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wo-way post-tensioned flat plate

construction is commonly used
for both high- and low-rise struc-
tures such as parking garages,
apartments, offices and industrial
buildings. Two forms of construc-
tion are used: slabs cast monolithi-
cally with columns and lift slabs.
For both forms, economics and

speed of construction consid-

erations usually dictate that slabs
be post-tensioned with unbonded
tendons.

For moderate earthquakes and
high winds, the response of a
structure should be essentially
elastic. For that condition, accurate
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information is needed on the lateral
load stiffness of the flat plate frame
and its attachments. For severe
earthquakes or extremely high
winds, the structure should be able
to absorb and ultimately dissipate
large amounts of energy. Under the
deformations and moments caused
by that condition, punching failures
should not occur at plate-to-column
connections. The main objective of
this study was to determine the

- factors dictating the strength and

stiffness of prestressed concrete
plate-to-column connections trans-
ferring moments.

Frequently, in order to make the

placement of tendons easier,
banded construction, as shown in
Fig. 1, is used. Many questions
have been raised by the structural
engineering profession conceming
the behavior and safety of banded
post-tensioned slabs. Therefore,
examination of the behavior of con-

nections in such slabs was one of

the objectives of this study.

Service and design moments for
prestressed concrete flat plates
should be predicted using the
Equivalent Frame Method of Sec-
tion 13.7 of ACI 318-77.%2 Dead,
live and the balanced loads caused
by post-tensioning are placed on
the equivalent frame. The post-ten-
sioning force is typically deter-
mined from allowable flexural ten-
sile stress limitations or even de-
flection criteria. Flexural tensile
stresses are based on the average
moment across the “beam” member
of the equivalent frame ‘and there-
fore the actual stress at a column
face may be considerably higher
than the calculated stress.

Plates are usually at the point of
cracking at the column perimeter or
are cracked under the dead weight
of the slab. A minimum amount of
deformed bar reinforcement is
necessary in the column region to
control cracking. One of the objec-
tives of this study was to examine
the adequacy for moment transfer
situations of current recommen-
dations for the amount and dis-
tribution of that reinforcement.!

Test Specimens

This section describes the selection
of proportions of the test specimens, the
test program, details of the interior col-

umn, lift slab, and edge column speci-
mens, materials, and test setup and in-
strumentation.

Selection of Proportions

Proportions for the test specimens
were selected after detailed examina-
tion of a typical two-way unbonded
prototype flat plate structure designed
by Atlas Prestressing. That structure is
shown in Fig. 1. It was three bays wide
in the 21 - 16 - 21-ft (6.3 - 4.8 - 6.3 m) di-
rection and infinitely long in the 20-ft
(6 m) direction. The slab was designed
for a live load of 40 psf (1920 Pa) and a



Table 1. Properties of test specimens.
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*Values in parentheses are top column strengths.

4
i"C.6.5. 9'-0"
} o
1"C.G.S. s-o
L 1e-o" ﬁf
13 T
SINGLE 72" PAIRED 2"
TENDONS —— TENDONS
ISOPSIE YTV ¥ I3V IV A A ¥ [ AT T 1§ 16"SQUARE
w5 . COLUMN (TYR)
et
1 —INTERIOR
SPECIMEN
20-0" ™ )
et
EXTERIOR e —5-#%4 568"
SPECIMEN 7 o
il |
4-%4x 50" — "1 10-#4x 68"
.
[ -
jot—{
HaxI2'AT 27"0.c.
5-#4x6"-0"—] p= i
T
™~ TWO
20-0" le{ BUNDLES OF
™~ 4- %"dTENDONS
g (TYPR)
e
]
- L]
21'-0" 1 ie'-o" | i50 PSI

Fig. 1. Layout of prototype structure.

superimposed dead load of 15 psf (720
Pa).

Square columns [16 in. (406 mm)]
were needed for shear and a 5.5 in. (140
mm) thick slab prestressed biaxially to
150 psi (1.03 MPa) for stiffness. Ten-
dons were banded through the column
in the 20-ft (6 m) direction. To provide
the required ultimate flexural capacity
and better distribute cracking, addi-
tional bonded reinforcement was
specified in accordance with ACI
318-77, Section 18.9.3.3.

The proportions, loading, and pre-
stressing for the test specimens were
chosen so that the stress and deforma-
tion conditions for their slab-column
connections closely simulated those

likely for the connections in the proto-
type structure. The test specimens rep-
resented to full scale the hatched areas
of Fig. 1. All specimens had columns
extending 48 in. (1.22 m), above and
below the slab, a distance equal to ap-
proximately one-half the story height
for the prototype structure.

Test Program

The test program is summarized in
Table 1. Five interior column-slab sub-
assemblages, including one lift slab
specimen, and one exterior column-slab
subassemblage, were tested. Plan, lon-
gitudinal, and transverse section details
for the exterior column specimen 2 are
shown in Fig. 4; plan and longitudinal



section details for the typical interior
column specimen 1 in Fig. 2; and plan
details for the lift slab. specimen 6 in
Fig. 3.

