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1. INTROIUCTION

1.1 Object and Scope

The investigation reported in this paper was undertaken in order
to evalusate the effect of two major chagges in the design procedure of flat
slabs. The two major changes under study were: {a) the use of the full static
moment rather than a fraction of it as is done in design aqcording to the
ACT Building Code (l)* and (b) distribution of the reinforcement in a manner
independent of the elastic moment configuration. Other minor changes_were
introduced in an effort to investigate the effect of certain_simplificaiions
of the gecmetry of the structure. These changes were studied in an effort
toward the simplification of flat slab design and comstruction.

Prior to the test on the structure reported in this paper, seven
floor slabs had been tested at the University of Illinois. All the structures
consisted of nine square panels of equal spans arranged three bays to a side.

Four of these structures were flat slabs and their characteristics are tabulated

below.
Structure lc. Mark Scale Reinforcement Method of PTesign
. /**
2 2 1/ Intermediate Grade ACT 318-56
5 F3 1/k Welded Wire Fabric ACT 318-56
6 Fh 1/16 Intermediate Grade ACI 318-56
7 F5 1/16 Intermediate Grade Referencs 2

Slabs F2 and F3 were used to evaluate the differences in behavior with the

change of reinforcement. Slab FL was used to determine if very small scale

* Numbers in parentheses refer to entries in the 1list of referances.

¥% Reference (1)



Da

reinforced concrete models could be used to predict the behavior of larger
size structures. Slab FS5 compared the performance of the method proposed
by Hatcher (2) with that of the ACI Building Code procedure. All the above
mentioned structures have precise similitude of external dimensions.

The characteristics of the fést structure described in this

report, a flat slab, are:

Structure No. Mark Scale Reinforcement Method of Design

8 F6 1/16 Intermediate Grade = Limit Design

Sections 2.1, 2.2 and 2.3 present the design procedure for
structure F6. Chapter 5 complements the above-mentioned sections. -
Chapter 6 compares the behavior of structure F6 with that of the other

flat slabs. Chapter 7 closes with a summary and conclusions.
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coefficient makes a comparison apply to any scale of slab, since the moment
is then directly proportional to the total uniform load applied on the
structure.

Figure 6.15 shows the moment distributions of both slabs at the
design load of 285 psf. As may be noted, the relative distributions of
moment have not changed much, since cracking was not extensive in either
structure at this load. Thus, the conclusion may be drawn that the changes
in geometry of structure F6 did not change the moment distribution in the
slab substantially, with the exception of increasing the applied moment at
the positive regions of thé wall strip. This increase does not bfing the
moments at the edge fo excessive values, bubt tends to smooth out the moment
distribution across the positive sections 1-1 and 3-3. Furthermcre, the ;
increase in reinforcement area and the change in its distribution do not
seem to affect the behavior of the structure at design load. The effect
on behavior might have been larger if concrete of lower tensile strength
had been used.

The steel stresses corresponding to the design load are shown in
Fig. 6.16. It may be seen that the largest stress in F6 was on the order
of 10 ksi. For F3 the largest stress was about 11 ksi. Both these values
occurred in the negative moment region directly above the corner of the
capital. The stresses in F2, which had weaker concrete, are considerably
larger than those of F3 and F6, since less moment was resisted by the
tension in the concrete.

Thus it may be stated that the behavior of the test structure
up to working loads does not differ appreciably from that of comparable

structures designed according to the ACT Building Code.
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(b) Comparison of Behavior to Failure

As the load is increased further, cracking in the structure
becomes more pronounced and the distribution and quantity of reinforcement
with the respective effects on the cracked mcoment cf inertia beccmes
noticeable. Moments and steel stresses across & section at a given load
are functions of the moment-strain curve shown in Fig. 6.11 which in turn
varies with the parameters tabulated in the figure. Furthermore, the
applied moment at a section is a function of the relative stiffness of -
the slab sections at a given load. Thus an attempt to explain thoroughly
the mechanics of moment redistribution in two directions simultaneously
would lead to extremely complex presentation, and will be avoided in favor
of presenting an objective view of the results of the strain data.

Figure 6.17 shows the stresses in F2, F3 and F6 at a load egqual
toc one dead load plus one and half live lcads. The low percentage of steel
area in section 1-=1 is responsible for the higher stresses in F3 as compared

with those in F6. The high stresses in FZ2 correlate very well with the

s
BEE

larger deflections shown by this structure.

Figure 6.18 shows the stresses at one dead load plus three live
loads. The stresses in section 3-3 of F6 are larger than those of F3
because of the proximity of a failure in the interior spans of F6.

Figure 6.19 has been prepared to illustrate the extent of moment
redistribution in structure F6. It shows the measured distribution of
bending moments (in terms of M/W) at failure for F6 and F3. The distri-
bution for F3 is included to provide a measure of what would be expected i
in a slab designed in accordance with the elastic moment distribution

(ACT Building Code).
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Further illustration of moment redistribution after yielding of
certain reinforcing bars is illustrated by Fig. 4.12. These measuréments
show clearly the extent of moment redistribution in structure F6. At gage
location N14 the maximum moment cspacity was reached at 70 percent of the
failure lcad. From then on, further load resistance must be proviae& by
other sections which have not yielded. (i.e. positive or adjacent negative
regions). Gages Pl and P13 showed that the vield moment of their respective
sections was reached at 85 percent of the failure load. Thus any added
lcad carrying capacity had to be supplied by other sectioms which had not

vielded.

