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The tests onthe structure described herein were a part of the investigation
of multiple-panel reinforced concrete floor slabs (6)* conducted in the Structural
Research Laboratory of the University of Illinois Civil Engineering Department.
The test structure was a nine-panel flat slab, designated ¥2, and was one of five
quarter-scale structures in the program. It followed F1, a flat plate (4).

Structure F2 (Figs. 1 and 2) was representative of ordinary flat slab con-
struction. The background of the investigation and the relationship of F1 to it
have been presented elsewhere,

DESCRIPTION OF TEST STRUCTURE

Design.—The test structure was scaled from a flat slab with 20-ft square
panels designed according to the “empirical design method” of section 1004 of
ACI 318-56 (1), It was designed for a live load of 200 psf and a dead load of 85
psi. The spandrel beams were designed for a wall load of 600 lb-per ft in ad-
dition to the slab load. The design stresses were 1,350 psi for the concrete and
20,000 psi for the reinforcement, Alldetails of the structure were in accordance
with ACI 318-56. Alldimensions of the test structure were 1/4 of the structure
as designed.

Dimensions.—The test structure is shown in plan and in section in Fig, 1.
Column, panel, and section designations are shown on the plan. The structure
was square in plan with three 5-ft spans in each direction, Two adjacent edges
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of the structure were supported by deep beams, 2 X 6 in., and the other two
edges were supported by shallow beams, 4-1/2 in., x 2-1/2 in. Dimensions of
columns, drop panels, and column capitals are shown in Fig. 5.

The lower ends of the columns were pinned and the length of the columns
was chosen so that their stiffness would be comparable to the columns of the
original structure in which the columns extended above as well as below the
slab.

Reinforcement.—The slab was reinforced with 1/8-in. square bars. The
placing of both top and bottom slab reinforcement is shown in Fig. 3.
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FIG. 1.—PLAN AND SECTION OF TEST STRUCTURE F2

The main reinforcement in beams and columns was 1/4-in. plain round bars.
Column ties and stirrups were cut from 1/8-in. square bars. Beam and column
reinforcement is shown in Figs. 4 and 5, respectively.

MATERIALS AND CONSTRUCTION

Reinforcement.—The slab reinforcement was cut from 1/8-in. square un-
deformed bars of cold finished B1113 steel which had been annealed at 1,300°,
The average yield stress from 52 tests was 42,000 psi. The stress-strain di-
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agram had the shape characteristic of int i
. e i -
o ine began at abost .035. rmediate gfade steel. Strain hard
. tThelllaecz;.m and column.reinforcement consisted of 1/4-in. round undeformed
ot-rolled bars. The ylel.d stress was 49,000 psi based on four tests with no
ntea.surable scattert Strain h?.rdening began at about 0.035 and the ultimate
stress was 67,000 psi at a strain of approximately 0.2, Ties and stirrups were
cut from the same stock as the slab reinforcement.

Allbars were washed with a 50% solution of hydrochloric acid and left in a
moxgt rot?m f}c:r twg weeks to accelerate rusting. Loose rust was removed with
a wire brush, and the resulting surface was slightly pitt i
bond characteristics. Rl pitted and had tmproved

Concrete.—A smallaggregate concrete consisti
sting of Type I portland cement
a blend of 80% coarse Wabash River sand and 20% fine lake sand, and water was

FIG. 2.—PHOTOGRAPH OF THE FLAT SLAB SHOWING THE READING STATION

1_1$ed. The water/cement ratio was 0.72 and the aggregate/cement ratio was
5.7. The maximum aggregate size was 1/8-in. and the fineness modulus of the
blended aggregate was 2.8,

2-in, x 4-in, control cylinders were used. The average compressive
strength of the control cylinders was 2,760 psi at 78 days (28 tests) and 2,320
psi at168days (12 tests). The initial tangent modulus at 78 days was 2.1 x ’106
psi (9 tests) and the modulus of rupture, determined from 2-in, wide by. 1.75-in
deep beams load at the third points of a 15-in. span, was 602 psi (10 te:sts). '

TEST EQUIPMENT

The loading system, load and reaction measurement devices, and strain re-
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resist'ance strain gages, Deflections were measured at all panel centers and at
the midpoints of all column center lines,

cording equipment were the same as those used for structure F1 and have been ;
described elsewhere (3,4,5). !