For cast-in-place connections, the
16-in. (40 mm) square columns of the
prototype structure were reduced to 14
in. (356 mm) in order that shear rather
than flexural effects would govern ac-
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- cording to ACI 318-77. Comprehensive

details concerning the design, con-
struction, and testing of the specimens
are given in Reference 3.

Interior Column Specimens

As apparent from Table 1, major vari-
ables for 'the interior column cast-in-
place specimens were the tendon lay-
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Fig. 2. Properties of typical specimen 1.

out and the loading history. As shown
in Fig. 2 for the moment transfer direc-
tion of Specimen 1, there were two
Ye-in. (13 mm) diameter tendons fully
stressed to 25 kips (112 kN), through
the column, and two %-in. (13 mm)
tendons stressed to 12.5 kips (56 kN),
located 6 in. (152 mm) from the edge of
the slab. Those tendons were anchored
off against steel spreader beams whose
reaction points ensured a uniform 160
psi (1.10 MPa) axial compressive stress
in the slab for distances more than 15
in. (381 mm) from the slab edge. In
Table 1, that type of layout with ten-
dons at 3-ft (0.9 m) centers outside the
column is described as distributed.

In the transverse direction, tendons
were bundled in two groups of four
each and all were equally stressed to 16
kips (72 kN). Those tendons were an-
chored off against steel spreader beams

|
~SINGLE “2'® TENDONS

whose reaction points ensured a uni-
form 160 psi (1.10 MPa) axial stress in
the transverse direction for distances
more than about 24 in. (610 mm) from
the slab edge. Teflon bearing pads
were placed beneath the reactions of
the steel spreader beams in order that
the stiffness of those beams had mini-
mal effect on the moment transfer
chatacteristics of the subassemblage. In
Table 1, the type of layout with eight
tendons banded through the column is
termed “bundled.” :

Locations for the top bonded rein-
forcing bars of Specimens 1, 4, and 5
are indicated by broken Imes in Fig. 2.
The same amounts of reinforcement
were used for all three specimens. The
amount within lines one and one-half
slab thickness either side of the column
was 10 percent less than that required

by Eq. (18-7) of ACI 318-77. Qutside of
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Fig. 3. Properties of lift slab specimen.
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Fig. 4. Properties of edge column specimen.

the central region, additional bonded
bars provided a flexural capacity for the -
slab equal to the negative moment
flexural capacity center-to-center of
panels for the prototype structure.

Bottom-bonded reinforcement con-
sisted of two No. 4 bars in each direc-
tion through the column and another
two No. 4 bars in each direction within
one slab thickness either side of the
column. Because tendons were bun-
dled in the direction of moment transfer
for Specimen 3, two of the No. 6 top
bars were replaced with No. 4 bars.

Lift Slab Specimen

Plan details for this specimen are
shown in Fig. 3. Lifting collar details
are reported in References 3 and 4. The
collar was turned so that its larger di-

mension was in the transverse direction
‘of the slab. A 10 WF 72 steel section
was used for the column. In the trans-
verse direction of the slab, the bundled
tendons were located outside the lifting
collar, but two No. 4 bars lay over the
edges of the shearhead arms. Two lon-

..gitudinal tendons and two No. 4 bars

passed over the ends of the shearhead
arms. In all other details, the lift slab
specimen was constructed similarly to
Specimen 1.

Edge Column Specimen

Plan, longitudinal, and transverse

_ section details for this specimen are

shown in Fig. 4. Considerations identi-
cal to those for the other specimens
dictated the column size, tendon pro-
files, and tendon forces. The amount of
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Fig. 5. Moment-shear interaction diagram per ACI 318-77.

bonded reinforcement in the column
region was reduced to half that for other
specimens in order to examine the ef
fect of that variable. At the edge of the
specimen modeling the discontinuous
edge of the prototype structure, the
tendons were anchored against steel
plates in order to replicate the restraint
conditions for an actual structure.

Materials

The Y%-in. (13 mm) diameter plastic
sheathed prestressing tendons had an
ultimate strength of 41.1 kips (185 kN)

and a yield strength at a 1 percent strain
of 37.5 kips (169 kN). The No. 4 and
No. 6 bonded reinforcing bars had yield
strengths of 66.0 and 66.6 ksi (455 and
459 MPa), respectively. The yield
strength of the 4-in. (102 mm) channels
used for the shearhead was 49.0 ksi
(338 MPa).

