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Experimental and theoretical investigation of a flat slab floor

Recherches theoriques et experimentales sur une dalle-champignon

Experimentelle und theoretische Untersuchungen an einer Pilzdecke

Ir. J. G. HAGEMAN
Research Engineer T.N.O., Delft

Introduction
It is known that a three-dimensional stress distribution in a homogeneous elastic

material, which is moreover isotropic and meets the requirements of Hooke's law, is
established by three linear simultaneous differential equations with linear boundary
conditions. Only a few exaet solutions of these equations are known and the
procedure of finding the approximations by iteration is complicated and takes a lot of
time.

The economical use of monolithic reinforced-concrete construction could be

improved by a clear insight into the oecurring three-dimensional stress distributions.
Reinforced concrete does not meet the premises leading to the above three

simultaneous differential equations.
It appears that the development of the technique of reinforced concrete sur-

passed the existing calculation methods. These have even failed in such a way
that the general application of scientific concrete structures, e.g. flat slab floors, is
hampered or rather involves a waste of material which, if the insight into the oecurring
stress distribution had been clearer, could in many cases have been limited.

Empirical research
In order to be able to determine if the differences between theory and practice are

caused by the adopted premises, which refer to the properties of the materials, or by
the methods of calculation which are applied to this kind of construction, it was
deeided to use a steel model for the investigations, because, it may be supposed, steel
does follow the premises made in the theoretical considerations.

The floor slab (4,500 x 2,940 x 9 mm.), consisting of 15 square panels, is supported
by 24 steel columns (figs .1), each with a column capital shaped as an equilateral hyper-
boloid rotated on its vertical asymptote. This shape may be considered as the average
column capital.
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The overhanging length has been chosen in such a way that the oecurring moments
due to a uniformly distributed load in the floor slab approximate to the moments in a
flat slab floor infinitely stretched in both directions.

The connections in the column and in the floor slab are welded electrically. To
limit the resisting welding stresses as much as possible, the floor slab was annealed
twice.

The floor slab also acts as the bottom of a tank. Into this tank water can be

pumped to gain a uniformly distributed load.
Deformation of the floor due to action of sides of the tank during loading is

counteracted by means of a flexible connection between sides and bottom. These
sides are fixed to a frame. By jacking against this frame a concentrated loading on
the floor slab is accomplished.

The model is mounted on a rigidly constructed base of reinforced concrete, which
also serves as a storage tank for the water.

Uniformly distributed loads
First the deflection plane of the central panel due to a uniformly distributed load

was determined by means of dial gauges with a measuring precision of 0-01 mm.
These gauges are mounted on a structure revolving round a column (fig. 2).

The exaetness of these measurements was about 2 to 3 % of the greatest deflection.

hyptrbola dial gauges -lesf pfale

Ö66606 ' föoMS

Säjp aj&

—Hp—i

Sa SB

200 f.00 600 800

Fig. 2



246 AH 3—J. G. HAGEMAN

However, by determining the bending moments by differentiating the deflections
twice, the inexactitude may be great.

A more accurate determination raises the practical difficulty that, generally, very
accurate dial-gauges command only a very small measuring ränge, so that the dial-
gauges must be adjusted several times during the test. Therefore a specially designed
instrument is used for the determination of the bending moments. This instru-
ment gives the size ofthe curvature, namely the term w, + w2—2w0. It is known that
the curvature k at the point A0, provided the values for Ax are not too high, equals

w, + w2—2h'0

Ax2
(fig. 3).

Due to a special design it is possible to determine simultaneously the curvatures
in two directions (fig. 4) at right angles to each other.

ax i ax

Fig. 3

Fig. 4

A dial gauge with a measuring accuracy of 0-001 mm. was used. The value Ax
amounted to about 7 cm. The bending moments M are determined from the
formula:

Mx=K(kx+vky)
in which K Stands for rigidity of the slab and v for Poisson's ratio. This was done at
different points of the flat part of the slab under uniformly distributed loading.

In the centre of the panel in which the greatest positive moment occurs, the
measurements were controlled by means of strain-gauges and Huggenberger tenso-
meters (fig. 5).

It is clear that with the use of these curvature-meters it is not possible to determine
the bending moments in the neighbourhood of the column capital. For that reason
the stress distribution along the boundary of the column capital is measured by means
of strain-gauges with a measuring length of 2-5 cm. The negative moments thus
determined are controlled by means of Huggenberger tensometers.

Concentrated loads
By several characteristic positions of the concentrated load (in the centre of the

panel and in the middle between the columns at the boundary of two panels) the
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Fig. 5

influence of this load on the bending moments in the flat part ofthe floor was measured
by means of the curvature-meters. The stress below the load was also determined
by strain-gauges with a measuring length of 3 mm.

In this way an impression was obtained of the stress distribution in the neighbour-
hood of the concentrated load.

The bending moments at the boundary of the column capital were established in
the same way as with a uniformly distributed load.

The influence of the size of the area over which the concentrated load was
distributed was also examined.