6.4 Cracking and Failure

A comparison in terms of cracking and mode of failure of the
behavior of the test structure with that of the structures designed ac-
cording to the ACI Building Code can give another measure for the evaluation
of the results of the principles used in the desigrn of the test structure.

The manner of observation of cracks in the test structure
(Section 3.4) was not suited for a step by step analysis of crack formation.
However, the observation of the formstion of yield lines can give a measure
for comparison. Figure 6.21 shows the yield lines on the bottom of the
test structure. These yield lines were observed very shortly before the
maximum load was applied to the structure. Thus they were the final
contributing factor to the formation of the failure mechanism. On the
other hand, positive yield lines occurred in the exterior spans of
structures F2, F3 and F4 at loads 20 percemt lower than the failure load.

The earlier formation of the exterior span positive yield lines in these
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structures was discussed in Section 6.2. It was stated that their formation
was related to rotation of the exterior columns and that both these factors
caused an increase in the deflection rate, which is responsible for the
"softer" behavior of Panel A (Fig. 6.4) of slab F3. The added amount of
steel at the location of the extericr=-span positive yileld line in structure
F6 (see Table 2.1) retarded the formation of the outer positive moment

ﬁinée of the mechénism, thus helping the test structure withstand the
applied load with much less distress and deflection in the exterior spans

at higher stages of loading.

An examination of the cracks over the side columns in Fig. 6.20
shows the absence of 450 cracks present in the slabs with edge beams
(Section 2.3b). In Column 2 for example, all the negative cracks over the
column are flush with the faces of the capital. Similar behavior was
evidenced by the side columns supporting the shallow beam side of the other
slabs. Thus yielding of the reinforcement at a h5o angleAwith the edge of
the slab was limited to the deep beam side where the torsional mcments
were presumably greater. Evidently, in designing the reinforcement perpen-
dicular to the edge of the slab, it is sufficient tc assume that such

reinforcement is required over a distance X,
X =c + L2
B 2

Where:

x = distance parallel to slab edge measured from column center line.
¢ = dimension of capital in the direction perpendicular to the free
edge.

b = dimension of capital in the direction parallel to the free edge.

RN
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It should be noted that the moment restraint which the columns
can impose on the slab cannct be greater than the moment capacity of the
column under the applied axial load. In the case of the test structure,
the flexural capacity of the cclumn was not enough to develop the steel
perpendicﬁl;r to the edge of the structure. With the column reinforcement
as designed, there was very little reason to increase the amount of slab
steel perpendicular to the edges. The behavior of the test structure
justified this approach assumed in design; the side columns yielded hefore
all of the slab negative moment reinforcement in the vicinity of these
columns ylelded.

Since the corner column had about fhe same moment capacity as
the side columns but less than half the slab steel over it, all the slab
steel yielded over the cormer columns. In this case; biaxial bending
causes a yield line (Fig. 6.20) which crozses the edges of the slab at a
hSO angle through the tip of the post-temsioned éapitalo This behavior is
comparable to that of the other slabs, but it is caused partly by the fact
that the reinforcement dces not extend past the capital, as may be seen
in Fig. 2.15. The presence of some negatiﬁé cracks paralliel to the
discontinuous edge of the slab near the corner column further-points to
the necessity of placing negative steel perpendicular to the edge of the
slab beyond the area covered by the support. This was the original intent,
but the addition of the capitals changed the configuration.

The comment should be made that the crack pattern in the vicinity
of the corner columns and the fact that the strain gage N1 (Fig. 3.L) did
not record more than 0.000170 strain, shpwed that the post-tensioned

capitals proved efficient in supporting the slab.
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Figures 6.20 and 6.21 indicate the type of mechanism that was
responsible for the collapse of slab F6. It may be seen that it is a
"etructural mechanism” (Fig. 5.3) which developed in every direction and
panel of the test structure. On the other hand, Figs. 6.22 and 6.23 show
that the failure mechanism of the slabs with edge beams (represented by
slab F4) were of the "slab mechanism’" type involving only exterior spans
(Fig. 5.1). The relative advantages and disadvantages of the two types
of failure depend on the particular conditions of design. However, the
fact that F6 failed almost simultaneously in all panels while the failure

in Ft was isolated in panels ADG is a point decisively in favor of F6.
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7. SUMMARY AND CONCLUSIONS

7.1 Basis for the Design of the Test Structure

A nine-panel flat slab was designed and built in order to study
the effect of certain deviations in the amount and distribution of flexural
reinforcement from the recommendations made in the ACT Building Code (1).
These deviations were made in an effort to simplify the design and
éonstruction of flat slabs. They were:

(l)' Flexural reinforcement was provided for the full static

moment .

