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SYNOPSIS

In recent years post-tensioned, prestressed flat plate construction has
become quite popular for medium- and high-rise buildings. It is estimated
that in 1969 flat-plate structures accounted for $5 billion in construction.

The flat-plates are highly indeterminaté structures. Many engineers
have worked in analysis and have proposed their design analysis and procedure,
and many others are still working towards analysis and new findings. This
report consists of the work done by different engineers at different times in
analysis and design by the load balancing method by T. Y. Lin, with a design

example.



INTRODUCTION

A flat slab is a concrete slab so reinforced in two directions as to
bring its load directly to supporting columns, generally without the help of
any beams or girders. Beams are used where the slab is interrupted, as
around stair wells, and at the discontinuous edges of the slab.

Due to advancement of civilization, man tries to move towards bigger
cities for the following reasons:

1. For higher education

2. Better employment opportunities

3. Better amenities

4. And the charm of big cities

Due to all these factors, the big cities in the world are overcrowded
and the most important problem facing the people in a big city is a problem
of suitable accommodation--which is one of the basic needs of every human
being. The problem is not as bad in the United States as it is in the other
parts of the world and especially in the developing countries where the prob-
lem is much worse. Presently every Government in the world is doing its best
to meet the growing need of accommodation in the big cities. The main prob-
lem is how to solve this problem.

Actually there are two types of development--horizontal and vertical.
Due to the high cost of land in the big cities, the horizontal development is
not a solution to meet the growing need of suitable accommodation; also you
cannot allow the city to grow haphazardly in any direction. As we know,
every city has its boundaries, because there always exists a relationship
between place of living, place of work and place of shopping. The alterna-

tive is vertical development--tall buildings.



There are different types of floor systems, each having its own advan-
tages and disadvantages. The increased use of flat plates as a floor system
in high-rise buildings has been largely brought about by obvious economical
benefits derived from less expensive form work, elimination of beams, easy
installation of electrical and mechanical equipment, smooth ceilings and
floors and reduction in story heights. With the advent of climbing cranes
and the ability to move larger amounts of materials higher and faster than
ever before, it is only natural that flat-plate construction has become more
economical for taller buildings.

The architectural trend towards more flexibility and larger column-free
space has added impetus to the use of post-tensioned flat plates. The post-
tensioning also requires less material which increases its adaptibility to

high-rise construction.



LITERATURE REVIEW

Centuries of construction with stone and timber preceded reinforced con-
crete. Consequently, just as the first motor cars were built to look like
horse-drawn carriages, the first feinforced systems were conceived in 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;
so 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.

Because it escaped the imagination of minds trained in the two dimensions
of construction with timber and iron, the flat slab was given the treatment of
a miracle; while it was endorsed blindly by some engineers, it was resisted
savagely by others. Between 1906, when C. A. P. Turner built the first flat
slab, and in 1921, when Westergaard and Slater published their comprehensive
paper on slabs, the flat slab was a subject of controversy and therefore of
intense interest among practicing engineers and college professors. The bone
of contention is illustrated dramatically by a comparison made by A. B.
McMillan in 1910 which is shown in Fig. 1. The bars indicate the amount of
reinforcement required by various design procedures in a 20 x 20 ft. interior
panel of an 8 in. thick flat slab intended to carry 200 lbs/sq. ft. Evidently,
the material bill for steel could vary by 400 percent depending on the design
method chosen. There Qas no room for argument.

The arguments about the theory did not faze the construction industry.

