from the reaction dynamometers
and the load cells were evaluated and compared with the‘apfiiéd load. This
comparison indicated that the applied pressure had noit qﬁite produced the
loads intended. Therefore, the pressure-load relationship for the loading

gysten was revised before proceeding any further,

Starting from the dead weight which was one guarter of the design
vertical load, the load was zpplied in increments of approximately one
eighth of the design vertical load. Visible cracking started at about 0.6

times the design vertical load; negative moment cracks appeared around the
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columns mostly at the root of the upper columns, Somc diagonal and some
redial negative moment cracks were added to these at the last stage of the
test when the load reached approximately 0.9 times the design load.

Besides these local cracks around the columns, a continuous negative
moment crack along the BEH column centre-line and two continuous positive
moment cracks along the pancl centre-lines in the E-W direction appeared at
this last stage. The moment distributions and the deflection surface as

well as the reactions of this stage are presented in Appendix 1.

6.1.2, TEST 1: PANEL BY PANEL LOADING TEST - This test was intended to

investigate the influence of partial loading on the behaviour of the

structure, and at the same time to see whether individually loaded panels
could be superimposed. The test consisted of three parts with one, two and
three panels loaded respectively. In each part only the vertical load was
applied up to the design vertical load with increments of one eighth of the
design vertical load: Based on the comparisons explained in Chapter 3
(Fig. 8), the extent of reliability of superposition was studied. To this
end, nine critical points (Fig. 34) were chosen; the two components of the
bending moment and the deflection were determined at each of these points
(Table 4), and the quantities obtained werce compared with the corresponding
appropriate quantities (Table 5). The study showed that the effects of
partial loads can be gsuperimposed within the limits of working loads. In

general, differcnces of less than 10% were noticed,

Another observation confirmed the anticipated behaviour under
repeated loading. It was thought that such loading would cause additional
cracking which in turn would reduce the flexural rigidity, thus causing
higher deflections. From this point of view, the idea of having "Panel by
Panel Loading" tests before the principal tests, may be criticiseds One
cannot be certain that this kind of unsymmetrical loading would not have
affected the bchaviour of the test structure during the later tests.

However, the results obtained from the later tests indicate that the
symnetry of fthe behaviour had not becn considerably disturbed. Bepecially
at the stages above the design load, the influence of previous unsymmetrical

repeated loading dcereased as the loading increased.

6,1,3, TEST 2: CHECK FOR VALIDITY OF SUPERPOSITION - This teet was the

last auxiliary ftest before the main tests. It consisted of three parts;

in the first part the verticnl load alone was applied over the whole slab,
in the second part the test structure was loaded with only the horizontal

load, the last part was a combined loading test. In all of the above parts
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the load was increcased in steps of one eighth of the design load up to the
full design load., The purpose was to study the ceffects of vertical and
horizontal loads applied (i) separately, and (ii) together, and to check
whether the same results cen be obtained simply by adding the results of
geparate loading tests to obtzin those of combincd loading. To this end,
the same points on the test structure were chosen as in the case of "Panel
by Panel Loading" test; the twe components of the bending moment and the
deflections were detcrmined and comparcd in Table 6., The table shows that
the effects of the vertical and horizontal loads can be superimposed to an
aceeptable degrec of approximation. Another fact which has already been
nentioned in the discussion of the "Panel by Panel Loading" test was
reconfirmed; repeated loading caused more cracking and conscguently more
deflections. An average 12% difference in deflections indicates that
deflections werc greater during the third and last part of the test, than
those obtained by adding the results of the preceding two parts. Here it
must be noted that the average difference observed during this test 1s very

cloge to that observed during "Panel by Panel Loading" test.

6.1e4, TEST 3: CRACK PATTERN FORM.TION TEST - This test was the first

phase of the main testing. It was intonded to create a pronounced crack

pattern under vertical load only. The tost structure had already cracked
during the previous tests; however, the loading had never excceded the
design load. So, the cracking which had already taken place was regarded
as "Normal Cracking' and it was assumed not to have changed the behaviour
of the test structurc., The cracking induced by this particular test was,
in that sense, morc important; it was regarded as "Overcracking'" which

might affcet the behaviour of the tcst structure.

The vertical load alone was applied in the usual manner. TUp to
the design vertical load, thore was very little change in the crack pattern.
Two more loading stages beyond the design vertical load were chosen. A
noticeable increcase in both the number of cracks =2nd the crack width
ocourrcd at these stages (Fig. 40). Although the test structure did not
seen too weak to resist  further load increnents, 1t was‘dQCided to stop
the test at this stage to avoid the risk of possible excessive local
danage which might impair the subseguent tests, as thevshearvétrength of

the colunm regions could not be precisely estimated.

6,15, TEST 4: TESTING TO FAILURE ~ This test was the last and most

important phase of the main testing programme, It was not as simple as

had been planned since the test structure was wesker in shear than in
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flexure, and the shear strength of cach type of colwn region was different.
To discard the test structure after having one column region failed, would
hawve been a considerable waste, Therefore the test was performed in three

parts which resulted in the failure of six of the column regions.

Before the first part of this test took place the test structure
wag cracked but otherwise undamaged., The combined load wag applied in
increnents of onc cighth of the design combined load. At the first load
stage, only an increncnt of the horizontal load which corresponded to the
dead weight of the test structure, was applied. Then both types of load
were increased proportionally. Between 1.00 and 1,25 times the design
combined load, a number of new cracks appcared which caused wider crack
bands, without changing the outlines of the crack pattern, A considcrable
increase in crack width, especially of the eracks around the internal
colum, was observed betwecn 1.25 and 1.50 tines the design combined load.
The next loading stage had been planned at 1.75 which could not be reached
since the internal colurm (B) and the far end edge colurm (H) punched through
at approximately 1,62 tines the design load. In order to prevent the rest
of the test struecturc from beconing badly damaged, the loads were rapidly
renoved without taking a set of readings which in any casc would not be

reliable,

To be able to continuc testing so that the undanmaged parts of the
test structure could be used, a method of supporting the failed columns,
was developeds Stecl frames were designed which could be fixed to the slab
using the loading holes around the columns, and braced against the colurn
bases. Details of one of these framecs, designed for an edge column, is
given in Fig. 35. Thesc frames can be regarded as column capitals since
they serve the samc purpose of increasing the length of the critical shecar
section. They can be eriticised for having changed the flexural propertias
including effective span length, stiffness ete., This ceriticism is no doubt
true., However, at this stage, it was already very clearly undersfood that
the local strength of the column regions was more eritical than the ovarall
flexural strength. Therefore it was thought that sone error in the study of
the flexural behaviour could be accepted for the sake of having more
possibilities of studying the local behaviour. As far as the study of the
flexural behaviour is concerned, the test structurc had become, in any casc,

less useful and reliable aftor failurce of first column region,

After reinforcing the failed columns as explained above, the
second part of the test was carricd out. The combined load was applicd

again keeping the ratio of vertical to horizontal loads constant. But
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instead of loading increncntally, the load was applied without interruption
up to 1.50 times the design load when the first sct of readings was taken,
After that stage, thce load was increased in steps of one eighth or, towards
the end, one sixteeptﬁ of the design load. During the course of this test
the number of cracks considerably increased, and the deflection excceded
the value obtained at the corresponding load stages of the previous tests.
At approximately 1.75 times the design load, two symmetriéal cdge column
regions (D and F) punched through. The load was rapidly renoved. The test
structure was then prepared for the next loading, by strengthening the

failed colurms in the way previously described.

The third part of the test was more or less a repetition of the
second part. The combined load was applied proportionally, and additiocnal
cracks and more deflections obtained. At a load slightly higher than the
failure load for the two edge columns, anproximately 1.80 times the desgign
load, two far end corner columns failed, After strengthening these columns
with steel frames, another attempt was made to induce fallure in the colummns
on the less critical side of the test structure (4, B and C). But this
could not be achieved, since the internal column again failed in shear

forming a second and larger punching conc.

Tho actual column reactions ot the punching load were obvicusly
vitally important for the study of punching shcar strength of the column
regiong, On the othcr hand it was quite impossible to measurc the reaction
at failure, since the failure was instantancous which relicved the load
guddenly. Therefore approximate punching reaction was estimated from the
adjacent loading stage, The sane problem existed also due to impossibility
of measuring the dead weight reactions. A similar correction was applied in
this case. Both corrections are illustrated by the qualitative, and

exaggerated, load-reaction relationship of Fig. 36.

6.1.6. TEST 5: INDIVIDUAL COLUMY TEST - This tcst was a kind of "post

mortem". The expected information had already been obtained from the tests

already pcrformed, but it was thought that the remaining threce columns might
provide some additional useful datas; if not on the behaviour of the test
structure, ot least on the punching shear strength of these column regions.,
Most of the work on this particular subject has, in fact, been carried out

on sinilar isolated nodels.