Eachpanel was loaded through 16 symmetrically located 8-in, square pads

; TEST PROGRAM
{} Chronology. —-Structx.lrfe F2 was tested between February20and May 19, 1959,
" ' The 38 tests can be divided into four categories: (1) Tests 200-207 at loads
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. FIG. 5,.—ARRANGEMENT OF COLUMN REINFORCEMENT
tosimulate a uniformly distributed load.
a dynamometer calibrated so that the ma

could be determined.
Strains in the reinforcement were measured at 335 locations with electrical

Each of the 16 columns supported by

gnitude and direction of the reactions below the estimated cracking loads; (2) tests 208-220 at service load levels;

(3) tests 221-233 under overload; and (4) tests 234-237 to failure. The first test
of each of the four categories was one in which all panels of the structure were
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loaded. In other tests in each category, only part of the panels were loaded in
various patterns,

Tests 208, 221, and 234, the first tests of categories (2), (3), and (4), are
reported here,

Test Procedure.—1In each test the load was applied in one or more incre-
ments and data were read and recorded after each increment. As each load
increment was applied, the magnitude of load was monitored by one of the load
dynamometers.

All strain and deflection gages were read before the first load increment.
Load and reaction dynamometers were read after loading was stopped in each
increment and again before loading was resumed in the next increment. This
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FIG. 6.~LOAD-DEFLECTION CURVES

interval was approximately 30 min to 40 min during which time strain and de-
flection gages were read, and the structure was inspected for cracks. After
the maximum load was reached and all readings recorded, the applied load was
removed in one increment and a final set of readings recorded.

Reported Data.—The response of the structure to load was evaluated by the
measurement of deflections and reinforcement strains, and by the observation
of cracking. These observations are reported for the following three tests in
whichall panels were loaded uniformly: (1) test 208, totalload—280 psf; (2) test
221, total load—399 psf (nominally DL + 1.5LL)and (3) test 234, to failure. The
dead load of the structure plus the loading system was 44 psf. In each of these
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tests the given load had been reached for the first time so that the observed
phenomena were not critically affected by pattern loadings at lower loads in
previous tests. All quantities reported in the following Sections are cumulative
and include dead load and residual effects.

BEHAVIOR UNDER DESIGN LOAD

Deflections.—Representative load-deflection relationships are shown in Fig.
6. The first solid portion of each curve represents response in test 208 in load-
ing and unloading. The second solid portion indicates the response in test 234
and the shifttothe right of the origin of this portion corresponds to the amount
of cumulative deflection from the end of test 208 to the beginning of test 234.
The brokenpart of each curve indicates the response if the structure had been
loaded inone testto failure, Curves for test 221 are not shown. The horizontal
line at 44 psf in each diagram is the dead load of the structure and loading sys-

Col. I3

FIG. 7.—DEFLECTIONS AT 280 PSF

tem. The dead load deflections were estimated from deflections measured in
tests at loads below the estimated cracking loads. The location on the structure
which each curve represents is shown in the upper right of the figure,

The load-deflection curves were linear in test 208 up to about 90 psf which
was the maximum load previously applied to the structure. Beyond that point
curves AQO, CO, and JO, representing the response at the middle of the corner
panels, became nonlinear. At a load of 200 psf, only the curves for the de-
flection at beam midspans were still linear. These curves remained linear
throughout the test. The load-deflection curves for the slab, especially those
at midpanels, show a marked reduction in stiffness of the slab.

The deflections at maximum load can be compared in Fig, 7. The maximum
deflection occurred at the center of panel A, the corner panel bounded by shal-
low beams and the minimum midpanel deflection was in panel E, the center
panel. The deflection at the center of panel C was about L/260 and that at the
center of panel E was about L/860. The generally smaller deflections of panels
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CFJ and GHJ verify the greater stiffness of those exterior panels supported by
deep beams.