C. A. P. Turner had found entrenched resistance against his invention in 1906.
Although the C. A. Bovey building, built at the risk of the inventor, had

performed satisfactorily in a load test, Turner was still being asked to put



up bond for new work 2 years and a dozen buildings later. But a few years
later, the situation changed. By 1913, over 1000 flat slab'buildings had
been built around the world. During this period Turner's patents were
revoked by the Eighth Circuit Court of Appeals in favour of J. L. Drum who
had purchased the 0. W. Norcross patent for a flat arch which resembled the
Turner flat slab and preceded it. This lawsuit evoked a Dickensian hatred of
patent lawyers in Turner who sustained a relentless campaign through books,
articles, and discussions to seek a recognition of his contribution which he
was never to get. In 1914, Edward Godfrey, a disapproving critic of the flat
slab wrote, '"The flat slab has repeatedly been brought before the engineering
profession for consideration and adoption." Turner responded bitterly, "As
sponsor for the original successful flat slab construction, the writer may
say in answer to Mr. Godfrey, that he has never knowingly submitted it for
the adoption of or appropriation by the engineering profession at large."

The appropriation of the flat slab by the engineering profession had its
problems created mainly by the comparison shown in Fig. 1. All design
methods could not be correct if the variation in results was 400 percent.

The 1912 progress report of the Joint Committee on Concrete and Rein-
forced Concrete had only one paragraph on the flat slab:

The continuous flat slab with multiple-way reinforcement is a

type of construction used quite extensively, and has recognized

advantages for special conditions, as in the case of warehouses with

large, open floor space. At present, a considerable difference of
opinion exists among engineers as to the form of constants which

should be used but experience and tests are accumulating data which

it is hoped will in the near future permit the formulation of the

principles of design for this form of construction.

The early proof tests had satisfied the building commissioners, but they

were not adequate to form a basis for design recommendations. The severe

limitations of the ordinary load test were perceived by most engineers. The
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FIG. 1. WEIGHT OF STEEL REQUIRED IN THE INTERIOR PANEL
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J FIG. 2. FREE BODY DIAGRAM OF ONE-HALF OF A TYPICAL INTERIOR PANEL.




fact that a few panels withstood the test load with no apparent sign of
distress could attest only to the fact that the same panels might be able to
carry the same load if loaded again. The unassailable observation that the
flat slab designed by almost any method stood up could not be ignored; nor
was it, as evidenced by the sudden boom in flat slab construction. But this
fact alone favoured no particular design method.

In 1910, A. R. Lord made testing history when he reported the strain
readings he had made during the load test of a flat slab floor of the Deere
and Webber building in Minneapolis, Minneﬁota. With the help of such measure-
ments, an insight could be obtained into the response of flat slabs. Unfortu-
nately, interpretations of the data from this test and a series of others did
little toward resolving the mystery of flat slabs.

For the structural engineer, plate action was an entirely new concept.
The "crossing beam analogy," thinking of the slab as two perpendicular beams
each carrying a certain proportion of the load in relation to their stiff-
nesses, helped only to foster the still existing illusion that only part of
the load need be carried in a given directioﬁ. Grashof's work had already
been used by mechanical engineers in boiler plate problems. However, this
work was represented in American Engineering Literature either simply as
formulas without any derivations or as a basis for arriving at questionable
conclusions.

Turner was a prolific writer. Nevertheless, it is difficult to make
aefinite statements about his interpretation of the response of a flat slab.
In 1909, he wrote, '"Such a slab will act at first somewhat like a flat dome
and slab combined, but as the deflection gradually increases it will gradu-

ally commence to act as a suspension system in which the concrete will merely



hold the rods together and distribute the load over them." However, later he
resorted to a more conventional explanation, the "mathematical flat plate,"
which was, "as any mathematician would readily see," a thin plate. His
assuming this approach may have been caused by the efforts of the apologists
who used poisson's ratio in plate theory as a vehicle to justify Turner's
design or by his desire to differentiate his invention clearly from the
Norcross patent which was '"as a mason would understand it" a slab thick
gnough to act as an arch.

The admission that the response of the flat slab was similar to that of
a medium-thick plate together with the observations indicating very small
strains in load tests resulted in conflicting conclusions that are yet to be
resolved.

| While the majority of the engineering profession classified that flat
slab as being beyond the range of pure analysis, J. R. Nichols, a young
engineer from Boston, Massachusetts, cut the Gordian knot with a simple
straight forward analysis.

Consider one rectangular panel of a flat plate having an infinite number
of identical uniformly loaded panels. The plate rests on pin supports. The
equilibrium conditions for one-half of the panel are shown in Fig. 2.

