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SYNOPSIS

Reversed cyclic loading tests are summarized for 26 specimens modeling
connections in flat plate structures. Variables included the intensity of
the reversing moments transferred to the column, extent and amount of flex-
ural and stirrup reinforcement in the slab, and column proportions. Connec-
tions without shear reinforcement failed suddenly by punching. Connections
with properly designed stirrups developed rotations eight times those for
first yield of the slab reinforcement without significant loss in energy ab-
sorption with cycling. Recommendations are made for proportioning flexural
and stirrup reinforcement and assessment of strength, stiffness and energy
absorption of such connections.

INTRODUCTION

Punching failures at columns during recent earthquakes emphasize the
wisdom of building ordinances prohibiting use of flat plate frames to resist
seismic forces. However, if such failures can be prevented flat plate
frames have high energy absorbing potentials. The test program reported
here has defined the strength, stiffness and hysteretic characteristics of
cyclically loaded plate-interior column connections, and shown that flat
plate frames can be used to resist seismic forces provided the true stiff-
ness of the column connections is recognized and adequate, properly detailed,
stirrup reinforcement provided in the slab. Comprehensive details of the
test results and ciheir correlation with results of other investigators (1-3)
are given in References 4-9.

The test specimens had the proportions shown in Fig. 1. They modeled
to full scale the slab-column region of a flat plate structure designed for
gravity loads according to ACI Code 318-71 and having 20 ft. square panels
(4,6). For the type A, "moment-transfer", specimens there were two separate
jacking systems allowing independent variations of "gravity"” and "lateral"
load effects. For the type B, "shear-transfer" only specimens, loads were
applied in opposite directions at the load points and on the axis of the col-
umn. A1l columns were preloaded to the axial force 1ikely for a connection
two floors below the roof.

TEST PROGRAM

Tests were made on the five series of specimens shown in Table 1. None
of the specimens in Series I contained stirrup reinforcement. Gravity loads
equaled the likely dead load for the prototype panel. In four specimens,
the top reinforcement was uniformly distributed and the ratio either 0.6, 0.9
or 1.3%. In the fifth specimen, 1.9% reinforcement was concentrated within
Tines twice the slab thickness either side of the column. Outside that re-
gion, the ratio was 0.6%. Series II specimens contained integral beam shear
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reinforcement consisting of closed hoops encircling the reinforcing bars
passing through the column. Those hoops terminated in standard 135° hooks
around one bar. No. 2 stirrups were used in slabs with 0.9% reinforcement
and No. 3 stirrups in slabs with 1.3% or concentrated reinforcement. Stir-
rups extended on 1.5 in. centers to varying distances from the column. In
Series III, the gravity load was increased to the dead plus full live load
likely for the prototype panel and specimens made identical to selected
specimens from Series I and II. For two specimens in Series IV the column
was 16 in. square and for four specimens, 8 by 19.5 in. with the Tong dimen-
sion in the direction of moment transfer for two of the specimens and trans-
verse to that direction for the other two specimens. Within each pair the
larger gravity load was used for one test and the smaller gravity load for
the other. Type B specimens were used for Series V only. For one specimen,
the closed hoops were replaced by single leg vertical stirrups terminating
in standard 135° hooks. Otherwise, reinforcement details were similar to
selected specimens from Series I and II. Uniformly distributed bottom rein-
forcement with a ratio equal to half the average top reinforcement ratio was
used in all specimens.

Typical load histories are shown in Fig. 1. The history for type A
specimens was evolved after several variations in Series I and II. The 1la-
teral Toad was increased until the reinforcement passing through the columi
yielded. The loading direction was reversed and the opposite end of the
slab deflected downward by the same amount from the initial gravity load po-
sition. The slab ends were then displaced three times between those limiting
deflections, the 1imits increased equally, and the pattern repeated. For
type B specimens, the corner forces were cycled three times between constant
Toad 1imits, those 1imits altered by 0.25 times the initial load and the pat-
tern repeated. Loading was discontinued when the specimen's capacity dropped
to less than 50% of the maximum or the jack stroke was exhausted.