Reinforcement Stresses.—The stresses for the negative-moment sections
1,3,5 and 7 are shown on Fig. 8 and those for positive-moment sections 2,4,
and 6 are shown on Fig. 9.

At 290 psf, the highest stresses occurred at the interior column lines,
sections 3 and 5. Stresses near 25 ksi occurred at a number of locations with
the maximum stress about 30 ksi. At positive moment section 2 the stresses
were about 18 ksi at a number of locations but at section 4 stresses on the
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FIG. 8.—REINFORCEMENT STRESS DISTRIBUTION NEGATIVE MOMENT SECTIONS

order of 5 ksi were more characteristic. At sections 1and 7 the highest stresses
were about 10 ksi and occurred at the capital faces. Stresses away from the
columns at these sections were quite low.

Cracking.—The first cracks observed in the flat slab, after careful exam-
ination with a 7-power magnifying lens, were at the exterior faces of the in-
terior column capitals at a total load of 158 psf. Next, at a load of 203 psf,
cracks were found at the edges of the interior drop panels. With successive
load increments cracks formed along column lines on the top of the slab, be-
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ginning at the drop panels and progressing away from the column, The crack
pattern on the top of the slab at 290 psf is shown in Fig. 10.

The bottom of the slab was fairly extensively cracked in this test. The

cracllcs were parallel to the edge at about the middle third of the exterior
panels.

BEHAVIOR IN TEST 221 (1.0DL + 1.5 LL)

Between tests 208 and 221 a series of tests with panels loaded in various
patterns was conducted with a nominal maximum load of 285 psf. These tests
caused extensive cracking on both the top and bottom of the slab. At least one
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FIG. 9.—REINFORCEMENT STRESS DISTRIBUTION POSITIVE MOMENT SECTIONS

crack, and in most cases several parallel cracks, extended along the full length
of each interior column line. There were also cracks at each corner column.
The middle third of each row of panels had numerous cracks parallel to the
panel centerlines. The exterior rows were more severely cracked than the in-
terior rows. Intest 221 the maximumtotal load was 399 psf. This corresponded
to approximately DL + 1.5 LL,

Deflections. —Thedeflections at the maximum load in test 221 are shown in
Fig, 11, The maximum deflection was 0.46 in, at the center of panel A, This
iS/L/l30. The deflection at the center of the interior panel was 0.18 in.or
L/330,

Reinforcement Stresses.—The stresses inthe reinforcement in test 221 are
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shownin Figs. 8 and 9. The yield stress was reached at a number of locations
in this test, but the exterior edges, sections 1 and 7 were still characterized
by very low stresses, generally less than 5 ksi, away from the columns.

Cracking.—The cracks observed on the top and bottom of the slab are shown
in Figs. 12 and 13. Few new cracks were observed on the top of the slabs and
most of the new cracks on the bottom of the slab were in the interior rows of
panels parallel to the panel centerlines.

BEHAVIOR IN TEST TO FAILURE

The structure was tested to failure in test 234. Between tests 221 and 234
the structure was tested with a series of pattern loadings at a load of approx-
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FIG. 10.—TOP CRACK PATTERN AT DESIGN LOAD

imately 385 psf. These tests caused further development and widening of the
cracks. Also, the repeated strip loadings had so severely damaged the side
columns that it was necessary to provide external prestressing before the test
to failure. This was done by tightly binding wood blocks below the columns to

st e
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confine the concrete and providing a 10,000 b force at the exterior edges of
the columns by means of clamps.

The south bay of the structure, comprising panels'G, H, and J, failed at a
load of 551 psf.

Deflections.—Representative load-deflection curves for test 234 are the
second solid portions of the curves in Fig. 6. Most of the curves are linear up
to a load of 399 psf which was the maximum load prior to test 234. Beyond that
point the deflections, with the exception of those at locations H4 and J3, in-
creased greatly with each small increase in load.

Deflections at failure are shown in Fig. 14, The large deflections in panels
G, H, and J in which failure occurred are clearly evident as are the very small
deflections of the deep beams.