Because of the symmetry, shears and twisting moments do not exist along the

edges of the portion considered. Thus

=M = WL '
M, + M, = M = (1)
Equation (1) does not indicate the relative magnitudes of the positive

and negative moments, but it does stipulate that the total moment resistance

provided at the two section should add to WL/8. For the interior panel of a



flat slab with a round capital and with the assumption that the reaction is
distributed uniformly around the capital (ignoring the twisting moments
between the slab and the capital) Equation (1) becomes

3
My = 31 -2, 3§ 2)

Ac
mL
In the closure to his paper, Nichols suggested that Equation (2) could

be approximated by

o [1-37l (3)

Turner thought the paper ''to involve the most unique combination of
multifarious absurdities imaginable from either a logical, practical, or
fheoretical standpoint.'" H. T. Eddy stated that the fundamental erroneous
assumption of the paper appeared in the statement that statics imposed cer-
tain lower limits to the applied forces to be resisted by the reinforcement.
A. W. Bull was "unable to find a single fact in the paper, nor even an expla-
nation of facts," and considered it to be "a paper of explanations, not only
without faéts, but contradicted by facts." Newtonian mechanics stood very
much condemned. |

The observed facts were clearly on Turner's side. He used considerably
less steel than would be required by Nichols' analysis, yet his structures
pérfbrmed satisfactorily. Furthermore, the strain readings made by Lord and
others indicated very small stresses under both working loads and test loads
in flat slabs. When measured steel strains were converted to bending moments

through the use of the straight-line formula

M= A £ jd 4)



the sum of the moments across the negative and positive moment sections was

only a fraction of M, as defined by Equation (3). In his discussion of a

0
paper by H. T. Eddy, G. S. Binckley conceded "The crushing weight of practi-
cal experience and empirical data under which C. A. P. Turner flattened out
Mr. Nichols' purely theoretical paper, tends to induce caution in others."

C. A. P. Turner need never have fought his battle with the conditions of
equilibrium. Nichols' analysis was right, but Turner's design was not wrong.
The problem arose out of comparing incomparables. Turner realized fully that
he could never know exactly what the load on the structure would be. Hencé,
'W' in Equ. (3) was only a guess and therefore the whole right-hand siée of
the Equ. (3) was approximate. To the designer and evidently to the structure,
it did not matter whether W or the 1/8 factor was modified. Turner insisted
on high-strength s£ee1. Although he might be espbusing low steel areas, the
force provided was often adequate to satisfy Equ. (3). Furthermore, Turner
was well aware of the effects of forces in the plane of the slab.

The first Joint Committee adopted the form but not the intent of

Equ. (3). In the final report published in 1916, the design static moment

was given as 85% of that based on Nichols' analysis, or

2

- -26
= 0.107 WL (1 - 57 (5)

Mod
The 1917 proposed revision and the 1920 approved version of the ACI

Building Code contained an even more flagrant violation of statics
M . = 0.09 wL, (L - q¢c)° (6)
od 2

where qc was twice the distance from center line of the capital to the center
of gravity of the periphery of the half capital. The ratio q was taken as

2/3 for round capitals and 3/4 for square capitals. A distinction was made
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between round and square capitals, although not in exactly the manner implied
by Nichols' analysis.

With the publication of the First Joint Committee Report in 1916 and the

ACI Building Code in 1920, design procedures had become more or less stabi-
lized. However, the flat slab was still a mystery to a good cross section of
the engineering profession. There were too many conflicting reconciliations
of the load test data and diverse '"theories."

In 1921,_Westergaard and Slater published their monumental work on the
analysis and design of slabs. This paper included a sound exposition of the
theory of plates, ingenious projections of the available theoretical solu-
tions to solve practical problems, and a comprehensive study of the imﬁlica—
tions of the then available tests on flat slabs and two-way slabs.