A number of adjustable props which had been previocusly used to
support the formwork, were fixed along the column centre-line in the E-W

direction, The configuration formed in this mannor wes entirely different



from the original, yet it was considered perfectly acceptable for studying
the local behaviour. This configuration and the one used in the second part
of this test are illustrated in Fig. 37. Uniformly distributed vertical
load was then applicd and the reactiong of these three columns and the
deflections in this half of the test structurc were recorded., When the edge
colurn (B) failed, another row of props along the N-3 direction column
centre-line was introduced, thus forming ancther configuration (Fig. 37b).
Again only the vertical uniform load was applied until the corner columms

(A and C) failed in shear. After nodifying the measurcd reactions by the
corrections explained in the subsection above, the failure reactions were

used in punching shear studies.

642, DISCUSSION OF THE PERFORMANCE OF THE TEST STRUCTURE 1 AND REVISTON
OF THE DESIGN O THE TEST STRUCTURE 2 -~ As already explained in Chapter 3,

in the design of the test structures all the colunms were intended to have

approxinately the same strength, and cach test structure, as a whole, was
intended to be glightly weaker in shear than in flexure, In the test
structure 1 which had been reinforced with high tensile strength steel,
shear failures occurred between 1.6 and 1.9 times the design load, whilc the
flexural failure was anticipated to lie between 2.2 and 24 times the desgign
load. The differcnce botween the two sets of valucs was larger than
expected, Thig amount of difference wos not desirable, sinCe‘it restricted
the range of loading where the general flexural behaviour was étudied. It
was therefore decided that this gap should, somchow, be reduced for the test
structure 2. Changing the dimengions was not desirable since it would have
restricted the compariscns between the behavicur of the two test stiuctures
and would also have introduced many complications in the practical as well as
theoretical side of the work., If the colunn gizes were altered, then the
gtiffness ratios would not remain realistic, and if the slab thickness was
increased then the flexural strength as well as the shear strength would
increase, probably at a faster rate. So, the reinforcement scemed to be the
only factor which could be rcdesigned to achicve the purposc of having a test
structurce either stronger in shear or wesker in flexure than the test
structure 1. The Information available on the shear gtrength of slabs was
reviewed and the rcequirenmcnts of the code werc recongidered. As a result,
the use of nild steel instend of high tensile strength stecl was suggested.
The analyses by the available methods showed that this modification should
produce the degired effect. Using various sizes of mild steel bars a number
of reinforcement patterns, all satiéfying the design requirements, were

formed, and compared as regards the practical problems they may present as
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well as their shear and flexural strength. The counbination presented in
Chapter 4 was finally decided upon. The pattern of reinforcement was not
very different from that of the test structure 1 except glightly nore
closély spaced top bars in the colunn strips. Therefore very little effect
was anticipated on the behaviour duec to the diffcrence in reinforeement
pattern. As will be explained in the next section, irrespcetive of the
strength of the stecl uscd, the reguired increase in the shear strength
wag obtained by the use of nmild steel, while the flexural strength remained
more or less unchanged, This fact tends to indicate that the contribution
of flexural stecl to the shear strength is nmainly controlled by the anount
of stecl and not by the gtrength of stecl., This conclusion nay be extended
to the recommendation of the use of mild steel to achieve better economy in

this type of structure.

6e3. TESTS CONDUCTED ON THE TEST STRUCTURE 2 -~ The testing of this test

structure was easier and more straightforward as a result of the expericnce
gained from the test structure 1. Sincce the instrumentation systems had
been working perfectly well, there was no need for a full scale instrunentation
check test. The testing therefore started with those concerned with the
behaviour of the test structure itself, In the light of the observed
performance of the test structure 1, the extent of loading of auxiliary

tegts and their locations in the sequence of testing had to be reconsidered,
and sonme small alterations were made., The repeated unsymmetrical loading
had proved to affect the syrmetrical behaviour of the test structure at least
up to the maxirmm spplicd load. This type of testing was therefore excluded
from the loading programme. On the other hand, it was found morc desirable
to carry out the first phasc of the main testing, namely the "Crack Pattern
Formation" test, when the test structure was undamaged. The '"Check for
Validity of Supcrposition" test which followed was not expected to have a
gignificant influcnce on the behaviour of the previously cracked test
structure since its naximun applied load wag less than that of the "Crack

Pattern Pormation" test.

6301, TEST 1l: CRLCK PATTERN FPORMLTION TEST - As in the case of Test 3

of the test structure 1, the idea behind this test was to create the first

crack pattcrn under a prescribed type of loading which in this casc was
combined loading. Firstly an increment of horizontal load corresponding to
the dcad weight was applicd alonc, From this stage on, the test structure
was loaded with proportionally increasing combined load. At appropriate load

levels complete scts of readings were taken and the crack pattern was marked



and recorded. In general, the behaviour remained quite symmetrical and
consistent during the wholc test. First visiblc cracks appeared at
approximately 0.75 times the design load along the more critical faces of
the internal and far end colurmsg. A considerable increase in the number of
cracks around the middle and far end colums was noticed at 1.125 times the
design load. At the last stage of the test, when the load reached 1.25
times the design load, diagonal and radial cracks appeared around the above
nentioned columns in addition to the existing mostly tangential cracks,

The rest of the colum regions, nanely the colurms on the horizontal load
side, rcmained uncracked., At the critical positive moment regions} only one
almost continuous crack appecred alonz each of the panel centre~lines in the

W-E direction, at the last loading stage of the tests

6.3.2, TEST 23 CHECK FOR VALIDITY OF SUPERPOSITION ~ The information

expected from the auxiliary tests had already been satisfactorily obtained

from the test structure 1., On the other hand, it was particularly dosired
to ensure that the behaviour of this test structure would not be affected by
the tests of secondary importance. Thesce considerntions led to the decision
of having the "Check for Validity of Supcrposition”" test with loads not
exceeding 0.60 timcs the design load, The testing was rather simple and
straightforward and it did not present any difficulty. The performance was
up to expectations and none of the threc parts of the test caused any
additional cracking. But, when the date obtained in this test was anolysed,
it was discovercd thot this relatively smrll megnitude of loading was not
sufficient for obtaining accurate information., The results of this
particular test wer: not considercd successful and therefore excluded from

the analysis of the experimental results,

6.3.3, TEST 3: TBSTING TO FAILURE - This test structure was intended to

fail under increasing horizontal load, aftcr having becn crackced by combined

load. & horizontal load test to failure would not be at all realistic, and
would present a number of very difficult practical problens. As discusscd
in Chapter 3, this test was plenned with a reasonably high constant vertical
load and a horizontal load which would steadily be increased beyond the
meximum proporticnal load until the test structurc failed., The test

conslsted of three parts as illustrated in Fig., 33D,

In the first part, the loading was proportionally applied up to
1.50 times the design combined load in the usual manner. The loading up to

this eritical stage resulted in one or two almost continuous negative monment
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cracks along the colum centre-lines in both directions and a few continuous
positive moment cracks along the pancl centre-lines at the bottom face of
the test slab. The vertical load was kept constant at this level and in
the following load stages only the horizontal load was increased. When the
horizontal load reached 3,75 times the design horxizontal load, there was no
gign of failure; mneither in shear nor in flexure. The load was removed,
and it was decided to increase the maximum proportional load to 1.625 in

the next cycle.

The second part was carried out in a sinilar manner to that
described above, but with a maximum proportional load of 1.625 times the
design combined load, The test siructure seumed no weaker than before when
the horizontal load reached 3.50 timces the design horizontal load. The
maximum proportional load was again thought to be insufficient. However,
relicving the loads altogether and introducing a new cycle did not appeaxr
very desirable since repeated loading was expected %o cause additional
cracking. Therefore, only the horizontal load was decreascd to the
maximm proportional load level, and an increment of combined loading was
applied to raise the maximum proportional load level 4o 1.75. Then the
horizontal load was steadily increased until the intermal colum (E)
punched through at 3,50 times the design horizontal load. The loading was

rapidly rcnoved to prevent any further unwantoed danage.

The failed column region was strengthened with a stecel frame
braced against the colurm, as described in Scetion 6.1. Then the third
part of the test was carried out to observe the behaviour of the rest of
the test structurc. In this part, the critical load was again chogen as
1.75 times the design combined load. Onee this level was reached by
proportionally increasing the combined load, the horizontal load alone was
gradually increaged up to 3.50 at which stage all five of the renaining
critical (middle and far end) colwm regions (D, ¥, G, H and K)
girmltancously failed in shear. It muet be noted that the combination of
failure load was nearly the sane for these colurms as for the internal

colurmy  the latter being slightly weaker.