RESULTS

Load History. The maximum capacity achieved in the tests and the rota-
tion of the slab relative to the column at that capacity decreased as the
severity of prior cyclic loadings increased. Before the slab reinforcement
yielded, the decrease in capacity with cycling between constant deflection
limits was small. After yielding, that decrease was more marked with 80% of
the change occurring between the first and second cycle. After crushing of
the concrete at the column face, the percentage decrease in capacity with
cycling doubled.

Flexural Reinforcement Ratio and Distrijbution. Shown in Fig. 2 are
plots of the shear force on one half of the specimen versus the rotation of
the slab relative to the column at that face. When any significant moment
was transferred to the column, the rate at which rotations developed in-
creased rapidly once the reinforcement passing through the column yielded.

- The stiffness in the elastic range, the shear for yielding, the stiffness in
the post-yield range, the maximum capacity and the deflection for that capa-
city increased ast the reinforcement ratio in the column vicinity increased.
Concentration of reinforcement in that region was markedly beneficial. Be-
fore the slab reinforcement yielded hysteresis loops were narrow, spindle-
shaped and similar for all specimens. After first yielding, the loops be-
came fatter. For a 12 in. square column the loops were spindle-shaped in
the post-yield range only if the reinforcement ratio in the column vicinity
was 0.9% or less. For greater reinforcement ratios, post-yield loops were
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increasingly S-shaped.

Shear Reinforcement. Shown in Fig. 3 are plots for specimens similar
to the specimens of Fig. 2 except for the omission of shear reinforcement.
Specimens without shear reinforcement failed in a brittle manner and for
severe cyclic loadings the increase in capacity beyond first yielding of
the reinforcement was small. With properly detailed shear reinforcement,
the ductility, energy absorption and strength characteristics of the connec-
tion improved markedly and rotations for first crushing of the concrete
were in excess of five times those for first yielding. Further, with such
shear reinforcement, the imposition of rotations greater than those for
crushing caused a loss in strength but not a decrease in energy absorption.
With shear reinforcement there was a 10 to 20% increase in the stiffness of
the connection and in the fattiness of the hysteresis Toops for a given ap-

plied load.

Stiffness. Prior to first yielding of the slab reinforcement less than
10% of the slab's edge deflection was caused by column rotations. The ac-
tual contribution agreed well with that calculated assuming the column,
cracked or uncracked, as appropriate for the combinations of axial load and
moment acting on it. Thirty to 40% of the edge deflection resulted from
bending of the slab between the column and the edge. The actual contribu-
tion agreed well with that calculated assuming the slab, cracked or un-
cracked as appropriate, acting as a beam with a width equal to that of the
test specimen. A concentrated rotation at the column face accounted for the
remaining portion of the edge deflection. Edge deflections were more than
double those predicted using the equivalent frame method of ACI Code 318-71
and a cracked section for the slab. Further, the relative contributions of
each factor did not change significantly for the inelastic range. Compari-
sons of the test results for Series IV with those for Series I, II and III
and with finite element analyses showed that the magnitude of the maximum
shear stress acting on the connection and the anchorage conditions for the
reinforcement passing through the column dictated the concentrated rotations
at the column face and the conditions under which the hysteresis loops be-
came S-shaped. An increase in the column dimension in the direction of mo-
ment transfer improved bond conditions for the slab reinforcement, decreas-
ing the concentrated rotation by about 20% and resulting in the hysteresis
Toops not becoming S-shaped until considerably higher shear stresses. An
increase in the column side length from 12 to 16 in. reduced the concentra-
ted rotation by about 40%, due to a decrease in the shear stress and an in-
crease in the development length. For that column size and concentrated re-
inforcement pinching effects for the hysteresis loops were virtually elimi-
nated. Stiffness variations for loading and unloading from various load le-
vels were consistent with Takeda, Sozen and Nielsen's model (10).