Results
It appeared that with a uniformly distributed load the greatest positive moments

in all 15 panels differed only slightly from each other. The greatest difference
amounted to about 10% ofthe average.

Owing to the correct choiee for the overhanging length, which measured f of the
distance between two columns each panel thus approximated to the so-called ideal
central panel. The other measurements could be limited to the central panel of the
test slab.

Fig. 6 shows, among other things, the outstanding results ofthe deflection measurements

by a water-Ioad of 150 cm. height. The greatest deflection amounted to
0-77 mm. in respect to the column capital.

Fig. 6 also depicts the radial and tangential bending moments (Mraci and M,a„g)
measured also by a water-load of 150 cm.

The greatest positive moment (point B) amounted to 21 kg.-cm./cm.; for the
negative radial bending moment at the boundary of the column capital (0-4a from
the column axis, in which a Stands for half the panel length) an average of —47

kg.-cm./cm. was found.
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The bending moments Mx and My in point D (fig. 6) amounted to +25 kg.-cm./
cm. and — 8 kg.-cm./cm. respectively.

During the concentrated loading it appeared that the overhanging length also
indicated that the behaviour of all panels approximated to that of the central panel.

The load was concentrated on a circular area with a diameter d (fig. 7). To determine

the influence of the size of this diameter on the stresses below the concentrated
load, rfwas chosen as 1-6, 3-6, 5-4 and 7-4 cm. respectively.

Below the concentrated load the curvature-meters indicated about 15% lower
values than the strain-gauges with a measuring length of 3 mm.

Fig. 8 shows graphically the influence ofthe concentration of the load on the stress
distribution underneath in the case when the load is situated at point B. It appears
that the proportion M/P in which M Stands for the bending'moment and P for the
size of the concentrated force, follows from the formula a=M/W (o-=measured
stress, W=h2/6=moment of resistance, A=thickness of the slab), diminished from
0-26 to 0-22, ^increasing from 1-6 cm. to 7-6 cm.

Table I

Concentrated load Concentrated load
Influence of atB at D

T.N.O. E.M.P.A. T.N.O. E.M.P.A.

oc* at B\
aiy at BJ +0-263 +0-182 +0022

-0006
—

a^at D +0026 — +0-219 +0099 to +0192
ay at D -0015 — +0-177 +0-054 to +0-137
ax at L +0001 — +0028 —
ay at L -0008 — +0002 —

• ar at H -0056 — -0017 —
ol, at E -0028 — -0100 —

OLx MxIP 0Ly My/P OLr=OLradial=Mr/P.

Table I shows the bending moments at the points B, D, E, H and L, the load being
in position B or D.

If the concentrated load is at B (fig. 9) the greatest bending moment at D amounts
to about tö of the bending moments below B. At L some influence can be noticed.
The greatest moment at the boundary of the column capital amounts in this case to
i of the moment at B.

With the concentrated load at D, the bending moments are at B (=L) and E
about tö and about tö respectively of the moment at D.

A few results of the tests made by Prof. Ros (E.M.P.A.) are given in the table
to make comparison possible.

Theoretical research
The measured results are particularly compared with the results of the calculation

method of Dr. Ir. A. M. Haas.1 In this method, just as in the model, the most usual
shapes of column capital and drop panel are replaced by hyperboloids.

Haas approximates the stress distribution in the column supposing the stress
distribution to be axially symmetrical in this hyperboloid, by means of the formula
for a circular slab in which inertia is inserted varying only with the radius.

1 For references see end of paper.
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Table II
The numerical sum of the positive and negative bending moments (pa3)

Nichols

Measured
Haas
A.C.I

0-47
0-51
0-52

0-51
0-51
0-72

The flat part of the floor is shaped as shown in fig. 10. To calculate the part
ABG, minus the included part of the column capital, Haas applies, in imitation of
Tölke,2 the Solution in polar-co-ordirfates of the biharmonic differential equation
AAw==p/Kaccording to Clebsch3 (in whichp Stands for load per unit area).

P
w=—K rü+*o+B0ln-^a+C0r2+D0r2ln^a

+2 (Anr*n+Bnr-'i"+Cnr*"+2+Dnr-*n+2) cos 4«a

i

The above coefficients are determined by co-ordinating along the inside boundary
the average of the moments and shearing forces to those in the column capital and to
demand along the outer boundary the boundary conditions in a number of connecting
points (if more connecting points are chosen, more coefficients have to be added to
the calculation).

Fig. 6 shows the deflections and bending moments of the steel model found in
this way. The greatest deviation between the theoretically and experimentally
determined values for both the deflections and the bending moment appears to be
about 15% at maximum, the theory providing higher absolute issues than the test.

As the model test gives only values for the negative moment in the column capital
at a distance of 0-4a from the column axis the negative bending moment at a distance
of 0-225a from the column axis is calculated by means of the theory of Haas, which
has appeared to be sufficiently exaet. Thus the theoretically determined results for a
practical case could be compared to those according to the requirements of the
American Concrete Institute and those found by the Eidgenössische Material Prüfungs
Anstalt.