6.3.,4, TEST 4 - INDIVIDUAL COLUMNTEST ~ With the samc considerations

explained 2nd discussed in Section 6.1, the rcnaining three undanaged
colurms werc tested to failure under uwnifornly distributed vertical load
over the north half of the slab. The boundary conditions had been altered
by fixing a number of props along the columnn centre~line in the E-W

direction. The configuration formed is illustrated in Pig, 37a. Unlike
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the corresponding test on the test structure 1, all the three colum regions
simultaneéusly failed when the vertical load was approxinmately 2.45 tines
the design vertical load.

The failure reactions neogured on each of the colurms were
nodified by the two corrcctions explained in Section 6.1, before they were
used in the study of the local behaviour of the colunn regions for this

particular test structure.



91

CHAPTER 7

ANALYSIS OF THE EXPERIMENTAL RESULTS

The test structures, as explained in Chapter 5, were rather
_heavily instrumcnted. Hundreds of readings werc taken at each loading
stage. However, most of the recording was sutomatiocally done; the
conducting of the experiments, most of the time, required no more than two
pgrsoné, This ease of testing resulted in a huge collection of data.

The data processing was, thercfore, a rather long and complicated task.

The analysis was channelled mainly in two liness (i) Flexural
behaviour of the test structure as a whole, and (ii) Tocal behaviour of

the slab-column connections, as implied by the philosophy of the project.

A general idea of the date analysis is given in a schematic form
in Pig. 38, Each item and cach operation shown in that chart is explained
in the following scctions. The data processed was obtained from three

sourcoess

The main test structures - The rucorded data consisted of loads

He
»

applied, reactions, deflections, steel and concrete strains and

crack patterns,

ii. The strip beans - Six strip beams were cast and tested together

with ezch test structure. These beams were essential for the
flexural ~nalysis. In the tests conducted on these strip beams,
loadg applicd, deflections, stecl strains, rotations and concrete
gtrains were measured and recorded,

iii. The material specimeng -~ The properties of the materinls used

were determined by testing a number of cubes, cylinders, prisms
and stecl specimens. The main properties determined were the

strength and the modulus of elasticity of each material,

Tele FIBXURAL ANALYSIS - Although it is the comparatively better known

agspect of the problem, the flexural behavicur of this kind of structure

hag not yot been clearly understood. Most of the past investigations were
limited to rather simple cases and were based on ideclizations and

as g umptions which werc strongly influenced by the past experience of the
engineer on framed structures., However unfortunate, it is admitted that

the latter criticism is to a certain extent true for the present
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investigation as well, With the aim of obtaining a better understanding of,
and a better insight into the flexural behaviour, the following phenomena

were studicede

i. The distribution of moments in twe perpendicular dircetions at
various stages of combined loading.
ii. The dsflected shape at various stages of testing.
iii. The crack pattern observed on the top and bottom faces of the

test slab at various loading stoges.
) =]

The determinations of the deflceted shape and the crack pattern
were rather straightforward; +the recordings of the former were evaluated
and then plotted in form of equal deflection contours in plan (An example
of this is given in Fig. 39, and a sct is presented in Appendix 1.), and
the latter was recorded from stage to stage with a suitable colour
convention. The final form of the crack patterns are given in Figs. 40
and 41. Duc to the printing difficulties, the colour convention could not
be shown in these figures. The determination of the moment distribution,
however, requircd a rather claborate analysis. This analysis was based on
the assumption that the behaviour of cach point of the test slab can be
sirulated by a beam having the same properties in one direction as the
point considered, At the yicld stage, this assumption coincides with the
square yield criterion. This assumption is obviously vulncrable to criticism
for being unrealistic when suggesting the use of uniaxial state of stress
and strain as a measure for biaxial state of stress and strain. As far as
the concrete (that is the matorial which really undergoes bilaxial state of
stress) stresses and strains are concerncd, the criticism is, no doubt,
true. However, only the steel strains arc cssential for the analysis
proposed., Sincc the reinforcement in such structurcs consists of individual
bars which take only longitudinal uniaexial stresses, it is perfectly
reasoncble to consider the steel strain in =z particular point of o
particular bar is caused purely by the component of the external eoffects
applied at that particular point along the dircetion of that particular bar.
On the other hand, the influcnce of the change of concrete stress-strain
relationship on the moment arm is relatively small, Therefore, the steel
strain is quite a realistic measurc of the applied moment., If the
relationship between the external moment and the steel strain is known, the
applied moment can be determined from the measured steel strain. To
determine this relationship as well as the moment-rotation and the moment
curvaturc relationships, a beam having the same properties in one dircetion

as the point under consideration, can be used., This beam can be tested












under very well defined conditions of statics so that the moment applied is
definitely known and the steel strains and the other information can be
directly measured to obtain the relationships required. In the present
investigation, six such strip beams representing various parts of the test
‘structure, were cast together with each test structure and tested as simply

supported beams.

Ta1el, STRIP BEAMS AND THEIR USH IN FLEXURATL ANALYSIS ~ During the

reinforced concrete design of the test structures, it was tried to

standardize the spacing of the bars as far as possible. As a result of
this effort, only three different spacing of bars were used in each test
structure (2% ins, 5 in., 8% in. in the test structure 1; and 17/8 in.,

4% in., 8% in. in the test structure 2). Due to one bar diameter difference
in the effective depth between the bars of two perpendicular directions,
each of these spacings had to be considered twice with two different
effective depths. Therefore for each test structure, six strip beams were
considered to represent all the sections of the test slab. The compression
reinforéement was another parameter to be considered. Since all of these

. sections were under-reinforced, a considerable difference was not expected
in the flexural behaviour of a strip beam, due to the difference in the
compression reinforcement. However to study this problem as well as the
‘problem of standard beam width, eight more strip beams were designed and
tested. The results verified the assumption that the compression
reinforcement would not considerably affect the flexural behaviour of these
strip beams, therefore six strip beams were decided to be sufficient. On
the other hand, the use of standard steel moulds available in the laboratory,
could not provide the exact beam width required., The effect of having a
slightly different beam width was studied on the preliminary strip beams
mentioned above. On the basis of the results obtained, some correction
factors were calculated and used to modify the results of the actual strip

beams ,

The geometry and the instrumentaticn of the strip beams are
illustrated in Fig. 42, and a general view of the strip beam testing rig is
presented in Fig. 43. On each strip beam, four clinometers, three dial
gauges, four pairs of 8 in. Demec Gauges on either side, a load cell and
two or three steel strain gauges in the constant moment region were used.
The measured deflections and steel strains were directly plotted against
the measured loads and the moments respectively. The sum of the rotations

of clinometers 1 and 4, was taken as the total rotation of the beam for
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determination of M-8 relationship. The curvatures were calculated in three

different ways:

i. From Demec Gauges - The Demec lines were concentrated in the

upper half of the beam, and linear strain distribution was
assumed in the compression zone., 4 straight line was
statistically fitted to the measured strains, and the strain
in the outermost fibre and the neutral axis depth were

calculated (Fig. 45). Then, the curvature is given by,

E maxt

h

ii, Prom the clinometers 2 and 3 - These clinometers were within

the limits of constant moment region where constant curvature
was expected. The curvature could therefore be calculated, as

rotation per unit length, by

e, + 8
¢ - 2173
d
whexre d = distance between the twe clinometers.

iii. Prom the dial gauges - In the constant moment region, the

deflection was supposed tc be circular, From Fig. 44,

2 2 2
r~ o= s+ (rC - a)
S2 N 2
Then, T, = S
1 28,
OFs C =3 = T3
c s+ a
+8
where a = é; ~—-—~—¥2 A and
s = spacing of the dial gauges.

The moment-curvature relationship determined on the basis of
these three different approaches were in very good agreement with each
.x_p yt

other, for all the twenty strip beams tested.
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411 of the relationships studied, namely (i) Load-Deflection,
(ii) Moment~Steel strain, (iii) Moment-Curvature, and (iv) Moment-Rotation
relationshipe displayed a rather congistent common pattern. In each case,
this pattern could be idealizmed by a set of three straisht lines, firsit
corresponding to the pre-cracking stage, second corresponding to the post-

cracking stage, and the last corresponding to the yielding.

A special attention was paid to the Moment-Steel sitrain
relationship since it was one of the most essential elements of the flexural
analysis. The study of a number of cases, indicated that this relationship
can be idealized as illustrated in Fig. 46. The actual curve followed in
a particular loading is controlled by the state of the particular cross-
section at the time of that particular loading. However, the limits of the
variation can be determined by the two limiting cases; the case of first
" loading, and the case of fully cracked section. In the former case, the
curve followed can be idealized by the straight lines 1, 2 and 3; on the
other hand the path defined by the straight lines 4 and 3 is expected to be
followed in the latter case., Therefore all the intermediate cases are

expected to lie in the shaded itriangle.