(2) The distribution of the reinforcement was not made in strict
accordance with the distribution of moments in the elastic
uncracked structure: (a) the reinforcement spacing was the
same at all strips of a given design section as indicated in
Figs. 2.9 and 2.10, (b) the ratio of the positive and nega-
tive design moments was modified arbitrarily to make the use
of only two different steel spacings throughout the structure
possible, and (c) no design moment was assigned to the
peripheral negative moment sections.

The assumed design loads were 200 psf LL and 85 psf DL.

7.2 Description of the Test Structure

A plan view and section of the test structure are shown in
Figs. 2.4 and 2.5. The arrangement of the reinforcement is shown in
Figs. 2.9 and 2.10. Key material properties were a concrete strength of

L,000 psi and steel yield stress of 43,000 psi.
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The structure was loaded through a hydraulic system at sixteen
points per panel, the load being applied to each panel by a determinate
"loading tree" controlled by one jack. At each load increment, steel
strains were recorded and deflections were measured at mid-panel and mid-
span of column center lines by means of dials sensitive to 0.00L in. The
load was applied in continually increasing increments until failure occurred
about six hours after testing began. The maximum total load sustained by

the structure was 890 psf.

7.3 Working Loads

" (a) Stresses at Working Loads

The steel stresses at working load levels are an important
parameter in the evaluation of the effects produced on the behavior of the
test structure by the changes introduced in the design procedure. The
maximum steel stress in the test structure at design load was on the order
of 10,000 psi. The reason for this is that at the design load levei, the

slab is relatively uncracked and the applied moments were resisted primarily

by tension in the concrete. If the concrete were of lower strength the
maximum steel stress could have been on the order of 20,000 psi as was the
case in structure F2 (Fig. 6.16, £l = 2,800 psi). The steel area of the
test structure at the region where this maximum stress occurs is about

25 percent greater than the area provided by the ACI Building Code.
However the test structure was designed for the full static moment rather

than a fraction of it, which is what the Code recommends. The uniform :fj

distribution of steel across the design sections can not be recommended
if the definition of the static moment adopted by the ACI Building Code

is used.
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An approximate estimate can be made of the steel stresses to be

)

expected in any design if it is recognized that the magnitude of the steel

stress is a functicn of three factors: (&) the static moment assumed in the

design, (b) the steel distribution and (c) the concrete strength. The first

two factors define the steel quantity, thus the yield moment at any par-
ticular section in the slsb. The last factor defines the cracking moment
of the same section. Once these two moments are known a curve similar to
that shown in Fig. 6.11 may be used to approximate the steel stress if an
estimate of the moment applied at the section in question can be made.

(b) Moments at Working Loads

The moment distribution in the test structure at design load
was essentially elastic since the slab was not cracked to any appreciable
extent. In this fespect the moment distribution in F6 is very similar to
any slab designed by the ACT Building Code, and the compariscn has been
made with slab F3 in Figs. 6.14% and 6.15. However, since the test
structure had no edge beams the positive moments at the edgélwere higher
than for the slabs with edge beams.

(c¢) Deflection and Cracking

Figures 6.1 and 6.2 show the load-Geflection relaticuships for
the test structure as well as those far structures F2, F3, FL and F5.
For the test structure deflections at design load were on the order of
L/600 for tne center of a cormer panel and L/1600 for the center of the
interior panel. |

Insofar as the load-deflection relationships at the mid=panel

are concerned there was little difference between the behavior of the
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test structure and that of the structures designed by the ACI Building
Code. Any variation can be ascribed to the difference in concrete
properties. |

The measured edge deflections are interesfing since no spandrel
beams were used. A comparison of the edge deflections of the test structure
with the deflections of the edge beams of the other structures is made in
Fig. 6.2 (Al: Shallow, Deep; and D2: Shallow, beap)° The deflections of
F6 at the edge are about three times as large as the deflections of the
deep beams and about 50 percent larger than the deflections of the shallow
beams of the other structures of comparable concrete strength. However
the absolute differences of deflection at the mentioned locations are of
cmall magnitude and on the order of L/1500 and L/4000, respectively.

Cracking could not be discerned on the test structure at design
load, but some sfrain gages indicated that cracks had developed in negative
moment regions (Fig. 4.9}

Long term loading anﬂ/or weaker concrete strength would have
increased the deflections of sfructure F6. However the deflections of
this structure under these conditions would have been less than those of
a similar structure designed by the ACI Building Code since larger
quantities of steel were placed in the high moment areas of the test

structure.

7.4 Performance of the Test Structure During Loading to Failure

The difference in the design of the test structure from the
design of the other structures becomes rather important at higher stages

of loading. i
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(a) Mode of Failure

The test structure failed by simultaneous flexural yielding of
all the panels. 1Its failure load was closely predicted by & yield line
analysis which was the main criterion in the proportioning of the rein-
forcement. There was no evidence of torsional distress and although
shearing distress occurred at some columns, it was connected with the
compressive crushing of the concrete which occurred at large deflections.
The results of this test showed that it is possible to design a well-
balanced structure with an explicit factor of safety by considering the
mode of failure in the design procedure.

The structures designed by the ACI Building Code (F2, F3 and Fh)
showed signs of severe torsional distress in the beam-column connections
and failed by the formation of localized failure mechanisms. Another
structure investigated at the University of Illinois, a flat ﬁlate (F1),
designed according to the ACT Building Code fa£led in shear at an interior
column. Structure F5 which was designed for the full static moment without
considering the mode of fzilure also failed through the rormation of a
chalized vield line mechanism.