Reinforcement Stresses.—General yielding of the reinforcement had oc-
curred in sections 3 and 5 (Fig. 8) and in sections 2 and 6 (Fig. 9) when the
failure load was reached. However, in section 4 (Fig. 9) only local yielding
had occurred and the stresses at the center of the interior panel were still

INCHES

FIG. 11.—DEFLECTIONS AT 399 PSF

relatively low. At sections 1 and 7 there was only local yielding and reinforce-
ment stresses away from the columns were low because of the low torsional
strength and rigidity of the spandrel beams.

There was local yieldingin sections 2, 3, and 5 duringthe first load increment
of test 234 and in section 6 during the second load increment, The local yielding
in section 7 occurred at the failure load.

Cracking.—The cracks on the top and bottom of the slab at the end of test
234are shownin Figs. 15 and 16, respectively. The wider cracks are indicated
by wider lines. Up to 472 psf, the only noticeable change in the structure was
the widening of previously existing cracks. At 519 psf torsional distress in the
deepbeams atthe south edge of the structure was quite pronounced. Torsional
damage was less severe in other spandrel beams,

Up to the failure load very few new cracks were observed on the top of the
slaband further cracking on the bottom consisted only of the extension of pre-
vious cracks and the formation of new cracks parallel to previous cracks fur-
ther from midspan.
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Failure.—At failure of the south bay of the structure, a very wide crack
developed on the top of the slab at the south edge of the capitals of columns 10
and 11 extending midway between columns 9 and 10 to midway between columns
11 and 12. At the exterior side of the south bay, the deep beams twisted out of

corner columns 13and 16, and columns 14 and 15 failed with very large rotation
at the bottom of the capital.

MEASURED BENDING MOMENTS

Moments in the structure were calculated from strains measured in the
reinforcement, An idealized bilinear moment-strain relationship was used in

©@

@

——— Previous Cracks

New Cracks

FIG. 12.—TOP CRACK PATTERN AT1.0DL +1.5 LL

computing bending moments as described elsewhere (
moments, the deep beams were assumed to be L-be:
width to slab thickness of four. Shallow beams were a
Twisting moments could not be computed from exp

3,4,5). In computing beam
ams with a ratio of flange
ssumed to be rectangular.
erimental measurements,
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Bending Moment Distribution.—The distribution of slab unit moments at
sections 1 through 7 are shownin Fig. 17, The moment_s were calculat.ed fr;m
strains measured at 285 psf in test 208. The moments across the various e;
sign sections are tabulated in Table 1. Design momen.ts are also showp a;r;e
their comparison with those calculated from strains will be presented in

arison with Design Moments section,
congc))mparison with Total Static Moment.—The tqtal static.n‘mment maty bs
defined as the average negative moment plus the m1dspan positive moment an
can be calculated for any span if the effective position of thg end reactlé)n is
known. This position was not known exactly but was determined on the basis

Shallow Beam

3

T2TEST 221
Shallow Beam

Deep Beam

G

—

Deep Beam

FIG. 13.—BOTTOM CRACK PATTERN AT 1.0 DL + 1.5 LL

of two assumptions: (1) Shear is uniformly distrib}xted around the column or
capital only, and (2) the shear is uniformly distributed along all supported
edges including the beams. ) . ]
gIn Table 2 the static moments in spans extending the full width of the struc
ture are compared. A second comparisonis made in ’I“ja;gle }? b;t‘welend‘;tai)larxg?;
i in wi ch inclu
i interior strip of spans one panel in wi whi : el
glggltsormD;IFl‘ Shears and twisting moments on the column centerlines which
daries of the strip are ignored. ‘
for?rlx ttt}:: f?r?:tn comparison, the moments calculated froxr} measured strains are
at most 7% higher than the computed static moment in each span. This dis-



1064

* Deflection meosured with
€-inch rule at moximum load

June, 1969

INCHES

FIG. 14.—DEFLECTIONS AT 550 PSF

e

QL @ | 1l |l | e
“%?i“ﬁﬁ@?u“"w%y*‘““ﬁ
‘ REWaE
, AUAYE |
1| ®©3\))$\ ®®i\ I
o —
f®

— Previous Cracks

——— New Cracks

- Very wide cracks

XXRXR

Crushing of concrete

FIG. 15.—TOP CRACK PATTERN AFTER TEST TO FAILURE

®

ST 6 FLAT SLAB TEST 1065

crepancy can be attributed in part to uncertainties in the calculation of mo-
ments from strains in the L-shaped edge beams. In the second comparison,
the uncertainties of effect of edge beams were eliminated only to be replaced
by the unmeasured effect of the twisting moments. In this case, moments cal-
culated from strains were on the order of 10% to 15% lower than the computed
static moments.