Various cracking patterns studied led to the consideration of two
extreme cases; the gradual cracking, idealized by the straight line 2, and
the instant complete cracking, idealized by the straight lines 5 and 4.

In some cases, the observed curve tends to follow one of these limiting

paths, but it always lies within the limits,

The relationships explained above were determined as accurately
ag possgible for each of the strip beams. They are then employed for the
determination of the distribution of bending moments from the measured
quantities, To this end, two attempts were made through (i) Steel strain

and (ii) Curvature approaches.

Tele2, DETERMINATION OF MOMENT DISTRIBUTION - In the steel strain approach,

moment-steel strain relationships determined by the strip beams were used.

For each section,the appropriate strip beam was chosen, and the bending
moment at each point of the section was calculated by obtaining the
corresponding moment on the moment-steel strain relationship for the steel
gtrain measured at the point under consideration., A computer programw was
written (i) to study all the previous stages to determine the state of the
section at the time of the particular test, thus (ii) to choose the
appropriate set of straight lines to define the likely path, and (iii) to
calculate, on this basis, the bending moment corresponding to the steel

strain recorded. .
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The operation (i) was based on the assumption of instant cracking
which might in some cases be mimsleading. Thercfore the upper and the lower
limits were also calculated at each point so that the most reasonable

bending moment distribution could be cbtained,

Once the moments were determined at discrete points, moment
distribution curves along each section where the steel strains were
measured, were produced. Then these curves were summarised in form of equal
moment contours plotted in plan. A set of these equal moment contours are
prescnted in Appendix 1; however a typical cne of each of Mk and M&

distribution contcurs are shown in Figs., 48 and 49.

An immediate observation from these equal moment contours ig that
the null moment line near the edge runs almost parallel to the edge when the
deflections are comparatively high, This indicates negotive moment in the
transverse direction over the edge strip, When the deflections are not so
high, the null moment line runs around the columns, giving positive moment
in the transverse direction over the edge strip. This observation clearly
indicates that moment transfer through torsion is not significant when the
structure is not cracked very much and the deflections are not so high,
However, its contribution increases as the cracking and the deflection
increases.

To check the results obtained using this approach ancother method
was developed employing the curvature approach. The vertical deflections of
the test slab had been measured over a grid system. To determine the moment
distribution alcng & certain section, the deflection profile of the section

was considered. A polynemial curve of either type

X3 + e o s or type

[
)

0 + 1

o

2
v X+ X + &

5
= a_ +a y2 + a, X4 + X6
'.Y - ”O Lvl'- C-2 &3 + L I L]
was statistically fitted to the deflection data along the particular section,

Theoretically, the curvature is given by,
I 2 "%
c = y" \1+(y')}

where y!' and y" are the first and the second derivatives of y respectively.
The cruvature at a number of points along the section was calculated using
this equation. Then these values of curvature werc used to determine the
bending moments by using the moment-curvature relationship obtained from the

corresponding strip beam. A computer program . was written to realize this
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method of analysis. However, the regults obtained by this approach were not
very successful, in spite of all the efforts., The failure of this approach

can be explained by:

i, The over-sengitive character of the polynomial curve - A slight

experimental error may cause the polynomial change the curvature
wildly at that point, The use of polynomials of smaller degree
might have solved this problem, but they could not provide the

accuracy required, and,

ii, The difficulty in defining the boundary conditiong - The

boundary conditions are well defined only in the case of sections
through the columns where, the deflection y = 0, and the

rotation, y' = measured value

measured horizbntal deflection

ioeo y‘ =
column height

In the other cases, the boundary conditions cannot be reasqnably

defined for certain.

Talys3s. FRAME ANALYSIS - Consildering that the Empirical Design Method is

no more than a rule of thumb method, the Frame Method is the more reasonable
of the two design methods recommended by the Code. However one can, even
purely by common sense, tell that a frame with beams usually 12 to 18 times
wider than its columms cannot be realistic. This consideration had led to
the >oncept of "effective width" in cne of the previous works. On purely

5

theoretical grounds, it was concluded by Chan” that for an internal square
panel in an infinite slab subjected to combined load, the effective width

to be assumed in the elastic frame analysis should be 45 and 55 percent of
the span width for the cases where the column size is approximately %12 and
%16 of the span width respectively. His analysis was based on the comparison
of the rotation in the slab with the rotation obtained from simple beam

theory.

This idea of constant effective width was, no doubt, an
improvement. But the observations of the behaviour of the present test
structures inspired that the part of the slab actually contributing to the
frame action has a varying width, and therefore it would be far more
realistic to consider a small effective width across the colums and a large
one at the middle of the spans., The idea was reinforced by the Principal
Moment Trajectories obtained by elastic analysis for a ten-panel flat plate,

34

presented by Reimann”’ in his doctoral thesis,



Once the concept of "Variable Effective Width" was found
reasonable after serious considerationg, the question remaining was to find
out the variation, and to make it easily applicable to design problems. 4
review of the moment distribution contours suggested that in the middle
half of the span, almost the full width was effectively used; and the
variation tock place in the end quarters of the span. For the sake of
simplicity, the effective width acrogs the columns was assumed to be a
fraction of the total width, and the veriation was assumed to be linear.
These considerations are illustrated in Fig. 47. As a matter of fact, the
effective width across the colummns is not affected only by the total width,
but also by the column size. Therefore it would have been more reascnable

to express this width in terms of both, i.e. as

W, o= le+ n,a
However, this expression would have unnecessarily complicated the analysis
a lot, On the other hand, the ratio of column size to span length does not
vary very much; the most common values used in practice lie between %12
and %18' Therefore an average value of 315 can be assumed more oxr léss true
for all the practical cases. Then, the column size can be expressed in terms
of span length and thus the effective width across the columns can be

expressed in terms of span length alone, i.e.

'} n
W, o= m Q, where m = ml + T?

So, the problem wag reduced to determination of the coefficient

m from the experimental results.

Obgservations of the performance of thaotest structures indicated
that it would be very realistic if the flexural rigidities of the beams were
based on cracked sections while the columns were assumed uncracked. This
thought was supported by the cases numerically studied. The following
example illustrates the case clearly. The frame F4, which is the most
general, of the test structure 2 was analysed by assuming (i) cracked beams
and uncracked columns, (ii) cracked beams and columns, and (iii) uncracked
beams and columns. The results obtained for each cage are compared with the
experimental results obtained in "Normal Cracking" loading stage in Table 7.
The sums of the squares of the differences from the experimental values
clearly show that the combination adopted for the analysis, namely "Cracked

Beam, Uncracked Column" is the most realistic and most reliable of them all,
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However the results of "Cracked Beam, Cracked Column'" combination are not
too bad either; they are only slightly less reliable than those of the
former while the results of the third combination, "Uncracked Beam,

Uneracked Column" are wildly different from the measured values.

FPurthermore flexural rigidities for the cracked beam sections
were calculated on the basis of limit analysis. In other words the value of
(EI) for each section was calculated from the design charts compiled at
Imperial College considering the sectional and material properties, instead
of using constant values of E and I separately. Points of contraflexure
were assumed at -Q/A from the column centres, and (EI) values were
accordingly determined for the middle half span and the end quarters.
Fig. 50 illustrates these idealized sectional properties. The flexural
rigidity coefficients for each of the test structures, taken from the design
charts are given along the line called (EI). As a matter of coincidence,
the ratio of span and support region flexural rigidity coefficients are the
same for both test structures. The (EI) value for the middle half of the
beam for the test structure 2 was taken as unity by defining
(EI)O = 25 bdi(};+. Then the geometrical variation was combined with the
variation of flexural rigidity to obtain the combined variation which formed
the basis for the calculation of the stiffness and carry-over factors and

the fixed end moments used in the frame analysis.

Three loading stages from each test structure were chosen as a

basis for this analysis. These loading stages weres

i. Design combined load applied when the test structure had not been
loaded many times before. Therefore this stage is named "Normal

Cracking".

ii. Design combined load applied after a number of tests had already
been carried out on the test structure, and considerable cracking

had already taken place. This stage is called "Overcracking".

iii. The highest proportional combined load'applied just before the
failure. The test structure had already been severely cracked
before this loading stage. That is why this stage is named
"Severe Cracking'. In order to make this loading stage comparable
with the others as well as the theoretical ones, the moments and
the deflections measured at this stage were reduced by the ratio
of the design ¢ombined load to the actual applied combined load.
For comparison purposes, this approximation was found to be

satigfactory in giving a general qualitative picture of the
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behaviour of the test structure at such a late loading stage.

As far as the design recommendations are concerned, the previous
two stages, especially the "Normal Cracking"”, are essential since
these are the likely cases to take place during the lifetime of
the structure being designed. Therefore, more importance was
paid to these two stages than the "Severe Cracking" when the

design recommendations were considered.