Fig. 10 also shows the course of the bending moments found from:

(a) the empirical research T.N.O.
(b) the theory of Haas,
(c) the American requirements (A.C.I. 318-51),4
(d) the empirical investigation of Prof. Ros (E.M.P.A.).5

For the purpose of control, the theoretical total amount of the moments for
c=0-45a and for c=0-Sa is also given according to the formula of J. R. Nichols 6:

ZM=pa*
c3 4c

+*8Ö3_2^a

A theoretical investigation which has not yet been completed gave the following
results:

(a) Tölke, who imagines the slab to be immovably fastened at a distance r=Q-2a,
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as well as Haas, does not take into aecount the coefficients B, Bn and
D, D„. Now this appears not only to be allowable but even desirable.

(b) When the number of connection points along the outer boundary increases,
all stress quantities in the slab approach a limit, provided the calculation was
done very aecurately. When three connection points and the coefficients
Ac, up to and including A2, C0 up to and including C2, B0 and D0 are used
the deviation from the limit amounts to 2 % in the centre of the panel.
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Conclusions
As a result of the above investigations the following conclusions concerning flat

slab floors having square panels may be drawn.
1. The calculation method of Haas provides that by a uniformly distributed load,

bending moments in the ideal central panel are maximal about 15 % higher than those
found during the investigation of the model. A satisfactory explanation of this
discrepancy has not yet been found. Partly it might have been caused by the cir-
cumstance that in the steel model the ideal central panel has been approximated but
not fully realised. In any case the conclusion may be drawn that the above theory
gives results that are sufficiently correct for practical use.

2. The measured results achieved by Prof. Ros with a uniformly distributed load
agree sufficiently with the results of T.N.O. so that these T.N.O. results can be applied
in practice directly to reinforced concrete, though found on a steel model.

3. Except at the boundary of the column capital the results found with the A.C.I.
requirements agree fairly well with those found by T.N.O. The negative bending
moments at the column capital, as found according to the theory of Haas, are con-
siderably greater than those of the A.C.I. The A.C.I. condition that, for determination

of the compressive stress in the concrete at the boundary of the column capital,
the width of the column strip must be decreased to -\ of its value does point in this
direction.

4. From T.N.O. experiments as well as from those of Prof. Ros it follows that,
for the bending moment below a not too strongly concentrated load, a value of -\ or
jP may be taken into aecount. If this concentrated load is placed in the centre of
the panel, the value of the negative moment at a distance 0-4a from the column axis
amounts to yöP and the negative as well as the positive moment right between the
columns amounts to about -^P. In the surrounding panels the influence of the
concentrated load can be neglected. When the load is placed right between the
columns on the boundary of two panels, then the moment below the load, near the
column capital and in the centre of the adjacent panel, amounts to \P, tö? and -fgP
respectively.

5. When a flat slab floor with an overhanging length of f of the span length of
support is used, all panels will behave as ideal central panels, with a uniformly
distributed load as well as with a concentrated load. In this way it is possible to diminish
the quantity of reinforcement in the concrete and to simplify the calculations and the
construction.
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Summary

By means of a steel model the Committee for Research on Constructions T.N.O.
investigated the conduct of an ideal square central panel of a flat slab floor with
uniformly distributed and concentrated loads.

The theoretical investigation was based on the theory of Dr. Ir. A. M. Haas, who
took into aecount the influence of the column capital on the stress distribution in the
floor.

The results of the T.N.O. investigation were compared with the latest American
Building Code Requirements for Reinforced Concrete (A.C.I. 318-51) and with tests
made by Prof. Dr. Ing. h.c. M. Ros.

Resume

A l'aide d'un modele en acier le Comite de Recherches sur les Constructions
T.N.O. a examine le comportement d'une zone centrale carree et ideale d'une dalle-
champignon soumise ä une charge uniformement repartie, puis ä une charge con-
centree.

La recherche theorique etait basee sur la theorie du Dr. Ing. A. M. Haas, qui,
dans ses calculs, a tenu compte de l'influence du chapiteau des colonnes sur la
repartition de la tension.

Les resultats des recherches de la T.N.O. sont compares avec les nouvelles
prescriptions sur le beton arme de l'Institut Americain du Beton (A.C.I 318-51) et avec
les recherches effectuees par M. le Prof. Dr. Ing. h.c. M. Ros.

Zusammenfassung

Der Ausschuss für Eisenbeton- und Stahlbauten T.N.O. hat an einem Stahlmodell
das Verhalten eines quadratischen ideellen Mittelfeldes einer Pilzdec'ke unter gleich-
massiger Belastung und unter Einzellast untersucht.

Die theoretische Forschung baut auf der Theorie von Herrn Dr. Ing. A. M. Haas
auf, der in seinen Berechnungen den Einfluss der Pilzköpfe auf die Spannungsverteilung
berücksichtigt hat.

Die Ergebnisse der T. N. O.-Forschungen wurden mit den neuesten Forderungen
der Amerikanischen Betonanstalt (A.C.I. 318-51) sowie mit den Untersuchungen
von Herrn Prof. Dr. Ing. h.c. M. Ros verglichen.
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