Comparison with Design Moments.—Design moments (ACI 318-63)(1) are

o

‘ E ) ».‘k‘; o
’ b‘-‘.i..»:u.»“l itetaltos :.‘:’;}ﬂ o

FIG. 16.—BOTTOM CRACK PATTERN AFTER TEST TO FAILURE

compared with measured moments at sections 1 through 7 in Fig. 17. Mea§ured
moments were significantly lower than design moments in the middle strips of
sections 1and 7, They were more than 50% higher than design moments at many
locations in sections 3and 5 and were also significantly higher than design mo-
ments in sections 2, 4, and 6. The measured and design moment coefficients
ateachdesignsection are given in Table 1 and are compared in Fig. 18, Mea-
sured moments are plotted vertically and design moments are plotted hori-
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zontally. Points representing sections in which measured moments exceed
design momentsare above the 45-degree line. Column and middle strips were
generally underdesigned. Those which were overdesigned were at sections 1
and 7.

Measured and design moments across the full width of the structure are
compared in Table 4, Sections 1 and 7 were overdesigned by approximately
20% and most other sections were underdesigned, some by as much as 25%.
These discrepancies between measured and design moments are not neces-
sarily serious if the moment capacity of the overdesigned sections can be fully
developed.

FLEXURAL STRENGTH

Two possible collapse mechanisms were considered in determining the
flexural strength of the structure. Mechanism 1 was a slab failure involving

TABLE 1.—MEASURED AND DESIGN MOMENT COEFFICIENTS M/(wL) :

Section Beam Wall Middle | Column | Middle | Column | Middle Wall Beam
1 (shallow)| strip strip strip strip strip strip strip {deep)
1) (2) (3) (4) (5) (6) (9] (8) (9) (10)

1 Measured 0.012 0.006 0.007 0.027 0.006 0.020 0.005 0.006 0.024
Design 0.012 0.013 0.007 0.028 0.007 0.028 0.007 0.006 0.022
2 Measured 0.017 0.009 0.019 0.020 0.018 0.019 0.014 0.004 0.022
Design 0.016 0.009 0.013 0.016 0.013 0.016 0.013 0.004 0.025

3 Measured
(exterior) 0.022 0.020 0.017 0.039 0.018 0.039 0.014 0.003 0.048
(interior) 0.020 0.020 0.017 0.035 0.018 0.038 0.014 0.003 0.046
Design 0.019 0.018 0.011 0.037 0.011 0.037 0.011 0.009 0.035
4 Measured 0.008 0.006 0.010 0.013 0.009 0.014 0.009 0.002 0.011
Design 0.012 0.007 0.010 0.013 0.010 0.013 0.010 0.003 0.017

5 Measured
{exterior) 0.02¢4 0.019 0.015 0.041 0.018 0.042 0.013 0.003 0.058
(interior) 0.020 0.019 0.015 0.040 0.018 0.040 0.013 0.003 0.046
Design 0.019 0.018 0.011 0.037 0.011 0.037 0.011 0.009 0.035
6 Measured 0.014 0.007 0.015 0.015 0.017 0.018 0.015 0.003 0.027
Design 0.016 0.009 0.013 0.016 0.013 0.016 0.013 0.004 0.025
7 Measured 0.005 0.009 0.008 0.017 0.004 0.022 0.007 0.012 0.017
Design 0.012 0.014 0.013 0.016 0.013 0.016 0.013 0.004 0.025

only the exterior panels of the structure in which the beams did not participate
in the failure. Mechanism 2 involved only a single span of the structure with
yield lines extending across the full width of the structure including the beams.
The limiting moment at a given section was determined from

My = Asfyjd oo (D)

For sections which are underreinforced, as the slab was, the difference be-
tween the yield moment and the ultimate moment is not significant.