Two criteria were considered to determine the coefficient n
which defines the offective width over the columns; (i) the total moments
along the critical sections of each frame, and (ii) the mid-panel
deflections. The results of both approaches were in agreement. Especially,
the results of the former were very reasonable, consistent, well defined

and therefore reliable.

MOMENT APPROACH ~ Seven critical sections on each frame were chosen for

comparison. These sections are shown in Fig, 51. At cach of these sections,
the total moment measured was calculated by integration from the moment
distribution contours for each loading stage considered. These calculations
were based on the frame division as recommended by the code and used in the
design of the test structures. The moments at the critical secticns of each

frame are listed in Table 8,

Each frame was analysed with beams of variable width for eight
values of the coefficient m from 1 to %60' The regults of these analyses
are summarised in Tables 9 and 10. These frame analyses with variable beam
w1dth were done by using a sp901al version of a comprehensive computer
program  developed by U. Nahha33 for inelastic analysis of framed
structures, based on the regular stiffness or displacement approach. The
stiffness and carry-over factors and the fixed end moments were calculated
for each value of the ccefficient m and fed into the program . These ’
values arc tabulated for easy reference of the designer and are presented

in the sub-section of "Proposed Design Method",.

For determination of the best valuc of the coefficient m for each
frame at each loading stage, the concept of least squares was used. The
differences between the experimental and amalytical values of the bending
moments at the critical sections, were calculated, squared and added
together for each case. The value of the coefficient m corresponding to
the smallest sum of squares of differences was accepted to be the best for
that particular case. It can be thought at this point that the second or

even the third best m-value could have been chosen if they were on the safe
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side. The variations of the critical momentg, however, are not the sames
some may increase with increasing m-value while the others decrease.
Therefore, the m-value producing the smallest sum of squares of differences
was generally found really the best. In all the cases the differences

corresponding to the best m-value are anyway reasonably small,

The sums of squares of differences for each frame at each loading
stage are given in Tables 11 and 12, When these tables are studied the

following points can be observed:

i. In the case of "Normal Cracking", the coefficient m is consistently
%2 and %% for internal and edge frames respectively., The best m

is very well defined.

ii. In the case of "Overcracking", less consistency is observed. The
coefficient m is approximately %% and %Z for internal and edge

frames respectively.

iii. In the case of "Severe Cracking", the consistency is still less,
and the coefficient m is still higher, %% for both kinds,

iv. To sum up, it can be said that as the degree of cracking increases,
the behaviour of the structure increasingly deviates from the
frame behaviour, and the yield line pattern commences to form,

This is clearly indicated by (i) decreasing consistency, and

(ii) increasing sums of squares of differences.

ve Although not very consistently, the general tendency of the
parameter m is to increase as the cracking beccmes worse. This
phenomehon can be explained by stress transfer or re-distribution.
Along a section over a column, the effective width increases as
additional cracking roeleases the stress at the points near the
column and causes points further away to take the torsional
stresses. Referring to Fig. 52, a considerable part of the
stress transfer through torsion takes place in sections near
column face before the formation of cracks. Once the secticns 1
arc cracked, the stress is transferred to sections 2, then to

sections 3 as the cracking increases.

So far the analysis was based on evehly loaded frames. In
practice, one often gets uneven loading; therefore a method cannot be
considered complcte without considering such cases. The information
obtained from "Panel by Panel Loading Test" was found extremely useful in
this respect. The third part of the test with three panels loaded, was

chosen as a basis. Referring to Fig. 53, three frames with various
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combinations of loading were formed: Frame Fi is an edge frame carrying
evenly distributed vertical load; the load on the two spans of the internal
frame FB are not equals however, they are not very different (5 to 8)
either; +the frame FC, on the other hand, carries very different (1 to 4)
loads over its two spans. In other words, the loading becomes more and
more uneven from Fi to FC., BRach of these frames were elastically analysed
for eight various values of the coefficient m from 1 to %&O, andbthe
resulting moments at the critical sections were listed in Table 13 together
with those obtained from the analysis of "Panel by Panel Loading Test" data.
These critical section moments were compared one by one with the corresponding
experimental value. The sums of squares of differences for each frame were
then tabulated in Table 14, This last table shows that the best m values
found from the analysis of evenly loaded frames, apply to the cases of
uneven loads as well. One thing, however, must be pointed out that as the
loading becomes more and more uneven, the best value of m becomes less and

less defined.

DEFLECTION APPROACH -~ 'The same principle as the one used for moment

approach, was applied., The mid-panel deflections were calculated for
various values of the coefficient m, and compared with the measured

deflections. The best m was then chosen on the basis of least squares.

The calculation of the.mid—panel deflections from the frame
analysis involved a higher degree of approximation, Therefore, this
approach could not be as reliable as the moment approach. The results wére,
therefore, weighed accordingly. However, it served as a further check on
the results of the moment approach, and provided additional confidence by

giving rather reasonablce results in agreement with those of the former.

Theoretically, a beam is a one dimensional element. Therefore,
the deflection at a particular section is assumed to be constant along the
widthe This obviously cannot be true for the hypothetical beam which in
fact is a part of a slab. However, it was thought that the order of erroT
should be the same for all calculations corresponding to various values of m.
Since the comparison was more important than the quantities themselves, the

approach was Justified as an approximation.

The consideration is illustrated in Fig. 54, and the results are

given in Table 15,

The best value of m determined this way is %g. But it is not as
well defined as that of the moment approach. As can be seen in the table,

there is not much difference between the values corresponding to %Z and %g.












The same values had been obtained by the moment approach for various kinds
of fremes. So, the deflection approach confirms the results of the former,

in spite of its being more approximate,

Teled, PROPOSED DESIGN METHOD - If the results of the flexural analysis

of the experimental evidence obtained from the two test structures are

reconsidered from the designer's point of view, the following points

attract the attention:

i. The flat plate type structures should be designed as continuous

frames. But,

ii. The beams of these frames should be considered fully cracked and
the columns uncracked., The combination of cracked beams and
cracked columns is acceptable; but the beams should never be

considered uncracked. And,

iii. The effective beam width should be considered varying, instead of
the full constant width suggested by the codes of practice.
Based on the information obtained from a limited number of test
structures, the variation illustrated in Fig. 47 was found very
reasonzble., Since the variation suggested is linear, it aoes not
introduce much complications the stiffness coefficients, carry-
over factors and the fixed end moments corresponding te three
different rates of variation are given in Table 16, for the easy
reference of the designer. Having these values in hand, most of
the methods of structural analysis can be applied to the frames
considered, without any difficulty. ZFor the ordinary design
purposes, the effeotive beam width variation coefficient m can be
recommnended as / for the edge frames and Q_for the internal
frames. However, ,Z can be used rather satisfactorily for both
kinds. These values are recommended considering that a practical
structure will perform in a state similar to the "Normal Cracking"
state of the analysis of the experimental results of the present
investigation. On the other hand, in the design of some structures,
econony considerations may justify slightly higher deflections.
For such structures, m = %% instead of %g should be considered
more realistic. In any case, it must never be forgotten that
these coefficients are recommended for the beams where the ratio
of the cracked section flexural rigidity corresponding to the
negative moment region to that of the positive moment region is
around 3.0 which is congidered rather common for the practical

structures.
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ive. The moments obtained at the critical sections by the modified frame
analysis suggested above, should be distributed between colum and
middle strips by the coefficients recommended by the British Code
of Practice CP 11l4. The requirements of this code on the
placement of the calculated reinforcement seem to be rather
reasonable and satisfactory, In other words, since the whole
argument is based on the results obtained from the two test
structures designed according to this code, it is rather essential
to follew its recommendations on apportionment of the moments and
on the reinforcement spacing in order to be sure of the design

coefficients suggested in this thesis.

v. Last but not least, the designer should not be misled by this
concept of varying effective beam width. The gecmetry suggested
this way 1s a fictitious mathematical model which serves the
purpose of determining the moments at the critical sections as
realistically as possible. Once the critical section moments are
determined, this concept must not interfere with the design of the

sections.

Te2o SHEAR ANALYSIS ~ One of the important conclusions of the present

investigation is that the punching problem is generally more critical than
the problem of flexure in flat-plate type structures without shear
reinforcement, designed for practical load ccmbinations. This opinion was
recently reinforced by the interaction relationships in this kind of slab-
column connecticns studied by N. N. Ani522. They indicate that in the cases
of eccentricity less than three times the column size, the punching problem
is more critical, and for larger eccentricities flexure becomes the
controlling factor. Since in practicsl cases, the ecéentrioity is in
general less than that critical value, the punching failure mostly precedes

the flexural one,

The physical mechanism of punching is rather complicated and 1t
has not been clearly understood yet. There are so many factors influencing
the bpehaviour that none of the available methods can satisfactorily applys;

each one of them 1s restricted in one respect or another.