The lower column and the slab were
cast at one time from one batch of con-
crete. The upper column was cast 1 to 3
days after the slab. The strength for that
concrete is listed in parenthesis in Col-
umn 3 of Table 1. The grout between



the steel column and the lifting collar
had a strength of 7140 psi (49 MPa) at

the time of test of the lift slab speci-
men,. '

Test Setup and Instrumentation

The shear force acting on the con-
nection was simulated by jack forces
that applied equal loads at Points A in
Figs. 2, 3, and 4. Moment transfer was
caused by other jack forces that applied
equal loads at Points B in Figs. 2, 3, and
4. The jack forces B acted in opposite
directions for opposite ends of the
slab-interior column specimens. The

forces applied at Points A and B are -

termed the gravity and lateral loads, re-
spectively. The column was held in

place at its top by tie rods and pinned at
its base.

All specimens were instrumented to
provide detailed data on their Behavior
throughout their entire loading history.
Load cells were used to measure the
level of prestress in the tendons during
prestressing and testing, and the jack
forces applied to the slab. A combina-
tion of linear potentiometers and de-
flection scales were used to measure
the deflected profile of the surface of
the slab, the rotations of the slab with
respect to the column over a length
equal to the slab depth at the column
face, and the column rotations. Electri-
cal resistance strain gages were used to
measure strains at selected locations on
the bonded reinforcing bars of the slab
for all specimens and the lifting collar
of the lift slab specimen.

For all interior column specimens ex-
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cept Specimen 3, the line ABCDEF] in
Fig. 6 indicates the overall loading
history. Points A, D, etc., correspond to
the loading conditions for the prototype
structure shown in the Table in Fig. 6.
In order to obtain some information on
likely seismic effects, the forces trans-
ferred to the column were cycled three
times over the ranges indicated by the
broken lines ED' and EE’'. Reversals
between E and D' yielded information
on vertical acceleration effects while
reversals between E and E’ yielded
information on horizontal acceleration
effects. For Specimen 5, the shear was
increased until at Point A it equaled the
dead load shear, center to center of
panels for the prototype structure.
Then, as indicated by the broken line
AP, the moment transferred to the col-
umn was increased until failure oc-
curred. Information on likely seismic
effects was again obtained by reversing
the moments three times over the
ranges JJ' and KX'.

In practice, the load history for a lift
slab connection would differ from that
for a cast-in-place connection since the
self weight of the slab would not cause
moment transfer. However, to simplify
comparisons, the load history for the lift
slab specimen was made the same as
that for Specimen 1 with essentially the
same tendon layout. The actual load
history for the lift slab specimen is
shown in Fig. 7. There are only minor
differences between that history and
the idealized history shown in Fig. 6.

-That result is typical of the load his-

tories for the four cast-in-place interior
column specimens.

The idealized loading history for
Specimen 2 is represented by the line
OADH in Fig. 8a. To obtain informa-
tion on likely seismic effects, the forces
transferred to the column were cycled
three times between the conditions for
Points D and B in Fig. 8a, and three
times between conditions for Points F
and G. The second variation was pro-
duced by holding the forces applied at

Points A in Fig. 4 constant and varying
only the loads applied at Points B.

For the cast-in-place interior column
specimens residual shear capacity tests
were made after punching failures had
been obtained in the moment transfer
tests. With no forces applied at Points B
in Fig. 2, the forces at Points A were
increased until secondary punching
shear failures occurred. Measurements
were made of the applied forces, the
deflections at the slab edges and the
deflection of the slab at a point 2 in. (51
mm) from the column face and in the
region of the moment transfer punching
failure. ‘

Test Results

This section discusses the load-de-
flection relationships of the various
specimens, the lateral load stiffness, the
moment transfer strength, the rein-
forcement stresses, and the residual
shear capacity tests.

Load-Deflection Relatibnships

Lateral load-edge deflection relation-
ships for the four high shear loading,
interior column specimens are shown
in Fig. 9. Loads for first cracking of the
slab and first yielding of the top bars
passing through the column are shown
on each diagram. The initial step func-
tion form for the response results from
the edge deflections increasing when
the gravity loads were increased with-
out increase in the lateral loads. The
edge deflection is the value measured
at Point C in Figs. 2 and 3 where the
gravity and lateral forces acted in the
same direction for the first application
of lateral loading.

. For the three cast-in-place connec-

" tions, large deflections developed prior

to failure. However, the lateral load
capacity was still increasing rapidly
with increasing deflections when
punching failures occurred for all three
specimens. Only the lift slab specimen
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Fig. 7. Load history and measured and comp

exhibited marked plasticity prior to a
failure caused by crushing of the con-
crete beneath one of the reaction blocks
for the steel spreader beam.

For the initial lateral loading, the
greatest stiffness was shown by Speci-
men 3 which had tendons bundled
through the column in the direction of
moment transfer. However, at condi-
tions approaching failure, Specimen 3
showed larger increases in deflection
with increasing load than Specimen 1.
In that range, most of the increase in
‘moment transfer resistance is provided
by the slab sections framing into the
side faces of the column. For Specimen
1, with tendons bundled through those
side faces, the increase in resistance for
a given twist would be larger than for
Specimen 3 with distributed tendons in
that direction.