At sections where there were two crossing layers of reinforcement, the
averagedepth was used for the effective depth. The deep spandrel beams were
assumed to be L-beams with a flange equal to four times the slab thickness,
Centroids of column reactions were determined by assuming the shear to be
uniformly distributed around the perimeter of supports. The only resistance
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to rotation was assumed to be the limiting moment across the full length of a
section.

The total collapse loads computed for the two mechanisms were: Mechanism
1, 565 psf; and Mechanism 2, 645 psf, The minimum computed collapse load
was about 2.5% higher than the actual collapse load of 551 psf. The yield line
pattern in the structure at collapse corresponded to that assumed for Mecha-
nism 1 with the important exception that no yield lines developed along the
face of the spandrel beams. Instead, the moment capacity of the exterior sup-
port of the slab was limited by the torsional capacity of the beams or the flex-
ural capacity of the exterior columns.
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FIG. 17.—MEASURED AND DESIGN BENDING MOMENT COEFFICIENTS AT
DESIGN LOAD

The external prestressing provided for the side columns of the structure
has been described earlier. At about 98% of the collapse load, failure of the
concrete occurred under the prestressing clamp on one of the side columns
inthe bay in which the failure mechanism formed. Moment-axial load interaction
diagrams for the side columns with and without prestressing show that at the
collapse load the moment in the columns was less than the flexural capacity
with prestressing but more than the flexural capacity without prestressing.
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Therefore, although itis apparent that failure of the column contributed to the
collapse, it is doubtful that the collapse load would have been significantly

greater if the column had not failed since the spandrel beams had also ap-
parently failed in torsion.

GENERAL REMARKS

The ratio of the failure load to the design load for this structure was about
1.9. This is approximately the same as the factor of safety implied from the
allowable working stress for the reinforcement. However, an adequate factor
of safety is not the only criterion by which satisfactory performance of building

TABLE 2.—MOMENTS ACROSS THE ENTIRE STRUCTURE

(1

Span adjacent to
shallow beam
sections 1,2,3

)

Interior span
sections 3,4,5

Span adjacent
to deep beam
sections 5,6,7
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TABLE 4.—COMPARISON OF MEASURED AND DESIGN MOMENTS

1069

Section

(1

Measured

()

Design
(3)

(a) End span with the Shallow Beam as Exterior Support

1 0.113wL? 0.130wL?

2 0,142, L3 0.125wL?

3 (exterior) 0.220wL? 0.188wL?
(b) Interior Span

3 (interiar) 0.211,0 L3 0.180:0 L3

4 0,082, L3 0.095: L3

5 (interior) 0.214wL? 0.180/¢L?

(3) (4) (¢) End Span with the Deep Beam as Exterior Support
Calculated from strains 0.309,0L? 0,294 L3 0.298,L° 5 (exterior) 0.23301° 0.188n L
Calculated (assumption 1) 0.292,0 L 0.282wL° 0.298wL? 6 -1 l? 0125 L7
’ ' ’ ’ 7 0.101,0L? 0.1261L°
Calculated (assumption 2) 0.289,0L3 0.280wL? 0.3190L3
Col Middt watl
TABLE 3.—MOMENTS IN INTERIOR STRIP Sip Strip Strp_8%9m
Positive . . . M
06 Negative [ o 2 v
Span adjacent Interior spa Span adjacent , b
to shallow beam section 3p4ns to deep beam . | i
sections 1,2,3 ctions 3,4, sections 5,6,7 "L s ‘ ‘
1 2 2 |
() @ (3) (4) 2 ;
Calculated from strains 0.081wL? 0.079L? 0.075wL? e ‘
Calculated (assumption 1) 0.090wL3 0.088wL? 0.090:0L3 ;‘é
i)
Calculated (assumption 2) 0.093.,0L3 0.088wL? 0.100w 13 € 03
g
3
structures must be measured. The structure also must be free from excessive 3 02 3 ;
cracking and deflections at service loads. In structures designed by working 2 o m ‘
stress methods, these are controlled implicitly by limiting permissible stresses s s . ‘
at service loads. Designing flat slabs for a total moment less than the static o * 00 ! i
moment, as is permitted by the ACI Code, is equivalent to permitting higher & E ]
allowable stressesat service loads. As a result, cracking and deflections should & i ‘
be greater in flat slabs than in continuous beams. % ol 02 03 04 06