The two test structures had 18 columns of various realistic types
subjected to various realistic load combinaticns, The punching cone detalls
of typical three of these are given in Figs. 55, 56 and 57, and the
calculated as well as measured gclumn rezactions for each cage are listed in

Table 17. It was thought that fhese 18 columns could form a very good basis
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for a comparison of various methods. In the present investigation, the

atbenticon was concentrated on the results of the available methods compared

with the experimental values, rather than on their nature., The methods

considered in this study'were:

i,

ii.

iii,

British Code CP 114 methed -~ The nominal shear stress is

calculated at a distance from the column face equal to half the

overall depth of the slab, by

v = E“EIE“ where
o171
VvV = total shear force,
bo = c¢ritical section length, apd
nld1 = resistance moment arm.

The value of the calculated v should not exceed the allowable
shear stress given by the code for the quality of concrete used,
In nominal shear stress calculation, the effect of the moment in
the column is not taken into account, and neither is the
contribution of the flexural reinforcement to the shear strength.
However, the proposed draft British Code gives the allowable shear
stress in accordance with the percentage of flexural reinforcement

as well as the concrete strength,

lmerican Concrete Insgtitute Building Code Method - The way the

nominal shear stress is obtained, is slightly different from CP 114

method. It is given by

where

bO ig calculated at a distance from the coclumn face egqual to half
the effective depth of the slab, and the effective depth dl is
considered instead of the resistance moment arm (nldl). The
allowable shear stress is again given in terms of solely the
cylinder strength of the concrete used. Obviocusly, both of the
criticismg menticned for British Code method are valid for this

methed as well.

Method proposed by J. Moe = This method is intended to take into

consideration the effect of the moment in the column, in shear

stress calculation, and the contribution of the flexural
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reinforcement toc the shear strength through the term Vflex'

This methcd 1s therefore more realistic and should be more
reliable than the two mentioned above, for the internal columns.
However, 1t is not as realistic for the edge and corner colums
as 1t is for the internal ones, simply because the determination
of the coefficients was based on the test results which mainly
consiéted of internal columng. The shear stress formula given
in the beok (Ref. 19) had been derived for the case of internal
column and therefore was not applicable tc the other kinds.

The generalized form of these equations for various column types
were derived on the same basis, and used in the calculations
required for the present investigation. The derivation of these
equations are presented in Appendix 3. On the other hand the

shear strength is given by,

r -—T
15 (1 - 0.075 -a-l-) \/fc

v = bodl'viﬂ“ where
1 + 5425 =t
flex
r = column size,
!
fC = cylinder strength of ccnecrete,
bO = length of critical section calculated at the columm
face,
) = axr 2 & ims (L& a, aci -
Iflex shear force at ultimate flexural capacity

The determination of Vflex presents some difficulty. In this
investigation, 1t is calculated on the basgis of yield line theory.
For each case congidered in this investigaticn, various yield line
patterns corresponding to (i) local flexural failure, and

(ii) overall flexural failure, were considered. The local
flexural failure secemed to be meore likely in the cases of edge
and corner columns, and the overall flexural failure in the cases

of internal columns.

Method recommended by ACI-ASCE Joint Cormittee 426 -~ This method

considers the critical section at a distance dl/2 from the column
face, and assumes that the vertical shear stresses are constant
acrogss the critical sections parallel to the axis of tersgion and
vary linarly on the other two critical sections perpendicular to

the axis of torsion. It is further assumed that the law of
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guperposition applies so that the shear stress can be computed by

V Mﬁ yi
v o= — + K== C_+K C where
boal X JX X v Jy y ‘

total joint moments along x and y directions

M and M =
X y
regpectively,

JX and Jy = corresponding polar moments of inertia of the
critical peripheral section about its centroidal
axes,

CX and Cy = corresponding outermost fibre distances from the
centroidal axes of the critical peripheral section,

bo = length of the critical peripheral section,

dl = effective depth,

KX and Ky = reduction factors on the corresponding total

moments to obtain the nmoment transferred by torsional
shear stresses. These were found to be 0.2 on the
basgis of limited test data considered by the
committee, However, at a later date, it was
suggested by Honson and HansonZl that 0.4 would be
a more realistic value. The expressions for polar
moments of inertia for various types of columns were
given in Appendix 3, in the form they were used in

computations.

As far as the shear strength is concermed, this method accepts a
very similar form as that of the ACI Building Code method.
That is '

<l

i 1
= 4 \/fc
The contribution of the flexural reinforcement to the shear
strength is again omitted. The method was applied to the cases
dealt with twice; once with Ki = Ky = 0.2 as suggested by the
cormmittee, and once with KX = Ky = 0.4 as suggested by Hanson and

Hansone.

ve A combination of the ACI-ASCE Joint Committee 426 and Moe's

methods ~ The method recommended by the Committee 426 seemed to be

quite satisfactory as far as the shear stress was concerned, but as
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explained above it did not explicitly consider the effect of the
flexural reinforcement in the strength equation, A combination
of the stress part of this method with the strength part of Moe's
method, which explizitly considers the flexural reinforcement,
seemed tc be reasonable. This combination is alsc included in

the analysis with X = XK = 0.4 as well ags X = K_= 0.2,
e s X v

vi, The Bguilibrium and Cormatibility Analysis ~ This approach has

been developed by N. N, inis and C. W. Yu, ccnsidering the
compatibility of strains and equilibrium of forces in the failure
region, to establish a relationship between the ultimate load and
sectional propertics of the slab-column ccnnection. The basic
criterion of failure is assumed Lo be the crushing of concrete
under biaxial compression(+), and consequently the steel is
congidered not to have yielded. The compatibilify is based on
the rotation around the neutrzl axis at the root of the shear
crack, of the rigid body bounded by (i) the shear crack, (ii) the
radial cracks, and (iii) the line of contraflexure, It is
congidered that the variation of shear stress distribution due to
the column moment is linear, and it is superposed on the uniform
peripheral shear stress distribution caused by the axial load.
Four equilibrium equations; three at failure, one at cracking,
and one compatibility equation are formed and solved for five
unknowns including the ultimate shear capacity Pult and the
geometrical propertiss. The contribution of the dovel effect to
the ultimete shear capacity is separately calculated and added tc
the value formerly obtained. The method is applicable to edge
and corner columns as well as the internal ones. Since the
equations are rather complicated, the method is not very suitable
for hand calculations and the use of computer is essential for the
time being. However, recent progress has indicated that the
equations may be put in the form of charts or tables for easy

reference of the designer.

The analysis is basicly the comparison of the results of the
methods explained above applied to the 18 columns of the two test structures,
evaluated for:

i.The reactions cobtained by elastic analysis of the frames at the

degign load,

57

Biaxial ccmpression stress envelopes developed by G. W. D. Vile,

(+)
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ii. The reactions measured at the design load, and
1ii, The reactionsg measured at punching.
These reactiong are tabulated in Table 17,
A detailed compariscn of the results is given in Tables 18 and 19.

In these tables the following notations "3 used:

Al

it

Maxirmm sneav ghress calculated with the design load reactions

{either measured or from the clastic analysis)

N

v_ = Maximum shear stress calculated from measured punching reactions

P
v = Allowable design shear stress as recommended by the code
§d = Ultimate shear strength calculated with design load reactions
from elagtic analysis
9] = Safety factor implicitly considered by the code,

In these tables, the criterion is the comparison of apparent and
actual load facltors which are defined as,

Apparent IF = === ¢ (Tn case of ¥ is given)

\fdc

v = [) -
O r e (In case of v is given)
dctual LF = e

Due vo its different nature the results of the equilibrium and
compatibility analysis are not included in these tables: instead they are
presented in Table 20 where calculated ultimate shear capacity Puo is

compared with the measured punching load Puw for each column,
i

The study of these three tables gives & good insight to the
problem and an idea of the efficiency and consistency of each method
considered, However, Table 21 gives a general view of the picture. The
tabuloted values are the average ralios of observed ultimate stress to the
calculated ultimate strength (expressed in terms of stress), i.e. VD/$d
for the first seven methods, and the average ratiocs of measured punahing
load to the calculated ultimate shear capacity, i.e. Pum/]?uc for the

equilibrium and compatibility analysis.















From these tables, it is evident that both British CP 114 and
American Concrete Institute Building Code methods are very unsatisfactory
and very unsafe for edge and corner columns. The allowable stress values
are being revised in the proposed draft British Code. The new form is a
considerable improvement. It was found approximately 20 percent safer than
the version presently in use, when applied to the test structures of present
investigation. However, it is still not very consistent for various column
types. Considering the values, given in Table 21 for CP 114, increased by
20 percent, it is found that the internal columns are too safe and corner

columns are still unsafe, while the edge columns are reasonable.