The energy dissipation with lateral

uted strengths for lift slab specimen.

load cycling was greatest for Specimen

4 and least for Specimen 3. For all three
cast-in-place connections, the width of
the hysteresis loops decreased rapidly
with cycling. The non-yielding, post-
tensioning tendons caused elastic re-
covery effects in spite of vielding of the
bonded top bars passing through the
column. To obtain reasonable hyster-
etic damping in seismically loaded pre-
stressed concrete structures, there must
be a careful balancing of the amounts of
prestress and reinforcing bars in the
hinging region.’

For this limited test series, the best
balance was provided in Specimen 4
with distributed tendons for both dj-

.rections of the slab. There was no de-

crease in energy dissipation with cy-
cling for the lift slab specimen 6 be-
cause. that dissipation was through
vielding at the connection between the'
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Fig.‘ 8. Load history and load-deflection diagrams for exterior.column specimen.

steel collar and the steel column. There
was little energy dissipation with cy-
cling of the gravity loads.

The solid curve in Fig. 10 is the lat-
eral load-edge deflection relationship
for Specimen 5. The broken curves are
the lateral load-edge deflection en-
velopes for two comparable reinforced
concrete specimens, one without shear
reinforcement, S1, and one with inte-
gral beam-shear reinforcement, $52.67
The negative moment flexural capaci-
ties on a line extending across the

width of the slabs at the column face
were comparable for all three speci-
mens and the connections for all three
specimens transferred similar gravity
load shear forces. However, the col-
umns were 12 in. (305 mm) square for
the reinforced concrete specimens.

The reinforced concrete slab without
stirrups, S1, failed abruptly in punching
shear at a lateral load of 5.5 kips (25
kN). The slab with stirrups had a lateral
load capacity of 8.5 kips (38 kN) and
developed large deflections prior to the



capacity decreasing with cycling and
increasing deflections for deflections in
excess of 4 in. (102 mm). Even after
significant reversed cyclic loading, the
post-tensioned slab still developed an
ultimate ductility for uni-directional
loading comparing favorably with the
reinforced concrete slab with integral
beam stirrups.

For the prestressed slab cracking at
the column face during the first loading
to 2.0 kips (9 kN) resulted in a perma-
nent ‘edge deflection for zero lateral
load. For the second and third cycles
between lateral loads of 2 kips (9 kN),
and for the fourth, fifth, and sixth cycles
between lateral loads of 3 kips (13.5
kN), the hysteresis loops remained sta-
ble and spindle shaped. Although there
was little energy dissipation, there was
also no degeneration in stiffness with
cycling.

It is apparent that. prestressing can
provide an excellent means for tying a
slab together and ensuring ductile be-
havior for high intensity wind loadings.
The stable reversed cyclic loading
characteristics of these slab-interior
column subassemblages also suggests
that with proper detailing, post-ten-
sioned unbonded slabs will perform
satisfactorily under seismic loadings.
However, reversed cyclic loading tests
of higher intensity than those reported
‘here are necessary to validate that po-
‘tential and develop the understanding
necessary to ensure ductile behavior for
intense seismic loading.

~ The broken curve in Fig. 8b is a plot
of the shear transferred to the column
{the sum of the gravity and lateral load
effects) versus the edge deflection en-
:velope for the slab-exterior column

‘subassemblage. The deflection is that .

"measured at Point C, midway along the
“length of the interior edge of the slab,
in Fig. 4. Although the forces trans-
“ferred to the column were the same for
load stages C and E, permanent deflec-
g s' developed when cycling of the
10ads caused the shear to vary

between the values for Points D and B
in Fig. 8b.

Similarly, the increase in deflection
from F1 to F3 indicates the damage
caused by cycling the lateral loads be-
tween the values for Points G and F in
Fig. 8a. The solid curve in Fig. 8b is
the response when the damage caused
by cycling is deducted from the mea-
sured response. The difference be-
tween the. solid and broken curves in-
dicates the intensely damaging effects
of cycling. Torsional cracking de-
veéloped at the slab edge modeling the
discontinuous edge of the prototype
structure during the first cycle-to-load
stage D. Those cracks opened signifi-
cantly during the cycling between
Stages B and D. After completion of the
three load cycles between Stages F and
G, those torsional cracks were 0.2 in. (5
mm) wide and the bonded top rein-
forcing bars passing through the col-
umn were yielding. -

Tests on reinforced concrete slab-
exterior column subassemblages similar
to the prestressed subassemblage re-
ported here have shown that torsional
cracking develops at a discontinuous
edge when the upward shear stress
reaches about 2 \/f7 psi (0.17 Vfi MPa).
Unless vertical reinforcement is pro-
vided at that edge with a spacing not
greater than about 0.75 times the depth
of the slab, those torsional cracks open
wide with cycling. In a reinforced con-
crete slab some restraint to that opening
is provided when the flexural bars of
the slab are hooked at that edge. A pre-
stressed slab lacks even that restraint
unless additional hooked bars are pro-

vided.