Cracking of the test structure at service loads was not excessive. However,
a direct projection from the test structure to a full size structure cannot be
made. The bond characteristics of the reinforcement used in the test structure
were not as good as for deformed reinforcement. Thus, crack widths and

FIG. 18.—~COMPARISON OF MEASURED AND DESIGN BENDING MOMENT

COEFFICIENTS

3
Design Moment Coefficient, M/wL
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spacinginthe test structure could be expected to be relatively greater than in
a full-size structure. However, the tensile strength of the small-aggregate con-
cretein the test structure was greater than that obtained from concrete made
with coarseaggregate. This would result in cracking at a lower load in a full-
size structure with a greater degree of cracking resulting at the service load.

The 1963 ACI Building Code (2) limits deflections of floor systems which do
not support partitions to L/360 for short-time loads. For the test structure the
deflection correspondingto this limitation is 0.17 in. This value was exceeded
in each of the corner panels of the test structure in the design load test. The
maximum deflection in panel A was nearly 40% greater than L/360, In a full-
size structure in which the concrete tensile strength was lower than that in
the test structure, crackingat a lower load would result in larger service-load
deflections,

The effects of partial loadings have not been included in this study. However,
partial loading tests at the design load caused extensive cracking, and a cor-
responding reductionin stiffness, throughout the structure, For 9 selected lo-
cations (7), the deflections, including dead load and cumulative residual, at the
designloadintest 221 were an average of 50% greater than those at the design
loadin test 208, The average deflection at 7 selected locations in the exterior
panels at the design load in test 221 was 30% greater than the deflection cor-
responding to L/360.

The test clearlyindicates that the critical design criterion is serviceability
rather than safety and that the service-load performance of flat slabs designed
forand subjected to high permanent live loads can be expected to be marginal.
Poor quality concrete or poor construction practices or workmanship can be
expected to lead to objectionable deflections. The good performance of structure
F1 at the design load resulted from the structure being essentially uncracked
when subjected to the relatively low design load.

Inthis structure, asin other structures tested in this investigation (4,5) the
importance of providing adequate torsional strength and stiffness for the span-
drel beams was apparent. Negative moment reinforcement provided perpen-
dicular to the spandrel beams is wasted unless the beams have sufficient
torsional stiffness and strength to develop it.

SUMMARY AND CONCLUSIONS

The behavior of a flat slab at various stages of loading to failure has been
described. The test structure was one of five tested in an investigation of rein-
forced concrete floor slabs. The objective of the investigation (6) is the devel-
opment of a unified procedure for the design of all types of reinforced concrete
floor slabs.

The planand details of the test structure and of the reinforcement are shown
in Figs. 1through 5. The totaldesign load was 285 psf and the design was based
on the “empirical design method” of ACI 318-56.

Load was applied at 16 points in each of the 9 panels of the structure. A
series of tests was conducted at various levels with various combinations of
panels loaded.

Representative load-deflection curves are shown in Fig. 6. Deflections
throughout the structure in each of the three tests are shown in Figs. 7, 11,
and 14. Steel stress distributions are shown in Figs. 8 and 9 and crack pat-
terns are shown in Figs. 10,12,13,15, and 16,
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At the design load, the slab was rather extensively cracked, deflections in
exterior panels were of the same order of magnitude as the maximum value
permitted by the ACI Code, and steel stresses in the exterior bays were at
about the design stress level, except at the exterior edge. The interior bay
still had small deflections, very little cracking, and low steel stresses. Above
the designload level, stresses and deflections increased at an increasing rate
as cracking progressed. Failure occurred in the south bay of the structure at
a load of 551 psf.