Moe's method predicted the strength of the internal columns
reagsonably well, but was far too conservative for the edge and corner
columns, The ACI-ASCE Joint Committec 426 method appears to be fairly
satisfactory; it is reasonably consistent for Kx = Ky = 0.4 as well ag
KX = Ky = 0.2, however 0.4 gives rather conservative estimates while the
results obtained by 0.2 are more realistic, The combination of this method
with Moe's, shows a very similar pattern as Moe's method itself. This fact
leads to the conclusion that Moe's stress equations agree with that of
LCI-ASCE Joint Committee 426. Whet causcs the discrepancy for edge and

corner columns is Moe's strength equation.

The results of the Dguilibrium and Cbmpatibility Analysis appear
to be rather sgatisfactory; internal and edge columng are generally on the

" safe side, and the corner columns are slightly unsafe.

Te2ol. DESIGN RECOMMEUDATIONS - The states of stress arcund the various

types of slab-column connecticns subjected to varicus combinations of loads
have not been clearly understood yet., Mogt of the available methods %o
estimate the punching shear strength of the connection, approach the problem
from the practical side. In this respect, the Equilibrium and Compatibility
Analysis is a promising attempt to undérstand the real behaviour of the
various types of comnections. However, in the present form it does not
appeal to the designmer since it congists of rather complicated equations

and the use of computer is essential,

Judging the methods by the results obtained on the 18 columns of
varicus types of the two test structures, LCI-ASCE Joint Committee 426
Method seems to be the one which appeals to the designer most. It is
rather simple and straightforward as well as being a quite satisfactory
measure of the punching shear strength of the slabs having practical

sectional properties.
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In Appendix 3, the formula suggested by the committee is elaborated
by addition of a third term representing a sgecond component of the unbalanced
column moment. The expressions needed for determination of each term are

listed in tabular form in the same appendix for easy reference.

Some designers may find the method suggested by J. Moe more
attractive, since this method explicitly considers the contribution of the
flexural reinforcement to the punching shear gtrength. The results
obtained in the present investigation indicate that this method can be
recommended feor internal columns, but it should not be applied to the edge

and corner columns.

T3, DEFLECTIONS AND CRACK WIDTH -~ For each principal test, the measured

mid-panel deflections were plotted against the applied load (in terms of the

design load). Both of the two sets of curves corresponding to each test
structure displayed rather a similar pattern, For the early tests on each
test structure, the load deflection curve could be simplified by two straight
lines each corrcesponding tc the pre-cracking and post-cracking loads
regpectively, In the later tests, the change in the slopes of these two
straight lines became smaller., In the very late tests, the whole range

could be idealized with a single straight line. These last forms of the
relationghip for the two test structures were very close, Therefore, the
idealized load-deflection relationship given in Fig. 58, is intended to

represent both test structurcs.

In the proposed draft British Code, the allowable deflecticn is

given by,

-

) Spon length

allw 250
On the other hand, the additicnal deflection due to long term effects was
accepted to be equal to the instantaneous deflection. Therefore, the
allowable deflection was reduced by 2, to obtain 0.240 in. This value was
found te correspond to exactly the design combined lcad on the idealized
relationship determined from the test results. LAs explained in Chapter &,
in some of the tests carried cut on the test structure 2, the vertical load
was kept at a certain level while the horizontal load was increased. This
phenomenon can be illustrated, on the load-deflection curves, by branching
lines. In various tests, the branches corresponding to the horizontal load
were found nearly parallel each time., It was, therefore, considered rather

reasonable tc draw parallel lines from the points corresponding to varicus
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loading combinatisns, to estimate the horizontal load to couse the maximum
allowable deflection, when the combined load has already reached a certain
level, For example, referring Fig. 58, 1.5 times the design horizontal
load is expected to cause the maximum ~llowable deflection, if the vertical

load is kept constent at 0,9 times the design vertical load level.

On the other hand, the width of the widest crack observed on the
test structure 2, was measured and recorded from time to time during the

tests. The observatiung on this motter can be summarized =g:

i. The first visible cracks were recorded at approximately 0.7 times

the design load.

ii. The proposed draft British Code gives the allowable crack width
as
Vollw = 043 mm. = 0,012 in.
This value was reached when the load was approximately 1.2 to 1«4
times the design combined locd. In other words, this requirement
of the code is in general automatically satisfied for the design

loadse

iii. Repeated loads caused wider and irreversible (which did not close

after the removal of the load) cracks, as expected.

iv. The crack width priocr to the punching failure was measured as
0.075 in., that is more than six times the maximum allowable crack

width,
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CHLPTER 8

CONCLUSTONS AND RIECOMMENDATIONS

FOR FURTHER RESEARCH

Various aspects of the present investigation have been presented
in the previous chapters. The major conclusions drawn from various sources
of information at various stages of the work, are summarised in this last
chapter. Most of these conclusions encourage, some even require, further
research on the subject. During the course of the work, a number of
directions for investigation, were contemplated. However, the limitations
of time and instrumentation allowed only some of them to be realised,

The remaining directions and the improvements they promise are pointed out

in the "Recommendations for Further Research' section.

8.1, CONCLUSIONS - On several ocecasions, it has already been menticned

thet the attention was concentrated on the two aspects of the problems

(1) the general flexural behaviour, and (ii) the local behaviour of the
slab-column connections, The ccnclusions are therefore classified into
groups corresponding to each of these two asgpects. However, since a great
deal of effort was devoted to the development of the instrumentation systems,
another group was formed +to present the conclusionsg drawn from the
observations concerning the behaviour and performance of the instrumentation

gystems,

8.1.1. CONCLUSTONS ON THE FLEXURAL BEHAVIOUR -

1. Under usual loading combinations, flexure is, in general, the

less critical aspect of the design of flat plate type structures.

2. The yield line analysis is gquite a good measure of flexural
strength of this type of structure. Since punching failures
preceded the flexural failure in the present investigation,
well defined yield line patterns could not be obtained,
However, the gteel strains across the expected yield lines
were congistently higher than those across the cracks in the
other dircction. The difference increased as the testing
progressed. It is therefore agsumed that the expected yield

mechanism would form if the load could be sufficiently increased.
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The deflections and crack width were found complying with the

requirements of the proposed draft British code.

The modified frame analysis bascd on the concept of "Variable
effective beam width" appears to be sufficiently realistic and
very practical. It has also proved to be realistic even for the

cases of frames with uneven loading.

The effective beom width over the columns increases as the cracking
progresses. This can be explained by further sections toking part

in stress transfer through torsion.

The null moment lines running around the columns for small
deflections, and running parallel to the edge when the deflections
are comparatively high, appear to indicate that moment transfer
through torsion is not significant when the structure is not
badly cracked and the deflections are not so high., However, its
contribution increases as the cracking and the deflections

Progress.

The most realistic results are cbtained from the frame analysis
when the beams are assumed to be cracked and the columns uncracked.
The combination of dracked benms and cracked columns is acceptable;

but the beans should never be considered uncracked.

The internal column, in general, took more load than that

predicted by the elastic analysis recormended by the code.

Progressive cracking of the slab resulted in a further increase
in the internal column reaction and a decrease in those of the

edge columms,

CONCLUSIONS ON THE SHwAR BEHAVIOUR -

1.

2

As mentioned in the preceding sub-section, under usual load
combinations, punching shear is generally the more critical aspect
of the design of flat plate type structures., Besides, the physical
mechanisn of punching is very oomplicafed, and it has not been
clearly understood’yet. None of the available methods for
assessing the punching shear strength, can satisfactorily consider

all the factcors influencing the behavicur. However,

‘The method recommended by the LCI-ASCE Joint Committee 426 is the

most consistent and practical zmong the available methodse
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%, The equilibrium and compatibility analysis appears to be able to
explain some aspects of the punching phenomenon and rather
satisfacteory as far as the results are concerned; however, in

the present form;rit igs-not very practical for design purposes.

4. The methods recommended by the British (CP 114) and lmerican
Concrete Institute codes are very unrealistic and unsafe for edge
and corner columns. On the other hand, due to thevﬁnderestimated
internal column reactions obtained by the elastic analysis
reconmended by the code (Ref, Sub-section 8,1.1), even the punching
shear strength of an internal column region cannct be satisfactorily

estimated.

5. The proposed draft British code includes some improvementsy the
effect of flexural reinforcement on the shear strength is somehow
taken into congideration. However, the method of maximum shear
stress calculation remains unchanged ond unsatisfactory; the

effect of unbalanced column moment is still neglected,

6. As discussed in Section 6.2., the contribution of the flexural
reinforcement to the punching shear strength is mainly controlled

by the amount of steel and not by the steel strength.

7. The last conclusion mey be extended to the recommendation of the
use of mild steel to achieve better economy in the design of this

type of structure.