Lateral Load Stiffness

It can be seen from Fig. 6 that for the
cast-in-place interior column connec-
tions, information on the lateral load

stiffness can be obtained by analyzing

the response of Specimens 1, 3, and 4
for the load stages AB and CD, and
Specimen 5 for load stages A through K.
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Fig. 9. Load-deflection diagrams for interior column specimens.




For the 0 to 1.0-kip-(4.5 kN) lateral load
range, the measured stiffnesses varied
widely between specimens. For the 1.0
to 2.0-kip (4:5 to 9.0 kN) range, values
were essentially the same for all four
specimens. For the 0 to 1.0-kip (4.5 kN)
range, measured stiffnesses expressed
as the lateral load divided by the edge
deflection were 16.6, 8.7, 6.3, and 5.5
kips/in., (2.9, 1.5, 1.1, and 1.0 kN/mm)
for Specimens 3, 1, 5 and 4, respec-
tively.

Those variations are comnsistent with
the tendon layouts. The high value was
for the specimen with tendons bundled
in the longitudinal direction, and the
next highest value for the specimen
with tendons bundled in the transverse
direction. For the 1.0 to 2.0-kip (4.5 to
9.0 kN) lateral load range, all slabs were
visibly cracked in the column region

and the lateral load stiffness was 3.8
kips/in. (0.67 kN/mm). The measured
stiffness for Specimen 3 for the 0 to
1.0-kip (4.5 kN) range was consistent
with the value predicted using the pro-
visions of Section 13.7 of ACI 318-77,
assuming the slab to be uncracked.

The observed contributions of slab
bending and torsional rotations to the
measured edge deflections were also
consistent with the ACI Code provi-
sions. For the 1.0 to 2.0-kip (4.5 to 9.0
kN) range, the measured stiffness of 3.8
kips/in. (0.67 kN/mm) was consistent
with the value predicted assuming the
slab to be cracked in bending and the
torsional stiffness to be one-tenth of
that predicted using Eq. (13-7) of ACI
318-77. The observed contributions of
slab bending and torsional rotations
were then consistent with code provi-
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Fig. 10. Comparison of load-deflection diagrams for reinforced and prestressed

concrete subassemblages.

sions. When that torsional stiffness re-
duction was also used for the 0 to 1.0-
kip (4.5 kN) range, but the slab as-
sumed to be uncracked in bending, the
predicted stiffness was about 6.5
kips/in. (1.15 kN/mm). That value is
consistent with the measured stiff
nesses of Specimens 1, 4, and 5 for that
range.

Because of the manner in which pre-
stressed slabs are designed, it is dif-
ficult to predict when cracking will
occur in a prototype structure. The lat-
eral load response of these specimens
was obviously sensitive to cracking and
stiffnesses dropped even before crack-
ing was detected. Further investiga-
tions of lateral load stiffness are
needed. In the interim, these results
suggest that for high levels of prestress
in the direction of moment transfer, the
slab can be taken as uncracked and the
lateral load stiffness assessed using ACI
318-77, Section 13.7 provisions. If,
however, the level of prestress is low,
the slab should be assumed to be
cracked in bending and the torsional
stiffness taken as one-tenth that pre-
dicted by Eq. (13-7) of ACI 318-77.

‘Moment Transfer Strength

ACI Code 318-77 provisions define a
moment-shear interaction diagram for
interior column connections having the
form shown in Fig. 5. For all connec-
tion types, Section 11.12.2 requires that
shear stresses on a critical section lo-
cated d/2 from the column perimeter be
calculated from the formulas:

V YoMycCap
Oyupy =  + —4-4E (1)
YA T,
or
Vu 'YuMuCCD
Vyem = — ~ 2 @)
Y

where y,M, is the fraction of the total
moment M, transferred by shear across
the critical section, A, and J. are the
area and polar moment of inertia of the

critical section, and M, is the momer
acting about the centroid of the critics
section and to be transferred to the col
umn.

For the interior column connectio;
shown in Fig. 5 | Viveam| is always greate
than |Vuem|- Line ab in Fig. 5 repre
sents the condition where Vyup i lim
ited to some. constant maximum shea
stress, v.. The diagrams on Fig. 5 indi
cate shear stress distributions for vari
ous points along ab. Section 13.34 o
ACI 318-77 requires that reinforcemen:
be provided within lines one and one-
half times the slab thickness either side
of the column to transfer the fraction o
the moment (1 — v,) M, not transferred
by shear. If there is insufficient rein-
forcement, the moment cut-off, cd, in
Fig. 5 results. For an exterior column
connection, the centroid of the critical
section lies further from the slab edge
than the centroid of the column so that
|Vuicoy| can be greater than [Vuwm| When
M, is large. In that case a second shear
limitation line, such as YZ in Fig. 8a,
results.