Damping. Damping coefficients for the specimens were determined as in-
-dicated in Fig. 4a. Coefficients for loading to a new peak were typically
10 percent in the elastic range and 14 percent in the inelastic range. Those
values decreased to about 8 and 12 percent respectively for the second cycle
between the same deflection Tlimits. Values increased slowly with decreasing
slab reinforcement ratios, with better anchorage for the slab reinforcement
within the column, with lower unit shear stresses on the connection for a
given reinforcement stress and with increasing inelastic action.

RECOMMENDATIONS

Provision of Shear Reinforcement. Integral beam shear reinforcement is
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desirable for all flat plate connections 1ikely to transmit seismic forces.
For the connection shown in Fig. 4b the shear stress above which shear re-
inforcement is necessary depends on the characteristics of the loading. If
the direction of the panel moments on lines AB and DC does not reverse,
stirrups should be provided whenever the shear stress on any side Tength of
the section efgh exceeds 3/f{ (I). If the panel moment directions reverse
the 1imiting stress should be decreased to 2/F¢ and if the reversals crack
the slab through its depth the 1imiting stress should be 1.8/f¢. Stirrup
reinforcement should be designed to carry all shear stresses in excess of
1.8/F¢ and not to yield under maximum load conditions. The spacing for the
stirrups should not exceed d/3 and every longitudinal bar passing through
the column should be located at the corner of a stirrup. Stirrups should
terminate with standard 135° hooks around flexural bars. The reinforcement
should extend far enough from the column that (1)the distance ed exceeds the
slab thickness, h, and (2)the nominal shear stress on the section abcd does
not exceed 2/F¢ for a slab not cracked through its full depth and 1.8/f¢ for
a sldb cracked through its depth. The shear force acting on abcd should be
taken as the sum of the lateral load shear for the panel CD plus the gravity
load shear flowing to the column through that section.

Proportioning of Connection and Flexural Reinforcement. In order to
minimize pinching effects for the hysteresis loops the maximum shear stress
should not exceed 6/F{ and the column Tength in the direction of moment
transfer should be greater than the anchorage length for the slab reinforce-
ment. Consistent with the 1ikely elastic moments there should be a concen-
tration of slab reinforcement within Tines three times the slab thickness
either side of the column and gravity loadings should not stress that steel
inelastically. If the anchorage length for the slab reinforcement is not
less then half the column dimension in the direction of moment transfer, the
sum of the ratios for the top and bottom slab reinforcement, considered ef-
fective for transfer of moment, should not exceed 0.75 times the balanced
reinforcement ratio.

Ultimate Strength. The strength of a connection is best determined
using the beam-analogy (11)(12). The ACI Code 318-71 procedure will overes-
timate strengths for sections with less than 0.9% reinforcement in the col-
umn region. Where the panel moment directions reverse during the seismic
loading strengths should be reduced by the ratio of the cover over the bot-
tom reinforcement to the effective depth to the top reinforcement.

Stiffness. Prior to yielding of the slab reinforcement the model shown
in Fig. 4c .correctly predicts the connection stiffness and the changes in
that stiffness with slab reinforcement, gravity loadings, column shape and

~column size. The slab is assumed attached to the column by two cantilever-
ing flexural elements Fy and F, and two torsional elements Ty and T,. Ele-
ments Fy and Fp have the properties of the slab in their respective regions
and the loading and unloading stiffnesses defined in Reference 10 and shown
in Fig. 4(c). Elements Ty and To have stiffness (GJ) as indicated on
Fig. 4(c)(13). The flexural elements are loaded and &Ri8§88d from the pre-
existing conditions for gravity loading and the importance of thé reinforce-
ment in those elements not being in the yield range is obvious. As indica-
ted on Fig. 4(c) compatability for points A, B, C and D, determines the
twist ¢ of the torsional elements.

t(I) The notation of this paper is that of ACI Code 318-71.

2794



For gravity load stresses in the reinforcement equal to about half the
yield stress, the effective cracked section in the column region for later-
al Tloadings varies between about c,+d for a square column through to cp+2d
for a column with a cj to ¢, ratio of three. This model is not appropriate
for the post-yield range ang more complex procedures are necessary to pre-
dict that response (14).
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