(b) Moment Redistribution

As mentioned in Sectionr 7.l the steel in the test structure was
distributed independently of the elastic moment configuration in the slab.
At working loads, the moment configuration in the slab was essentially
elastic. However, the ratio of the assigned moment {the moment for which
reinforcement was provided) to the elastic moment, was as high as two,
e.g. at the exterior span positive moment design sectioms. The formation

of yield lines throughout the slab showed that the strength of the steel
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éupplied in excess of the elastic moment proportions was developed in full.
This is possible when the percentages of steel in the slab are low and the
sections are ductile. In these cases the strength of the structure can be
developed regardless of the sequence of yield line formation. ItT should be
noted that negative moment yleld lines will not form along the periphery of
a slab unless provisions are made to transmit this moment to the supports.
(c) Deflections |

The deflections at higher stages of locading in the exterior spans
of the test structure were relatively lower than those of the other
structures (Fig. 6.4). This was due to the higher moment capacity of the
positive moment section in those spans. Since the pesitive mement yield
line was prevented from forming until the limit load had been reached, the
deflections of the structure up to the limit load were lower than what they
would have been had the positive moment yield line develcped well before
the limit load was reached. Since in the structures designed by the
ACT Building Code, the exterior span positive moment capacity was low end
the negative moment restraint at the discontinuous edge was very small
(Fig. 2.3), the exterior=-span positive moment yield line formed at loads
lower than the limit load, thus resulting in an increase of the deflection
rate.

(6) Edge Beams

The lack of edge beams in the test structure simplified the form-
work and increased the architectural pliability of the structure. From the
engineering viewpoint, the torsional problem was eliminated at the expense
of flexural stiffness along the edges. However, the edge deflections

were tolerable.

R
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COMPARISON OF

@60

TABLE 2.1

STEEL AREAS AT VARIOUS DESIGN SECTIONS

Area of Steel in Square Inches

Design Location Str:cture Str:cture Str:cture Str:cture Stru:ture
2 3 4 5 6
Interior .Middle Strip As As ]6As I6As lSAS
Interior Positive 0.172 0.182 0.1?0 0.262 0.270
Exterior Positive 0.234 0.228 0.232 0.370 0.530
Interior Negative 0.203 0.184 0.200 0.262 0.530
Exterior Negative (SB) 0.141 0.135 0.139 0.170 0
Exterior Negative (pB) 0.234 0.231 0.232 0.170 0
Exterior Middle Strip
interior Positive 0.172 0.192 0.170 0.278 0.270
Exterior Positive 0.234 0.238 0.232 0.401 0.530
Interior Negative 0.203 0.184 0.200 0.293 0.330
Exterior Negative (SB)  0.141 0.135 0.139 0.170 0
Exterior Negative (DB)  0.234 0.231 0.232 0.170 0
Column Strip
Interior Positive 0.234 0.231 0.232 0.262 0.270
Exterlor Positlve 0.281 0.262 0.278 0.370 0530
Interlor Negative 0.422 0.429 0.417 0.509 0.530
Exterior Negative (SB) 0.328 0.303 0.324 0.278 0.290
0.265 0.231 0.262 0.278 0.290

Exterior Negative (DB)

continued on next page
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TABLE 2.1 (continued)

COMPARISON OF STEEL AREAS AT VARIOUS DESIGN SECTIONS

Area of Steel in Square Inches

Design Location Structure Structure Structure Structure Structure
F F F F F6

2 3 4 5

Wall Strip As As 16As ]bAs ‘6As

Shallow Beam Side

Interior Positive 0.125 0.122 0.123 0.077 0.135
Exterior Positive 0.156 0.141 0.154 0.108 0.265
Interior Negative 0.234 0.215 0.232 0.139 0.265
Exterior Negative (SB) 0.218 0.200 0.216 0.108 0.107
Exterior Negative (DB) 0.234 0.221 0.232 0.108 0.107

Deep Beam Side

Interior Positive 0.078 0.080 0.077 0.046 0.135
Exterior Positive 0.078 0.080 0.077 0.046 0.265
Interior Negative 0.109 0.140 0.108 0.046 0.265
Exterior.Negative (sB) 0:123 0.122 0.123 0.046 0.107

Exterior Negative (DB) 0.094 0.091 0.093 0.046 0.107
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TABLE 3.1

LOADING SCHEDULE

Note: Throughout the entire test all the panels were equally
loaded. :

A1l values of nominal uniform load include the weight of
the slab and the load distributing system, total 23 psf.