One of the accomplishments of the paper was to show ‘conclusively that
the moments calculated from measured strains in flat slab tests were not as
small as they were interpreted to be. Previously, the moment had been cal-

culated from the measured steel strain using straight line formula

M=Afjd=AEce_jd (4.

which gives a linear relationship between M and € for a given section as
shown by line A in Fig. 3. The actual moment-strain curve in a load test is
given by Curve B in the same figure. The divergence of the initial portions
of the two curves is due to the tensile strength of the concrete. After
cracking, Curve B approaches Curve A which is based on the assumption of no
tension in the concrete.

The misinterpretations of the test data results from the following

series of events: (1) as a result of the applied load a moment Mt had been
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generated at a section (Fig. 3), (2) this moment caused the steel-strain B
which was measured, (3) the strain was converted to moment using Curve A
[Equ. (4)] and (4) the measured moment Mm, turned out to be a fraction of the
actual moment. If this had happened for a beam test, the fallacy would have
been obvious, but a lot could be hidden in the unfamiliar concepts of the
third dimension.

Objections had been made to the interpretations of test data on this
basis almost as soon-as Lord's test had indicated ektremely small stresses in
flat slabs, but no documented effort to reinterpret the data had been made.
Slater made a painstaking study of the true moment-strain relationships in
reinforced concrete beams and used this study to re-evaluate data from 14
flat slabs, three of which had been tested to failure. He found that

On the average, the agreement of (his re-evaluated moment
co-efficients from test data) the higher computed stresses with

(Nichols') analysis is sufficiently close to warrant the belief that

if all the sources of error in the measurement of deformations and

in the interpretation of test results could be removed, the analysis

and the tests would be in substantial agreement.

Nevertheless, Nichols' analysis was not completely endorsed. '"There are some
indications, however, that there was greater strength in the flat slabs than
appears from the conclusion that the test results and the analysis of moments
are in fair agreement."

Although the truth of Equ. (3) was conceded, it was not granted that the
ratio of the ultimate to the design load would be eqﬁal to the ratio of the
yield to the design stress. Slater estimated the average factor of safety of
the structures he studied to be 3.23 if the design was based on Equ. (5) and
2.72 if based on Equ; (6). Even in the latter case, the factor of safety was

"at least as great as that which can be counted upon in the most elementary

flexural unit," and therefore satisfactory.
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One significant factor was ignored in estimating the factor of safety,
the effect of adjacent unloaded panel. This is brought out clearly in the
ultimate load for one of the slabs that was tested to failure. The safety
factor for slab J tested at Purdue University was based on a capacity of
- 872 lbs per sq. ft. which was obtained when only one of the four panels was
fully loaded. |

The Westergaard-Slater treatise on slabs consummated the compromise
between analysis and design.

The Second Joint Committee adopted a slightly modified version of
Equ. (6) by which the rectangular capital was not recognized,

2 .2
Mg = 0.09 WL (1- 25 (7)

with a footnote in fine print. "The sum of the negative and positive moments
provided for by this equation is about 72 percent of the moment found by
rigia analysis based upon the principles of mechanics. Extensive tests and
experience with existing structures have shown that the requirements here
stated will give adequate strength."

The 1928 ACI Building Code provided the comfort of Equ. (7) without the
discomfort of the footnote. The end had justified the means and the hybrid
Equ. (7) graced many a building code in stark defiance of statics.

The 1956 ACI Building Code introduced a new factor F based on the fear
that old tests on flat slabs which had C/L ratios on the order of 0.2 might
not apply to the modern flat plate which had rather low C/L ratios. Thus
Equ. (7) was changed to

2
2 C
£

3L

M, = 0.09 WLF (1 - (8)
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with

F=115 - %- but not less than 1 9)

Design by Elastic Analysis,which made its first appearance in the 1941
ACI Building Code, is in essence a two-dimensicnal approximation to the plate
problem. However, it is modified to yield answers comparable to those of the
"empirical method."