8,15, CONCLUSIONS ON THE PERFORMANCE OF THE INSTRUMENTATION -

1. The specially designed tripod-type reaction dynemometers performed
very satisfactorily. They proved to be superior to all such

dynamometers previocusly used, in the following respects:

i. The method of attachment of the legs allowed a slight movement
which, under the working loads, was sufficient tc enable the

legs to be considered pin jointed at the ends.

ii. The right-handed and left-handed threads at the ends of the

legs, enabled the imperfections cf geometry to be corrected.
iii.The method of calibration was very realistic,

2.4The newly developed hydraulic deflection meagurement system served
the purpose vexry efficiently.
i. The sgysten enables practically any number of readings to be
recorded simultaneously. 67 readings werc taken at each load

stage without any difficulty.
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ii. Practically any degree of gensitivity can be obtained to a
reagonable accuracy. In the present investigation, readings

were taken up to 0,002 in,

iii. Expensive data recording instruments are not required. Any
comera can do the jobe
iv. The cost is incomparable, The syringes used in the present
work which cogt 10d. each could have been replaced by linear

displacement transducers which cost £20 to £40 each,

3., The slot gouges proved to be superior to the conventiconal surface

gauges in the following respects:

i. Smaller effects of eccentricity were observed since the strain
gauge was positioned very near the centroid of the cross-

section,
ii. They provide far better protection agaihst external damage.
iii. Far better water-proofing is possible for this type of gauge.

44y The two~way clinometer intrcduced in Section 5.3. can be developed

to cbtain an ideal instrument for this kind of experiment.

842, RECOMMENDATIONS FOR FURTHER RESEARCH - A4 very important conclusion

of the present work is that more, much more research is required on the

subject. For example, the introduction of the concept of "Variable
effective beam width" is a very promising approach; but it requires to be
elaborated. This process naturally depends on more experimental reliable
data. On the other hand, the punching shear problem has not yet been
clearly understood, although it is vitally important for the design of

solumn footings as well as the flat plate structures,

The recommendations concerning the frame sanalysis are prescnted

in a separate sub-section, and all the others are listed in another.

8e241. RECOMMENDATIONS CONCERNING THE FRAME .NALYSIS.

1. Various geometry of effective width variation should be considered,

to check the efficiency of the proposed modified frame analysis.
(ET) '
. . T .
2. A number of cases with various ratios (the ratio of the
ZEIEB
cracked section flexural rigidity corresponding to top reinforcement

and that corresponding to the bottom reinforcement) should be

gtudied,
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3. Then, the coefficient m could be split into two parts, each
representing the geometrical variation and the flexural rigidity

T8ti0.

4+ Thus, comprehensive design charts and tables could be prepared.

84242, OTHER ASPECTS TO CONSIDER =

1, The effect of the loading history on the behaviour of this type
of structure should be thoroughly studied. Since, more than one
parameter had to be varied in the present investigation, definite
conclusiong could not be drawn in this respect, although it had

been originally intended as one of the objectives.

2, The structures of various geometry with various numbers of panels
should be tested. The geometry of the plan B of Fig. 4 is
considered very suitable for o similar investigation. It is
capable of providing information for the study of three different
types of panels and four different types of columns, without
introducing much complication., It is particularly recommended
for an investigation which may be carried out in the Concrete
Structures and Technology Department of Imperial College, since
all the instrumentaticn (from the formwork, to the hydraulic
deflection measurement system) used in the present work is
preserved and can be used for such an experiment with some very

amall alterations,

3, Test structures of this kind should somehow be elevated (e.g. They
can be supported on concrete blocks.) to provide encugh space
underneath for a person to stand and walk around. In the present

investigation, crack marking has been sheer agonye.
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APPENDIX 1

MOMENT AND DEFLECTION DISTRIBUTIONS

The tests conducted on ecach test structure and the data obtained
at various loading stages of ecach test are explained in Chapter 6 in detail.
The method of analysis and the results thus obtained are discussed in
Chapter 7 at length. However, it is thought that the outcome of the data
analysis at a number of important loading stages should be presented so
that some further conclusions may be drawn by the interested and capable
reader, Ten loading stages are chosen from the complete set analysed, and
equal moment (both Mi and M&} and equal deflection contours corresponding
to each of these stages are given in the following pages. Tables 22 and 23
show the applied loads and the measurecd reactions at the loading stages

considered for each test structure.
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APPENDIX 3

PUNCHING SHEAR FORMULAE

As Dbriefly explained in Chapter 7, the methed suggested by J. Moe
does not apply to the edge and corner columns as it is given in the text.
It was therefore modified in its meost general form, strictly on the same

basis as the original derivation,

On the other hand, the method recommended by ACI-ASCE Joint
Committee 426 suggests an expression for shear stress which considers
column moment only in cne direction. However, the method is based on the
principle of supcrposition; therefore in the cases of moment in both
directions, the formula had to be extended to cover them both, and the same
value of the coefficiont X was accepted for both moments. The polar moments
of inertia of the critical sections were calculated for various types of

columms and given in this appendix for casy reference.

34le GBENERALIZED FORM OF MOL EQUATIONS - The ultimate punching strength

of slab-column connections is given by

15(1 - 0.075 %) £}

<h
it

1 505 EgiL!EZE where
Vflex
r = equivalent column size
dl = offective depth of the slab
fé = cylinder strength of concrecte
bo = length of the critical secction to be calculated at the column

face

Verog = Shear force at ultimate flexural capacity
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On the other hand, referring to Fig. 92, the shear stresses can

be calculated as follows:

%,1,1. INTERNAL COLUMNS - The moment of inertia of the oritical resisting

section arcund its centroidal axis is given by

-~ 3 2 '
a2 a
I, = 4 \“Qb @ +2% ‘X - &% (3b+a)

Then, the sectional modulus is

Ix adl
ZX = ET = 3 (30 + a)
2
And similarly,
bd
= —— b
Z, 3 (32 + D)

If the rule of suporposition and the linear variation of shear stresses are

assumed to hold true, then the maximum shear stress can be calculated as,

A M a4 M
v o= 2 + =S + T
= 2@ + bidl ad; bd,
=5 (3b + a) =5 (3a + b)

where fg is the coefficient determining the amount of moment resisted by
torsion, J. Moe recouimends ;3 = '%, on the basis of data available.

Therefore,

28 (a + D) 2 e, (2 + D)

v = 2(a + b;dl L+ a(3b + a) + b(3a + b)

For the special case of square column,

P 8X+9
4ad, a

-
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3.1,2. EDGE COLUMNS = For the moment acting parallel to the edge,

, 5 5
a2 g, a d
I, = d;\2b (5- + 35 = T3l (6b + 2)
IX adl
And 7 = T = T(6b+a)
p)

Tor thc moment acting perpendicular to the cdge,

- 3
b 2 b 2
Iy = dl [ 2b ('é- - y) + 2 SV + ay ] where

y is calculated as,

2

b b
2b 3 = y (@b +a), or ¥y =3% —

The sectional modulus then becomes,

L bd T 9 o -
7, = mcmrer I 2b 28 + b
Y y 5(2b +a) i = J

Considering the same assumptions,

/ +,,
A = P + EBMi + {§ M&
2b + a dl adl (6b . 3) bdl 2b2 + 2a2 N 53%
6 ‘ 3(2b + a) -

Due to the lack of any better information, it is assumed that ?S==f3 = -%.
Then

‘ . 2e_ (2b + a) e. (2b + a)z
T eyl B (o sl e

1 al\bb +a b(22° + 2b° + 5ab)
For a = b,

Yr

L oL 6
% 1 +491 + [ x i&
| .

&




!
“O
[

34le3. CORNER COLUMNS = The location of centroidal axis of the resisting

section is calculated by

a
a3 a2

1O

Then, the moment of inertia and the sectional modulus respectively become,

3

a 3 2 2
IX = dl =+ aCE - x)° + bx and
IX adl
A
bdl
Similarly, Zy = == (42 + b)

The maximum shear stress can then be expressed as,

. S Sn

(a + b)dl + +

adl bd

~= (4v + a) ~* (4a + b)

There is no reason why the assumption

8:;3,:

should not be extended to this case. After this substitution the

W

expression becomes,

2e (2 +b) 2¢._ (a +b)

This can be simplified, for the case of square column, into

e +
. p 1+%,%_3K

Zadl
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3,2, FORMULAE FOR ACI-ASCE JOINT COMMITTEE 426 METHOD - The method is

expressed in the following gencral form,

P Mi M i
Vo= e KT cX+Ky-3X c, <2\ffo
1 y N
where Ki = K = 042 or 0,4 as rccommended by the committee itself and

¥y Hanson and Hanson respectively., Jx’ CX, Jy and Cy can readily be
caleulated from the expressions presented in Table 25 with reference to
Fig. 93. In this case e and ey arc not used to indicate the eccentricity

%5 but in the geometrical sense as illustrated in the figure,
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