Load No. Time Load (psf) Increment (psf)
0 - 23 o7
1 10:05 50 o5
2 10 25 75 32
3 10:37 107 50
L4 10:58 127 o6
5 11:13 153 03
6 11:28 176 49
7 11:43 225 51
8 12:02 276 51
9 12:31 327 50

10 12:54 377 152
11 13:12 529 18
12 13:35 577 59
13 13:52 636 5l
1k 1404 690 4o
15 14:19 730 50
16 1oLk 780 | 40
17 15:07 820 55
18 15:2k4 8715 15
19 15:45 890 o
20 16:00 888 9
el 16:12 8719 9
22 16:26 870 _8u7

16:36 23

N
N



Structure

F2

F3

Fh

5

6
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TABLE 6.1

MATERIAL PROPERTIES OF COMPARED SIABS

Reinforcement

1/8" Square
plain bars

Welded Wire
Fabric

0.0355 #
Annealed Wire

0.0355 8
Annesled Wire

0.0%55 P
Annealed Wire

* At 0.002% offset.

#* Estimated at 3.1 since it was not directly measured.

bl
y
(ksi}

b2
70
16
18

b3

T
C

(psi)

2800

LOOO

3700

3100

4000

(

E
c

].O6 psi

3,1

5.7

)

L60

koo

780

NPT
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Note: .
Columns labeled by numbers 1 to 16

Panels labeled by letters A, B, C, D, E, F, G, H, J

Symmetry about both diagonals and side center lines
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'FIG. 2.4 TEST STRUCTURE LAYOUT
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Direction of moments

L - paRy %L'I.JL — .
i 0.000 5l 0.000 0 0.000 |
A B c
l 0.065 0.065 | 0.065 ;
. L L
L, 0.0 N 0:06 N 0065 oo
L. L J L oL
RERN RN i
D E F
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L 1
| oo nEA eoss IR oo
[ LI S Y AEG L
Ly g |
G : J
| 0.065 | 0.065 | 0.065
m N
. 0.000 i 0.000 i 0.000 il

Rote: Moments are given in coefficients of M/W'L
Moments extend across full width of panel

FIG. 2.7 DESIGN MOMENT COEFFICIENTS IN STRUCTURE F6
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Difection of moxnents1

Coefficients of structures F2, F3 and Fk

7
RS W J— PRSI SR — L

b — —— ——

0.012 | | 0.013| 0.007 0.028 0.007 0.028 0.007 | 0.006 []0.022

0.016 0.009| 0.013% 0.016 0.013 0.016 0.013 | 0.004 1/{0.025

il il r r
0.019 |- 0.018]| ¢.011 - 0.011 - 0.011 | 0.009 L\-o.055
0.033 0.033 )
0.012 0.007| 0.010 0.013 0.010 0.013 0.010 |0.005 {{0.017
D E F
0.033 0.033 i
0.019 |_ 0.018|0.011 r 0.011 ] 0.011 |0.009 [ ]0.035
0.037 0.037
0.Q16 0.009 | 0.013 0.016 0.013 ¢.016 0.013 |0.004 !10.025 | s
G H J

0.012 0.014 | 0.013 0.016 0.01% 0.016 | 0.013 |0.00% If0.025

- e o I —

Shallow Wall Middle Column Middle Column Middle ¥ell Deep
Bean Strip Strip Strip Strip Strip Strip Strip . Beam

a\

NOTE: Moments are given as coefficients of M/WL
Moments extend across the width of design strips

FIG. 2.8 DESIGN MOMENT COEFFICIENTS IN THE FLAT SLAB
ACCORDING TO ACI 318-56
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NOTE: All bars 0.0355 in. diameter
Symmetry along both diagonals and side center lines
. All side columns
A1l interior column strips
207 bars at 7/52 in. 19 bars &t 7/3-2 in
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FIG. 2:9- TEST SIAB TOP STEEL
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Symmetry along both diagonals and side center.lines

ﬁv
NOTE: All bars 0.0355 in. diameter
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Fig. 2.10

207 bars at 7/32 in.
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TEST SLAB BOTTOM STEEL
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alternately.
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ILine of Symmetry Line of Symmetry.
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FIG. 3.4 STEEL STRAIN GAGE LOCATIORS
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Line of Symmetry(F6)
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STRUCTURE F6

G. 4.7 SCHEMATIC DEFLECTION DIAGRAM AT IARGEST DEFLECTIONS OF
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~ FIG. 6.20 CRACK PATTERN ON TOP OF SLAB F6 AFTER TEST PO FATILURE
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Tnitiation of spalling related to a combined
bending and shear failure.
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FIG. 6.21 CRACK PATTERN

ON BOTTOM OF SLAB F6 AFTER TEST TO FAILURE
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AFFENDIX A

CONSTRUCTION AND MATERTALS

A.1l Introductory Remarks

This appendix describeé in detsil the construction procedure
and the materials used in the febrication of the test structure. Es-
sentiglly the procedure follows that of structure F5, reported in Chapter 4
of Reference (4).

Sinée—structure F6 was a 1/16-scale model with a slab thickness
of 7/16 in., great importance must be given to the tolerance in the
dimensions of the structure and toc the placement of the reinforcement.

The description of the construction is thus included to give the reader s
means of evaluating the accuracy with which this experiment was carried
out. This accuracy must be maintained at & high level if the model is

expected to predict the behavior of a full size floor siab.

A.2 Formwork

The structure was cast upon the test frame in the same position
which would be used in testing the structure. The test frame consists of
a gridwork of 6 WF 12.0 steel beams arranged at 15 in. centers as shown
in Fig., 3.1l. The bearing points upon which the columns were pinned were
adjustable through the base shawn'in Fig. 3.3 to provide for movements
dué to shrinkage in the concrete.