Based on a review of available test
data, ACI-ASCE Committee 49238 has
recommended that Eq. (11-13) of ACI
318-77 be used to determine the shear
strength of connections transferring
shear only. For slabs Eq. (11-13) be-
comes:

In U.S. units;

Vo= 3.5 I+ 03, ¥ VA,

> 4 (FIpsi (3a)

and in SI units;
ve=03JT T 03f,, ¥ VJA,
= 0.34./f) MPa ‘ (3b)

where f,. is the axial prestress in the
slab and V,, is the sum of the vertical
components of all prestressing tendons
crossing the critical section for shear.
Shown in Fig. 6 is the correlation
between measured and predicted
strengths for the cast-in-place interior
column specimens. The line UV on the




right of Fig. 6 corresponds to line cd in
Fig. 5 and indicates the moment cut-off
capacity for Specimens 1, 4, and 5. The
reinforcement effective for moment
transfer was taken as four No. 4 top
bars, four No. 4 bottom bars, and two
tendons stressed to 25 kips (112 kN)
each. For Specimen 3, line UV would
be further to the right due to the larger
number of longitudinal tendons. The
sloping line, WX, on the right of Fig. 6
indicates the theoretical relationship for
the negative moment flexural capacity
of the slab of Specimens 1, 4, and 5.
The measured moment capacities for
failure for Specimens 1, 3, 4, and 5 are

indicated by the vertical lines s,t;, ssts,

s,t,, and s;ty crossing the load history
lines. The adjacent sloping lines y,z,,
VaZs, YaZs, YsZs indicate the respective
shear capacities when the shear stress
calculated from Eq. (1) is limited to the
value obtained from Eq. (3) with f,.
taken as the axial prestress in the di-
rection of moment transfer. All speci-
mens failed by punching and the mea-
sured capacities were slightly greater
than the predicted, shear stress limited,
moment transfer capacities for all
specimens except Specimen 4. Speci-
men 4 had a capacity only 2 percent
less than the predicted capacity.

Shown in Fig. 7 is the correlation
between measured and predicted ca-
pacities for the lift slab specimen 6.
The notation for each line is the same
as that for Fig. 6. As recommended in
Reference 9, the shear stress caused by
moment transfer [second term of Eq.
(1)1 was evaluated using the critical
section ABCD shown on the insert in
Fig. 7. The shear stress caused by shear
transfer [first term of Eq. (1)] was
evaluated using the critical section
EFGH. The lift slab specimen failed
due to excessive deflections. That be-
havior was in close agreement with the
predicted behavior.

Shown in Fig. 8 is the correlation
between the load history for the ex-
terior column specimen 2 and predicted

capacities. The sloping lines XY and YZ
indicate the limiting capacities when
the shear stresses given by Egs. (1) and
(2), respectively, equal the strength cal-
culated from Eq. (3). The sloping line
WX indicates the moment cut-off
capacity dictated by the reinforcement
within lines one and one-half times the
slab thickness either side of the col-
umn. ‘

It is apparent that the measured
strength is over-estimated by those pro-

-cedures. If the connection is analyzed

according to reinforced concrete proce-
dures, the lines X'Y! and Y'Z! result
when v, is limited to 4 f] (0.34 /fi

‘MPa) and the line Y?Z2 results when v,

is limited to 2/ f; (0.17 MPa) at the
discontinuous edge. The specimen
failed in punching shear at the front
face after the torsional cracks opened
wide during the cycling between load
stages F and G.

Apparently until further data are
available, strengths for prestressed con-
crete exterior column connections
should be evaluated using the proce-
dures for reinforced concrete. Corre-
lations with data for similar reinforced

concrete connections!® show that edge -

reinforcement, detailed so that it can
act as torsional reinforcement, must be
provided if the-value of v, given by Eq.
(2) is predicted as exceeding 2 \/f7 (0.17
MPa). '

Calculations for comparisons of mea-
sured and predicted strengths are
summarized in Table 2. The maximum
applied stress, calculated from Eq. (1) is
listed in Column (5). That value equals
the sum of the component stresses
listed in Columns (3) and (4). The re-
sisting capacity calculated from Eq. (3)
is listed in Column (9). That value
equals the sum of the three components
listed in Columns (6), (7), and (8). The
longitudinal prestress contribution,
Column (7
than for the other specimens because
the bundled strands provided an effec-
tive prestress of 275 psi (1.9 MPa) in

), is greater for Specimen 3

3.5~
ACI 318-77 SPECIFIED .
INCREASE FOR SLABS
4,5 AND 6
3.0
2.5  ————— SLAB 3
———-—S5LAB 4
—————SLAB 5
——-——SLAB &
2.0
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TENDON FORCES
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1.5~
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OVER SHEARHEAD

0.5~

0

! T
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- 40 5.0

(b)TENDONS AT
OUTER EDGES

Fig. 11. Increase in forces in longitudinal tendons.

the direction of moment transfer com-
pared with 160 psi (1.1 MPa) for the
other specimens. With draped bundled
strands, a shear resistance component
VoA, can be provided as large as the
component provided by the prestress
term 0.3 f,..