Westergaard had used the concepts of frame analysis, where applicable,
to study critical loadings in flat slabs, and the effect of column stiffness
on the distribution of moments had been analyzed with the use of approximate
methods in Europe. However, the ACI frame analysis finds its beginnings in a
paper by H. D. Dewell and H. B. Hammill published in 1938. The paper was
based on a report made in 1929 to the technical committees of the Uniform
Building Code, a California edition.

The need for a "rational" method was felt primarily because of the
anticipated effects of pattern loadings on the slab and column bending
moments. The limitations of the Empirical method as to panel sizes and com-
binations represented another incentive. The main features of the proposed
method were quite similar to those of the current method in ACI 318-56. The
bent was one-panel wide. The column-slab joints were assumed to be rigid.
Dewell and Hammill assumed in their calculations that the columns were hinged
at the middle of the distance from the bottom of the capital to the top of
the floor below,

Since the conditions of equilibrium were automatically recognized in the
frame analysis, the resulting moments were 100% rather than 72% of the static
moments. To eliminate this discrepancy, the negative moments were reduced by

40%. This method was given in the 1933 Uniform Building Code, California
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Edition as an alternate method for the design of flat slabs.

The ACI Method was developed under the direction of R. L. Bertin. The
desideratum was a frame Analysis method which would give results comparable
to those obtained by the Empirical method of design. This was effected by
stipulating the design negative moment to be that at a distance xL from the
center of the column width, where

P
X = 0.073 + 0.57 ¢ (10)

where A' was half the capital width but not greater than L/8.

For a uniformly loaded panel with equal end restraints, the sum of the
positive and negative moments can be made equal to the moment given by
Equ. (7) by taking the negative moment at a distance xL from tﬁe column

center line such that

12

2 2A L 2
0.09 WL (1 - 5 x=7) =(-§--xL)
0.125 WL L2/4
For this condition
Al
x = 0.076 + 0.565 T (11)

Equation (10) was based on studies covering variations in ratio of adja-
cent spans, colum to slab stiffness, and live to total load.

On the other hand the total design moment was required to be

12
4A
M 1 - av )

od i'if)-wa\rl' Q- 3L

(12)

where Wav was the average of the total load on the two adjacent spans and

Aavl was the average of the values of Al at the ends of the span considered.
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The ACI frame Analysis was modified further in ACI 318-56. Equ. (10)
was dropped in favour of a "physical' definition of the critical section for
negative moment (distance in the direction of span from center of support to
the intersection of the center line of the slab thickness with the extreme
45° diagonal line lying wholly within the concrete section of slab and column
or other support, including drbp panel, capital or bracket). This definition
showed substantial agreement with Equ. (10) for C/L = 0.225 but resulted in
more conservative negative moments for small values of C/L. Equ. (11) was
also eliminated. Furthermore it was permitted to reduce the design moments,
"in such proportion that the numerical sum of the positive and average nega-
tive bending moments used in design procedure need not exceed "Mo" as given
in Equ. (8), if the structure analyzed was within the range of application of
the Empirical method."

However when spans extend beyond 18 ft. two major disadvantages develop
in reinforced flat plates: |

1. Large thickness slabs are required resulting in heavier dead loads

and corresponding increase in column sizes and foundations which
makes the structure uneconomical.

2. Slab deflections not only produce cracking in the slab itself but

may also crack the room partitions above and below the floors.

Prestressing can be used effectively to overcome these two difficulties.
The architectural trend towards more flexibility and larger colum free space
has added impetus to the use of post-tensioned flat plates. The post-
tensioning also requires less material which increases its adaptibility to
high-rise construction.

The stresses in prestressed flat plates are highly indeterminate.

Possibly Guyon,1 in the early 1950's was the first to realize that slabs
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prestressed in two directions behaved analogously to the two-way arch action
of thin shell structures. In the late 1950's several prestressed slab
research projects were undertaken in the United States. Scordelis2 studied
the ultimate strength of continuous prestressed slabs and proposed several
design considerations. In another project Scordelis investigated the load
distribution between column and middle strips. Later Rice and Kulka3
emphasized the need for deflection as an important criterion in the design of
prestressed lift slabs. In 1962, Green summarized existing knowledge in the
field. He covered the practical details of cable profiles, reversed cable-
curvature and prestress and frictional losses.

