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BY THOMaS H.-K. KaNG, JaMES M. laFaVE, iaN N. rOBErTSON, aND NEil M. HaWKiNS

For buildings in high seismic regions, slab-column 
frames are commonly used to carry gravity loads. 

Even though these so-called “nonparticipating” frames 
are coupled to moment-resisting frames or structural 
walls designed to resist all of the lateral force demands, 
it’s critical that lateral drift in such a frame doesn’t lead 
to brittle punching shear failures at the slab-column 
connections. 

This issue is currently addressed in ACI 318-05,1 
Section 21.11, “Members not designated as part of the 
lateral-force-resisting system,” which provides a deformation 
compatibility check as one design criterion. This check 
places limits on the design story drift ratio, defined as the 
relative difference of design displacement between the 
top and bottom of a story divided by the story height. If 
the specified drift ratio limits are exceeded, a certain 
amount of shear reinforcement is required in the slab. 
Alternatively, Section 21.11 allows designers to: 1) simply 
omit the deformation compatibility check as long as they 
specify shear reinforcement meeting certain requirements; 
or 2) demonstrate that the design shear and induced 
moment at the design story drift can, in fact, be transferred.

Partly based on a database of test results,2,3 the limit 
placed on the design story drift is a function of the drift at 
punching shear failure of a slab-column connection, 
which is in turn a function of the factored direct shear at 
the connection and the shear strength of the concrete. 
More explicitly stated, Section 21.11.5 limits the design 
story drift ratio to the larger of 0.005 and [0.035 – 0.05 
(Vu /φVc )], where Vu  is the factored gravity load shear 
force on the slab critical section for two-way action, φ is 

0.75, and Vc  is the nominal concrete shear strength per 
Section 11.12.2 of ACI 318-05 (Fig. 1). 

Subcommittees of ACI Committee 374, Performance-
Based Seismic Design of Concrete Buildings, and Joint 
ACI-ASCE Committee 352, Joints and Connections in 
Monolithic Concrete Structures, have recompiled and 
expanded the database of test results and reassessed 
these data to establish lateral drift limits as a function of 
the gravity shear ratio4 Vu /φVc , where, for the test data,  
Vu  is the experimentally determined gravity load shear 
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Fig. 1: Drift ratio at punching versus gravity shear ratio for post-
tensioned slab-column connections with and without shear 
reinforcement, where Vc is defined in accordance with ACI 318-05, 
Eq. (11-36)
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force on the slab critical section for two-way action,  
φ = 1.0, and Vc is calculated per Eq. (11-36) of ACI 318-05.1 
The newly-compiled data set includes test results for 
more than 70 conventionally reinforced concrete slab-
column connection specimens fabricated with and 
without shear reinforcement,2,5-8 and it shows that the 
drift capacity criteria provided in Section 21.11.5 are 
conservative—only four of 76 test data points fall slightly 
below the limits specified in ACI 318-05.8 None of the 
results in that data set, however, are for post-tensioned 
slab-column connections.

Given the frequent use of post-tensioned flat plate 
systems in the U.S., the investigation of the seismic 
performance of slab-column connections and development 
of seismic design provisions for nonparticipating frames 
comprising reinforced concrete (RC) flat plate slabs 
should be extended to include frames comprising post-
tensioned (PT) flat plate slabs. Committee 352 is there-
fore currently revising ACI 352.1R-89, “Recommendations 
for Design of Slab-Column Connections in Monolithic 
Reinforced Concrete Structures,”9 to address this need 
(as well as other important new issues). As part of that 
effort, a committee-sponsored task group has made a 
detailed review of available research on lateral load tests 
of slab-column connections with PT slabs, with particular 
emphasis on their lateral drift capacity as a function of 
the gravity shear ratio. A summary of that review follows.

SUMMARY OF AVAILABLE RESEARCH
Table 1 summarizes the existing experimental data on 

lateral load tests of PT slab-column connections. For 
connections without shear reinforcement, this database 
includes information on 12 interior, 11 exterior, and two corner 
connections. For connections with shear reinforcement, 
the database includes information on seven exterior 
connections and a two-story, two-bay by two-bay frame.

The tendons in the PT slab specimens were arranged 
in one of the following three configurations: 1) banded in 
the lateral loading direction and distributed in the other 
direction; 2) distributed in the loading direction and 
banded in the other direction; and 3) distributed in both 
directions. While the configuration with distributed 
tendons in both directions was used in the early days of 
PT slabs, most current construction uses banded tendons. 
For the few connections subjected to biaxial lateral loading, 
the tendon layout indicated in Table 1 corresponds to the 
direction of the first application of lateral loading. 