The slab formwork'was designed in nine separate units (one per

panel) fabricated from 1/2 in. plywoocd faced at the edges with l/h ino.
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bslsa wood. The balsa wood was used to facilitate in the close fitting of
the panels, as well as to provide & material that would allow some com=
pression of the forms which wouléd be caused by shrinkags of the concrete
during the curing period.

The panel forms were supported by a system of wood stringers and
cross members which in turn rested on the test frame as shown in Fig. A.l.
One-inch clearance was provided between the bottom of the slab forms and
the top of the framing system in order to facilitate the form removal and
the leveling of the slab forms. The clearance was filled with shims.
The form for each panel was then bolted to the framing system by seven
bolts which could be leoosened to insert or remove shims. Once the slab
had cured and the columns suppdfts raised to contact the columns; the
bolts could be removed and the framing system slipped out from‘under the
slab, after removing the shims.

The edge of the slab was formed by a steel frame of 1/t by 2-in.
plate enclosing the perimeter of the structure (see Figs. A.1 and A.25.

The steel frame, which was fastened to the wooden framing system and to the

plywood forms, was used as an exact screed guide.

The placement of the cclumn and capital Plexiglas forms for
the iﬁterior coluﬁns consisted of positioning the column-capital form ” i
in the corresponding hole in the formwork, lining the column through & '
system of plumb-bobs hanging from a nylon thread grid stretched across
the peripheral steel plate, and gluing the Plexiglas column-capital form
to the\l/h in. balsa trim of the slab forms (see Fig. Amj)o‘ The exterior
columns were fastened directly to the peripheral steel frame bj machine

screws, making the steel plate part of the column form (see Fig. £.2).
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Weep holes of 1/8 in. diameter were drilled through the Plexiglas forms to
aid in placing the concrete in the columns.

After the construction of the formwork, the slab depth was
checked to within * 0.0l in. by means of a feeler gage and a 7/16 in.
calibrated steel prism. The thickness was checked against a nylon thread
stretched between opposite screed guides. If the error exceeded the above
Quantity the forms were shimmed. After completion of the checking, the
form was shaken vigorously to test its rigidity. The form méasurements
were checked again and nco deviations were discovered. Two coats>of
"Slippit", a paraffin base form=lubricant, were applied to ease form re-

moval. Figure A.4 shows a view of the formwork after completion.

A3 Manufacture of Reinforcement

The reinforcement was made from high strength bright basic wire
of 0.0355 in. diameter with no well=defined yield stress. The wire came
in rolls of 18-in. diameter. Thus it was necessary to straighten and
anneal this wire. A stressing rack 18 in. long was built to hold 200
lengths of wire. The wire was strung on the rack and enough tension was
applied to keep the wire straight. The rack was then placed in a small
industrial oven with the temperature maintained a£~11750 F. for four hours.
The rack was then removed, the wires relaxed from the end anchor and
éllowed to cocl in the air. Figure A.5 shows the rack with wire before
annealing.

After cooling the wire was placed in a bath of one part hydro-

chloric acid and two parts of water in order to remove all the mill scale.
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The wire was left in the bath for about five minutes; then it was thoroughly

rinsed and dried.

A similar procedurs was fcllowed in manufacturing the column

steel.

A.lh  Slab Reinforcing Mais ané Cclumn Cages

For ease in placing the reinforcement it was fabricsted in msts
of convenient size. The wires were placed in grocves of the correct
spacing, mechined onto a Flexiglas guide, and clamped down. Another
orthogonal group of wires was clamped on the former wirss and then connec-
tions were welded at shaggered intersections at intervals of about one inch.
This insured a relatively stiff mat which could resist handling and the
casting operation. A Weldmatic, Model 1016C, resistance welder was used
at 10 watiseconds heat output for these welds.

The effect of a weld was to reduce the yield stress by about
i percent, but since in each cross section of a mat oniy one out of six
wires was welded, the over-all reduction in yield stress was considered
negligible. |

Column reinforcement cages were fabricated using 16=gage
annealed wire for vertical steel and slab reinforcement for ties. The

ties were welded to the vertical reinforcement at 20 wattseconds heat

output.

A.5 Placement of Reinforcement

The first reinforcement to be placed was the column cage steel.
To insure ?roper and firm positioning of the cage, 20 gage wire was welded

to the outside of the cage and bent outward so as to establish bearing
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against the form. The longitudinal column steel was welded to the steel
plate and shear counecicrs shown in Fig. 2.5.

The positive mament slab reinforcement was placed next. Adequate
cover was achieved by resting each mst (which covered the whole panel) on
short lengths of wire of the necessery diameter. The mats were then tied
directly over this spacer by means of thin copper wire passing through small
holes drilled through the forms. The system was extremely rigid since over
200 tie downs were used per panel.

Placement of the negeiive reinfcrcement mats was preceded by the
atvachment of chairs %o the mats. These chairs vere made of 20-gage wire
welded perpezndicular %o the plane of the mats as shown in Sketch A.