Possibly, the largest stride in the design of prestressed slabs was the
publication in 1963 of a paper by T. Y. Lin4 on the load-balancing method.

It was soon made apbarent that the tendon profiles could be designed so that
the upward cable force neutralized the vertical downward load. This approach
bypassed a rigorous analysis of the highly redundant stress system. Further-
more, the method provided for deflection control for the dead load which is
generally the major portion of the load.

Koons and Schlegel6 extended the load balancing approach and presented
some practical aids for solving continuity and cable reversal.

In 1963, Saether published a paper in which he applied a structural
membrane theory to the solution of prestressed flat slabs. The method, how-
ever, was not developed far enough to be used in practical design.

Rozvany and Hampson and Brotchie and Russell developed an elastic
approach for the optimum design of prestressed flat plates. Both investiga-
tors arrived at the same results, the principal difference being that Rozvany
and Hampson used load balancing whereas Brotchie and Russell used moment

balancing.
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Starting in the early 1960's extensive research on prestressed flat
plates was performed at the division of Building Research, Commonwealth
Scientific and Industrial Research Organization, Australia. Both draped and
straight cables were used. In addition, the thickness of the slab was
changed and varying ratios of column to middle strip moments in the different
panels were used. The ekperiments showed that deformation rather than
strength was the important criterion in design.

In 1964, Candy10 developed a procedure for designing flat plates using
load balancing method plus ACI 318-63 ultimate strength provisions. Candy
also advocated using a colum strip of width L/4 to L/3, rather than the
customary L/2 width.

Ellen developed a rigorous ultimate load balancing method for designing
presfressed flat plates. In 1966, Power devised a practical approach using
load balancing in conjunction with yield line theory. Since the percentage
of steel in solid slabs is relatively low, this permits the formation of
plastic hinges. Power listed four design criteria that must be satisfied,
namely:

1. Strength based on an ultimate load basis

2. Camber

3. Deflection

4, Crack resistance

The trend towards high-rise buildings and the commercial availability of
high strength, lightweight concrete refocused attention on flat plates in the
United States.

In 1967, Grow and Vanderbilt13 conducted an investigation into the shear

strength of 10 post-tensioned light-weight slabs using expanded shale
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aggregate. From this study a useful formula evolved for checking the shear
strength of lightweight prestressed slabs at columns. Subsequently labora-
tory tests have shown conclusively that structured lightweight concrete has
adequate strength and superior fire resistive properties.

In 1968, ‘It\lfa.n‘g]"tIL proposed a method for designing prestressed flat plates
using working stresses. However the method,was.unduly complicated and,
furthermore, lacked any mention of ultimate strength check.

- has shown that secondary effects caused by reversed

Recently, Riley1
tendon curvature can be eliminated if the tendon can be located to proper
profile. However, this technique would involve using a mechanical device to
change the natural slope of the tendon at its inflection point. Tendon
reversal was assumed to occur at one-tenth the length of the span.

1 made a rigorous elastic analysis of the distribu-

In late 1968, Parme
tion of moments and direct forces induced by prestressing flat plates. He
also included a set of useful design tables for finding prestressing moments.

Meanwhile in Australia, Rozvany and Woods emphasized the need for giving
unbonded tendons a minimum level of average concrete prestress in the event
of high live loads or eérthquake motions. However in a subsequent discussion
Bondy felt that introducing too high a level of average prestress would cause
excessive shortening and camber problems. He said that a better solution
would be to add bonded unprestressed reinforcement.

ACI-ASCE Committee 42317

has given a comprehensive report on design
recommendations for concrete members prestressed with unbonded tendons. Much
of this report is directly applicable to post-tensioned flat plates.

Today, the majority of prestressed flat plate designs are based on some

form of load balancing plus service load and ultimate strength checks. In
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cases where ultimate strength checks are not satisfied, it is general practice

to furnish unprestressed bonded reinforcement.