All but one specimen15 had tendons draped in a 
parabolic profile and square column cross sections, and 
in these, two of the tendons were routed through the 
column cages. The atypical specimen had tendons with a 
straight profile at the top of the slab placed outside the 
column cage and a rectangular column cross section that 
was loaded in the stiff direction.

In all specimens, top reinforcing bars were distributed 
around the connection per Section 18.9 of ACI 318-05. 
Bottom bars were provided in nearly 2/3 of the specimens. 
Nine specimens10,16,17 had almost equal areas of top and 
bottom bars. Eleven specimens12,15,18,19 included bottom 
bars with less than 2/3 of the area of the top bars.

The Vu /φVc  values shown in Table 1 are based on 
measured material properties. Eighteen of the 33 specimens 
were tested under a constant gravity load for the duration 
of the test. For each of the other 15 specimens, the 
gravity shear force on the connection was increased at 
specific times during the test. To provide an equal basis 
for comparison, we’ve reported only the gravity shear 
ratio at the time that punching failure occurred.

For all connections in PT slabs, Vc  was calculated using 
the provisions of ACI 318-05, Section 11.12.2.2, where the 
term Vp was ignored because the angle of tendon inclination 
was small and tendons were essentially horizontal as 
they crossed the critical section for shear. The effective 
depth d used to calculate Vc  was taken as the average of 
the effective depths of the tendons (dps ) or of the bonded 
bars oriented in the two directions. For exterior connections, 
d was set equal to dps for the tendons parallel to the slab 
edge (tendons perpendicular to the slab edge were 
vertically centered in the slab). To be consistent with the 
approach taken by most researchers, the value of Vu /φVc 
reported in Reference 15 was modified using the average 
dps in the two directions rather than the dps value for the 
tendons in the loading direction only. The tendon 
diameters in this reduced-scale specimen were large 
relative to the slab thickness, so the modified calculation 
of dps led to a significant change in Vu /φVc —from a report-
ed value of 0.28 to a value of 0.49 in the current database.

For the purposes of this study, the limits of ACI 318-05, 
Sections 11.12.2.2(a), (b), and (c), respectively concerning 
the distance from the column perimeter to the slab edge, 
the square root of the specified compressive strength of 
the concrete ( ), and the compressive stress in the 
concrete at the centroid of the cross section ( fpc), were 
ignored. Most of the tests were conducted on isolated 
connection subassemblies (Fig. 2) at approximately 1/2  
to 2/3 scale, with the slab edges pin-supported along 
assumed lateral load inflection points at or near the slab 
mid-spans (Fig. 2(b) and 2(d)). These isolated specimens 
had columns extending above and below the slab for a 
total distance equal to the story height, and the columns 
were displaced laterally during testing to produce unbalanced 
moments at the slab-column connections. Other specimens,10,12 
however, represented only small portions of the slab 
around the column, with the gravity and lateral loads 
simulated by displacing the slabs (Fig. 2(a) and 2(c)). The 
slab span lengths l1 for these specimens were determined 
based on the actual (scaled-down) prototype buildings 
used for proportioning and constructing the specimens 
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and are reported in Table 1. The 
ratio of the slab span length (center-
to-center of columns) to the slab 
thickness (l1/h) for most of the 
specimens ranged between 35 and 
48, which are typical of values 
used for post-tensioned flat plate 
construction in the U.S. The specimens 
shown in Fig. 2(b),11,17 however,  
had a significantly lower span-to-
thickness ratio. Using the assumption 
that the inflection points would 
occur near the slab mid-spans, l1/h 
for this slab was 15—this ratio is 
more representative of a flat plate 
frame comprising the primary 
lateral-force-resisting system in 
regions of moderate seismic risk.

As shown in Fig. 2, a variety of 
loading and boundary condition 
schemes were used in the tests. The 
types of lateral loads applied to the 
specimens were classified into three 
categories—monotonic lateral 
loading, repeated lateral loading, 
and reversed cyclic lateral loading. 
The specimens tested under repeated 
lateral loads were cycled several times but in the same 
bending direction. The two-story by two-bay frame16 was 
tested using a shake table to simulate earthquake actions 
(Fig. 2(e)), while the specimens reported in References 13 
and 14 (Fig. 2(d)) were subjected to clover-leaf patterns 
of biaxial lateral drift. The lateral loads for both of these 
studies were categorized as reversed cyclic lateral loading.