Bending moments were evaluated using measured steel strains and an
idealized moment-strain relationship based on tests of beams similar to
strips of the slab. The moments obtained in this way are compared with design
moments in Figs. 17 and 18. The comparisons indicated that the total amount
of reinforcement provided was not deficient, but that it was inefficiently dis-
tributed so that some sections had too much and others too little reinforcement.

ACKNOWLEDGMENTS

This paper is based onan investigation conducted in the Structural Research
Laboratory of the University of Illinois Civil Engineering Department. Con-
tributions in support of the project were received from the following organi-
zations: Reinforced Concrete Research Council; Engineering Foundation;
Concrete Reinforcing Steel Institute; Portland Cement Association; Wire Rein-
forcement Institute; Directorate of Civil Engineering, Headquarters, U.S. Air
Force; General Services Administration, Public Buildings Service; Office of
the Chief of Engineers, Corps of Engineers, U.S. Army; and Bureau of Yards
and Docks, Engineering Division, U.S. Navy.

The project was initiated by the Joint ACI-ASCE Committee on Design of
Reinforced Concrete Floor Slabs and was guided by an advisory committee on
which the following persons have served: L. H. Corning (Chairman 1956-62),
D. McHenry (present chairman), G. B. Begg Jr., W, J. Bobisch, F. B. Brown,
M. P. Van Buren, A. S, Neiman, N. M. Newmark, D, H. Pletta, J. R. Powers,
P. Rogers, E. J. Ruble, W. E. Schaem, J. DiStasio, Sr., A. I. Westrich, and
C. A, Willson.

The prototype design was made by the firm of DiStasio and Van Buren,
Consulting Engineers, New York, with the personalattention of M. P, Van Buren.

The dedicated help of W. L. Gamble in the construction, instrumentation,
and testing of structure F2 is gratefully acknowledged. Acknowledgment is due
also to W. G. Corley, W. L. Gamble, J. O. Jirsa, and M. D. Vanderbilt whose
studies have been used in or have influenced this paper.

APPENDIX I.—REFERENCES

1. ACI Committee 318, “Building Code Requirements for Reinforced Concrete (ACI 318-56),”
Journal of the American Concrete Institute, Proceedings, Vol. 52, No. 9, May, 1956, pp. 913-986.

2. ACI Committee 138, “Building Code Requirements for Reinforced Concrete (ACI 318-63),”
Journal of the American Concrete Institute, Proceedings, Vol. 60, No. 41, July, 1963.



1072 June, 1969 ST 6

3. Hatcher, D. S, Sozen, M. A, and Siess, C. P, **A Study of Tests on a Flat Plate and Flat Slab,”
Structural Research Series No. 217, University of Hlinois, Urbana, July, 1961.

4. Hatcher, D. S., Sozen, M. A, and Siess, C. P., "' Test of a Reinforced Concrete Flat Plate,” Jour-
nal of the Structural Division, ASCE, Vol. 91, No. ST3, Proc. Paper 4514, October, 1965, PP.
205-231.

.Jirsa, J. O., Sozen, M. A., and Siess, C. P., *“An Experimental Study of a Flat Slab Floor Rein-
forced with Welded Wire Fabric,” Structural Research Series No. 249, University of lllinois,
Urbana, June, 1962.

.Sozen, M. A., and Siess, C. P., “Investigation of Multiple-Panel Reinforced Concrete Floor
Slabs; Design Methods—Their Evolution and Comparison,” Journal of the American Concrete,
Proceedings, Vol. 60, No. 8, August, 1963, pp. 999-1027.

. Vanderbilt, M. D., Sozen, M. A., and Siess, C. P., “Deflections of Reinforced Concrete Floor
Slabs,” Structural Research Series No. 263, University of Illinois, Urbana, April, 1963.

wn

R

~

APPENDIX II.—NOTATION

The following symbols are used in this paper:

A = cross-sectional area of reinforcement in a given section;
DL = dead load;
d = effective depth of section;

fy = yield stress of reinforcement;

jd = internal moment arm of cracked section;

L = span center-to-center of columns;

LL = live load;

M, = yield moment; and

w = unit load on the slab.