Spot Weld

S e SV
/. 7/ \V//,/%

Reinforcing Mat

Fase

Sketch A
These chairs were placed at approximately one inch intervals. The mats
were then placed in their ccrresponding locations and tied to the form
at each chair pesition.

Figure A.6 shows & detsil after the placement of the reinforcement
was completed. Figure A.7 shows ancther view of the reinforcement. The
negative steel and the chairs that held it in place mzsy be seen at the
left hand side. The gentlemsn seen in the picture is peinting to one of

the 144 plastic lugs used to pre-form the holes in the slab through which

the loading cables would pass. Figure £.8 shows a complete view of the
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structure before casting. The small arrcws pcint to the locations cof the

electrical steel strain gsgess. At Column 5, the clearance between the

negative reinforcement ard the screed edge is being checked by means of &
feeler gage.
At the completion +he placement of tThe reinforcement, careful

checks were made to insure thet sufficient tie downs had been made and
that the elevetion for all the steel was correct. The rigidity of ths mats
was such that by pressing on them with the open palm the whcle formwork i

could be Jarred without displeacing t+he reinforcemsnt.
o - g

A. 5 (Casting

The aggregate used in the concrete mix consisted of two types of
cand. The coarse portion was a Wabash River Sand which was sieved through
a No., 14 U. S. Sieve Size screen. Only the material passing this sieve
was uced as a coarse aggregste. The fine portion was a Lake Send. One
day prior to casting the aggregate was oven dried.

The cement used was Type I Lehigh Portland Cement. .

i

The desired mix vas cne that would minimize shrinkage, that is,
a rather stiff mix. However the narrow space available through which
the concrete had to pass to fill the column forms dictsted some workabllity o
reguirements. The mix veed was one that would flow cnly when vibrated.

Casting begen at 2:30 p.m. on the 27th of March 19 963%. The
mixing was accomplished in a 2.0 cubic foot Lancaster Mixer. Mixing time
was three minutes, care being taken to insure thet all the constituents

were well blended. The batch proportions were:
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Coarse Sand 145 1its.
Fine Sand Lo ibs.
Cement 37 lbs.
Water 27.5 1lbs.
w/e {vy weight) 0.7k

Casting of the structure began at a corner column (No. 13).
Concrete was piled over the column and the steel edge of the form was
vibrated until the concrete filled the Plexiglas form and began flowing
from the weep holes in the column form. Additional vibration was applied
directly to the concrete over the column to insure proper filling of the
form, care being taken not to disturb the steel with the vibrator. The
operation was continued until 11 the cclumns were full, and then the slab
itself was vibrated from the bottom and on the surface. During the casting
cperation, the negative reinforcement mat over Column 1 was bent and some
bars were displaced. The mat was partly removed, straightened, fewaldedy
and replaced in its correct position. It was then covered with concrete
which was vibrated.

After the concrete was in place it was screeded with a 2 by k4-in,
planed wood screed which rode on the steel edges of the slab form. The
test cylinders and ccmpanicn beam specimens were cast at this time. The
entire operation was completed in two hours.

The surface was troweled lightly one hour after the screeding
was completed. Six hours after casting, the structure, cylinders, and
companion specimens were covered with wet burlap and z plastic meoisture

barrier on top. Two days later the cylinders were removed from the molds
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and meintained under wet burlap and plastic. Curing was continued for
seven days after the completion of casting during which time the burlap
was maintained seturated, and then the burlap was removed. Variation of

ambient temperature during curing varied from 75 to 850 F.

4.7 Form Removal

Form removal began April 4, 1963 with the removal of the steel
edge form. Subsequently the plastic forms of the columns were removed.
During this operation, extreme care was exercised in the removal of the
forms from the corner cclumns, since they were very susceptible to damage
from moments different from the design moments of the slab. However,
Column 4+ was damaged as described in Section 2.5, and precast capitals
had to be added to the corner columns (see Fig. 2.15).

After the column forms were removed, the column base plates
were adjusted to insure proper bearing, and the supporting wood framework
was removed. The balsa wood trim of the slab panel-forms was stripped,
and the plywood sections were removed, after cutting the reinforcement
tie-down wires, by lightly prying the edges of each form. Five strain
gage leads were severed during the removal of the forms of panels G and D.

After the slab forms were removed, the plastic lugs that formed
the holes in the slab were pulled out, leaving 144 holes at the load
point locations, through which the loading cables were to pass.

The operation was completed on April 6. No voids of serious
magnitude could be seen. The structure after form removal and after the
placement of the loading plates and cables, and precasi corner column
capitals is shown in Fig. A. 9.

No shrinkage cracks could be detected in the structure.
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AFPENDIX B

RELATED TESTS

The purpose of this Appendix is to describe to a limited extent

some control tests which were conducted in relation to this investigation.

B.1 Behavior of Small Scale Models

Reference (4)describes the construction and testing of structure
F4. The sole purpose of this structure was to determine if a very small
scale reinforced concrete model could be used to predict the behavior of
a full scale structure. Since structures F2 and F3 were 1/k-scale
structures identically proportioned in geometry and steel cross sectional
areas, it was decided to construct Fk as a 1/16-scale structure with
identical proportions to these two 1/k-scale structures. There existed
some differences, however, in the material properties of the structures.
These properties have been tabulated in Table 6.1. The behavior of the
three structures can be compared by looking at curves F2, F3 and F4 in
Fig. 6.4. It may be seen that the limit load on esch structure is within
two to three percent of being in direct proportion to the yield stresses
of the respective structures. The behavior at initial stages of loading
is related to the concrete strength, and the behavior of Fi is close to
that of F3 since their concrete strengths are similar.