Column (11) lists the fraction of the
moment to be resisted by reinforcement
within lines one and one-half times the
slab thickness either side of the col-

umn. The quantity M, in Column (12) is
the capacity of the reinforcement. Mo-
ment cut-off failures, rather than
punching failures, are predicted for
Specimens 5 and 6. That prediction was
consistent with the observed behavior.

Reinforcement Stresses

Shown in Fig. 11 are the increases in
forces in the longitudinal tendons of the



slab for increasing edge deflections. In-
creases in forces in the transverse ten-
dons did not exceed 0.3 kips (1.35 kN).
ACI 318-77 permits the stress in an un-
bonded tendon at failure to be deter-
mined from the formula:

In U.S. units:

fé .
s = fse + 10,000 +
Jos = 1, 100 5, psi (4a)
and in SI units:
fps=fse+ 69 +_f; MPa (4b>

100 p,

where f,, is the effective prestress and
pp the prestressed reinforcement ratio.

Eq. (4) is theoretically applicable to
the longitudinal tendons passing
through the column of Specimens 4, 5,
and 6. The increase in tendon forces
predicted by Eq. (4) for those speci-
mens is 3.7 kips (16.6 kN). As indicated
in Fig. 11, measured increases were
considerably less than that prediction
even though the slabs developed large
edge deflections prior to failure. It is
recommended that for evaluations of
moment transfer capacity, no increase
in tendon forces be recognized and that
use of Eq. (4) be limited to flexural
strength evaluations.

For loading conditions to the right of
line oce in Fig. 5, upward shear stresses
develop at the back face of the column
and cracking occurs for reinforced con-
crete connections when that stress ex-
ceeds 0.3 f; (0.03f. MPa). Bottom
reinforcement continuous through the
connection area is needed to arrest that
cracking. For all the interior column
prestressed specimens except Speci-
men 5, the stresses listed in Column (3)
of Table 2 exceed those in Column (4)
and therefore according to experience
for reinforced concrete, cracking was
not to be expected. However, in the
tests cracking occurred and significant
tensile stresses developed in the bot-
tom reinforcement at the back face of
the column. '

No simple criterion, such as that for
reinforced concrete, could be estab-
lished for conditions for cracking. For

" the high moment Specimen 5, the rein-

forced concrete criterion was satisfac-
tory. However, for the high shear
Specimens 1, 3, and 4, cracking appar-
ently occurred as soon as the top steel
yielded provided the y,M,ccp/]. term
in Eq. (2) exceeded 0.7 f} (0.06 | fi
MPa).

Further investigations of bottom
reinforcement requirements are highly
desirable and are recommended.

Residual Shear Capacity

As previously described, residual
shear capacity tests were conducted
after punching failures occurred in the
moment transfer tests. Specimens 1, 3,
4, and 5 had residual capacities of 95.6,
100.6, 93.0, and 87.0 kips (430, 453, 418,
and 391 kN), respectively. Those ca-
pacities were 92, 90, 98, and 94 percent,
respectively, of the shear transfer only
capacities predicted using Eq. (3).
Specimens 1, 4, and 5 failed explosively
when a punching failure completely
encircled the column and the concrete
beneath the bearing pads for the trans-

verse tendons crushed. Specimen 3 de- .

veloped a punching failure encircling
the column and the slab dropped down
the column about 2 in. (50 mm) but did
not fail explosively.

The performance of these prestressed
slabs in residual shear capacity tests
was much better than that of reinforced
concrete slabs.%7 Residual capacities for

- reinforced concrete slabs are sensitive
to the amount of bonded bottom rein-

forcement. Unless those slabs contain

integral beam shear reinforcement,
their residual capacities are about one-
half their undamaged shear transfer ca-
pacities. Obviously, prestressing is an
effective means of tying a slab together
and a progressive collapse is unlikely
unless tendon anchorage failure occurs
or tendons are cut.

Table 2. Comparison of measured and computed strengths.
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v, is evaluated from Eq. (3); + M, equals the flexural capacity of reinforcement (top, bottom, and prestress) within lines 3h/2 either side of the column.

*p, is evaluated from Eq. (1); # M, equals the moment acting about the centroid of the critical section.

+



Conclusions

Based on the prestressed concrete
~ test results reported here and their cor-
relation with available data for similar
reinforced concrete subassemblages, it
is concluded that:

1. The moment transfer capacity of
prestressed concrete slab to interior
column connections can be evaluated
using the procedures of Sections
11.12.2 and 13.3.4 of ACI 318-77. For
dense aggregate concretes, the shear
stress v, should not exceed the value of
v, calculated from Eq. (11-13) of the
Code expressed in the form of Eq. (3) of
this paper. All reinforcement, bonded
and unbonded, within lines one and
one-half times the slab thickness either
side of the column are effective for
transferring the portion of the moment
not transferred by shear. No increase in
unbonded tendons forces should be as-
sumed in calculations of the moment
transfer capacity.

2. For prestressed concrete slab to
exterior column connections. transfer-
ring moments normal to a discontinu-
ous edge, bonded reinforcement, de-
tailed so that it can act as torsional
reinforcement, should be provided at

the discontinuous edge when the shear’

stress given by Eq. (2) exceeds 2 /f;
psi (0.17  f; MPa).

3. Tendons bundled through the col-
umn or over the lifting collar are an ef-
fective means of increasing the moment
transfer strength of slab-interior column
connections. :

4. Bonded top reinforcement of the
amount and distribution required by
ACI 318-77, Section 18.9.3.3, is desira-

ble, although the width and distribution
of cracking is satisfactory for interior
connections with 90 percent of the
amount of reinforcement required by
ACI 318-77. i

5. Conclusions 1, 3, and 4 are appli-
cable to lift slab interior column con-
nections.

6. Further investigations of the con-
ditions controlling cracking at the back
face of an interior column connection
for moment transfer conditions are de-
sirable. In the interim, bonded bottom
reinforcement at least equal to that re-
quired by ACI 318-77, Section 7.13,
should be provided once the shear
stress caused by moment transfer,
YoMucenl]. exceeds 0.7\/f; psi (0.06\/f;
MPa).

7. Further investigations of lateral
load stiffness are desirable. In the
interim, if the slab has a significant

margin of safety against cracking, the

lateral load stiffness should be assessed
using ACI 318-77, Section 13.7. If,
however, that margin is small, the
cracked section bending stiffness

should be used and the torsional stiff-
ness taken as one-tenth that calculated

from Eq. (13-7) of ACI 318-77.
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APPENDIX—NOTATION

area of concrete of assumed crit-
ical section for transfer of mo-
ment at slab-column connection
(Fig. 5)

size of rectangular or equivalent
rectangular column measured in
direction of span for which mo-
ments are being determined (Fig.
5)

size of rectangular or equivalent
rectangular column measured
transverse to direction of span in
which moments are being deter-
mined (Fig. 5)

¢op = distance from centroid axis

of assumed critical section to
faces AB, CD of critical section
(Fig. 5)

effective width of assumed criti-
cal section measured transverse
to direction of span in which mo-
ments are being determined and
within which reinforcement is
effective for transfer of fraction of
moment not transferred by shear
stresses (Fig. 7)

effective width of assumed criti-
cal section measured transverse
to direction of span in which mo-

ments are being determined, for.

calculation of shear stresses
caused by shear transfer in a con-
nection with shearhead reinforce-
ment, (Fig. 7)

effective width of assumed criti-
cal section, measured transverse
to the direction in which mo-
ments are being determined, for
calculation of shear stresses
caused by transfer of moment at a
connection with shearhead. rein-
forcement (Fig. 7)

distance from extreme compres-
sion fiber to centroid of longi-

c

Soe

fos

T

Y

Pr

tudinal tensile reinforcement at
perimeter of critical section for
shear transfer ’

= compressive strength of concrete

resultant compressive stress at
centroid of cross section (after al-
lowance for all prestress losses)
in the direction of the span for
which moment transfer effects
are calculated

stress in prestressed reinforce-
ment at nominal strength
effective stress in prestressed re-
inforcement (after allowance for
all prestress losses) in direction
of span for which moment trans-
fer effects are calculated

= overall thickness of slab
= property of assumed critical sec-

tion analogous to polar moment
of inertia (Fig. 5) ‘
length of shearhead arm from
centroid of concentrated load or
reaction

moment resistance for transfer of
moment that can be contributed
by reinforcement (top, bottom,

and prestress), within lines 3//2

either side of column

moment to be transferred -to col-
umn

permissible shear stress that can
be carried by concrete [Eq. (3) ]~
shear stress at critical section
[Eqgs. (1) and (2) ]

vertical component of total effec-
tive prestress force at perimeter
of critical section

shear force to be transferred to
column

fraction of unbalanced moment
transferred by eccentricity of
shear at slab-column connection

ratio of prestressed reinforcement

Greenwood Medical Building, Arapahd
County, Colorado—The recessed window
area and thermal mass of the architectural

precast concrete wall panels on this

building work in combination to create an
efficient passive solar energy system. The

designers made full use of standard

precast prestressed concrete components
- in the structural system by incorporating a

32 x 32 ft. (10 x 10 m) structured bay

throughout the building. Included in the

totally precast structural system are

double-tee floor and roof slabs, inverted
tee beams, ledger beams, rectangular
beams, and interior columns. Cantilevered

double-tee floor units add circulation
space to a central atrium.

Architect:
Ohlson Lavoie Corporation,
Denver, Colorado.

Structural Engineer:
Borman/Smith & Partners,
Denver, Colorado.

General Contractor:
Penner Construction Management,
Denver, Colorado

Precast Prestressed Manufacturer:
Stanley Structures,
‘Denver, Colorado.