It was concluded in Reference (4) that the behavior of a

1/16-scale structure could predict the flexural behavior of 1/k-scale
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structures at all stages of loading. Any differences could logically be
accounted for by considering the properties of the materials measured
through standard tests.

The behavior of the 1/bke-scale structures was compared with the
behavior of a 3/Lk-scale structure tested at the Portland Cement Associa-
tion's laboratories. The ccrreiation indicated that the behavior of the
1/k-scale model &id not differ substantially from that of the near full-
scale structure.

It can be stated then, that very small scale structures can
accurately predict the flexural behavior of full scale structures when
suitable materials are used. The properties of the materials used in
this investigation, measured through standard ASTM tests, have shown good
similitude with the properties of the materials used in full scale
structures insofar as the properties important in flexural behavior are

concerned.

R.2 Strength of the Test Slab in Combined Bending and Shear

In order to investigate the possibility éf designing the test
structure without drop panels, it was necessary to investigate the shear
capacity of the slab. For this purpose it was decided to conduct some
punching tests on slab samples identical toc the slab sections over the
columns of the test structure.

The proportions of the slab specimens were chosen such that the
span would be long enough to allow the developmeni of yield lines across
the load point, before the shear capacity was reached. This Woﬁl& be the

expected behavior of the test structure. The dimensions of the samples
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are shown in Fig. B.1l. Figure B.2 shows a specimen after the load to
failure was applied. Figure B.3 shovs the top and bottom views of two
specimens.

The concrete mix for the specimens had the same proportions as
the mix described in Appendix A.l, except that high early strength cement
was used. Two specimens were tested after one week of moist curing;
another specimen was tested after one week of moist curing and one week in
the laboratory. Computing the nominal shear strength at a section d/2

from the face of the loading lug, the results were:

Specimen Age at Test fé Failure Load v V’Jfé
1 1 week = 2750 psi 555 1b. 420 psi 8
2 1 week 2750 psi 550 1b. 420 psi 8
3 2 weeks 4200 psi 655 1b. 500 psi 7.6

B.3 Calibration of Dynamometers

Since the loading system used in the test structure was
determinate and suspended by flexible cébles-B ft. long, no eccentric load
of substantial magnitude could be induced on the éynamometer which was
bearing oﬁ a 1/2 in. ball bearing (see Fig. 3.2). It was thus deemed
advantageous to calibrate the dymamometers using a setup which could
simulate the actual operating conditions.

The apparatus used is shown in Fig. B.4. The four legs reéted
on the testing machine base and the load was applied by pumping the jack
against the machine head. The load was then recorded to the nearest pound

from the testing machine reading. Strain readings from the dynamometer
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were recorded at each load increment. The lcad was increased up to -
2,000 1b. in 15 increments and theu removed while readings were being
taken, thus providing & calibretion curve for loading and unlcoading. When

o

TG

m

the load was completely removed the dynamometer was rotated 90O
recalibrated. This procedure was repeated four times. Then an eccentricity
was induced by raising the adjusting nut under one of the beams and another
calibration was performed. Throughout these tests, the calibration curves
remzined within #7 1lbs. of each other. The procedure was identical for the
nine dynemcmeters used. The dynamometers have been briefly described in
Section 3.1.

The applied load on the structure could thus be recorded to

within £5 psf.

B.4t Flexural Specimens

Part of the mix that was used in casting the test structure was

also used for the companicn flexure specimens. The dimensions of the beams

and the manner of testing are shown in Fig. B.5. Figure B.6 shows a
reinforced specimen after the test to failure.

A total of 1 besms were tested, four cf which were plain concrete
beams. The other 10 beams had steel spacings and depihs representative
of the two different spacings used in the slab and the two different
depths imposed by the different levels of the bars in a given reinforcement
mat. The testing of the beams was not carried out until 40 days after the
testing of the slab. During this time the beams remained fastened to their

plastic forms.
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The average modulus of rupture of the four plain concrete beams
was about 780 psi with a range of 680 to 820 psi, while the average of the
ten reinforced beams was 750 psi with a range of 620 to 800 psi.

The yield moments measured in the reinforced beams were on the
average about five percent higher than the moments computed from equation
5.1. The discrepancy can be ascribed to a slight load arching in the
loading system.

| One reinforced concrete specimen was instrumented with electrical
strain gages of the type used in the slab reinforcement. The moment-strain
curve computed by means of the method of Fig. 6.1l was in good agreement
with the measured moment-strain relationship from the beam test.

All the reinforced beams showed satisfactory ductility since the
midspan deflections were on the order of L/10 (L = span).

These tests showed that the classical methods of flexural
behavior and capacity computations can be used to predict the behavior

and strength of very small scale models.
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FIG. A.7 VIEW OF THE REINFORCEMENT IN PLACE
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