DRIFT CAPACITY AT PUNCHING VERSUS 
GRAVITY SHEAR RATIO

The average specimen drift ratio at punching was 
calculated (Fig. 2 and Table 1) and plotted as a function of 
gravity shear ratio for each of the test results (33 specimens) 
(Fig. 1). The data indicate that, as is the case for RC slab 
connections, the drift ratio at punching for PT slab-column 
connections is strongly influenced by the gravity shear 
ratio. Figure 1 further shows that the ACI 318-05 Section 
21.11.5 requirement for use of shear reinforcement in slab-
column connections as part of nonparticipating frames 
is conservative for PT slab connections (as has previously 
also been noted for RC slab connections).2,5-8 The influence 
of gravity shear ratio is especially evident for connections 
tested within a specific test program. The best-fit lines in 
Fig. 3 were derived from a database of RC and PT slab 
specimens without shear reinforcement,8 using a linear 
least-squares fit method. The best-fit lines suggest that 
PT slab-column connections without shear reinforcement 

can sustain higher drift ratios prior to punching than 
comparable RC slabs under a variety of loading types. In 
part, the higher drift ratios may be due to the larger l1/h 
values used in PT slab construction—l1/h values are 
about 40 and 25 for PT and RC slabs, respectively—that 
make PT slabs more flexible than RC slabs. The higher 

Fig. 2: Typical test configurations (scaled to have the same story height): (a) Trongtham 
and Hawkins (1977)10; (b) Shatila (1987)11 and Ritchie and Ghali (2005)17; (c) Foutch et al. 
(1990)12; (d) Martinez-Cruzado (1993)13, Qaisrani (1993)14, Pimanmas et al. (2004)15, and 
Han et al. (2006)18,19; and (e) Kang and Wallace (2005)16
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Fig. 3: best-fit lines and confidence bands for conventionally 
reinforced and post-tensioned slab-column connections, 
where Vc is defined in accordance with ACI 318-05, Eq. (11-33) 
through (11-36)
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drift ratios are also likely due to the roughly 5 to 15% 
increase in shear strength at the connection of PT slabs 
relative to RC slabs attributable to the in-plane fpc (generally 
150 to 250 psi [1.03 to 1.72 MPa]).8

The results shown in Fig. 1 also indicate that the 
loading conditions for the PT slab specimens without 
shear reinforcement affected the drift ratio at punching. 
The best-fit line for the 14 PT slab specimens subjected to 
reversed cyclic loads indicates lower drift ratios than the 
trend line for all specimens. Although some test results18,19 
indicate that slabs with distributed tendons have different 
drift capacities at punching than slabs with banded 
tendons, no significant differences in drift capacities at 
punching were noted as a function of the tendon arrange-
ment across all PT specimens. Further, because the PT 
data are limited, no distinction can currently be made 
between the drift capacities for interior versus exterior 
connections. Similarly, no such distinction with regard to 
connection type is currently made in ACI 318-05, Section 
21.11.5, even though some test data for RC slab connections3 
show that drift ratios at punching are higher for exterior 
than interior connections.

As seen in Fig. 1, drift ratios at punching were observed 
to be larger for isolated PT exterior connections with 
shear reinforcement17 than for those without shear 
reinforcement.13,19 This result is probably due to the  
large strain ductility provided by yielding of the shear 

reinforcement. A seemingly contrary result, however,  
was seen in one test program.11 As mentioned earlier, 
however, these specimens were proportioned to represent 
relatively low slab l1/h values on the order of about 15. 
Further, because they used rollers along all three edges 
of the slab (Fig. 2(b)), the deformed shape of the slab 
across its width would have been inconsistent with that 
in an actual building. Such test configurations therefore 
tend to induce larger slab shear-to-moment ratios at the 
slab-column interfaces than for typical flat plate geometric 
and boundary conditions (compare Fig. 2(b) versus 2(d) 
or 2(e)). Thus, these results may not be appropriate for 
direct comparison with other test results.

The range of drift ratios at punching observed for the 
PT flat plate frames with shear reinforcement16 is close to 
the best-fit obtained from isolated PT slab connections 
without shear reinforcement, as indicated in Table 1 and 
Fig. 1. Use of shear reinforcement, however, significantly 
reduced the extent of punching damage and the shear 
strength degradation after punching, as can be seen in 
Fig. 4. While most of the specimens without shear 
reinforcement13-15,18,19 exhibited sudden punching failures 
that led to residual strengths that were typically only 10% 
of the peak lateral load capacity, specimens with shear 
reinforcement16,17 exhibited only gradual strength 
degradation after reaching the peak lateral load. Residual 
strengths of the latter were often greater than 60% of the 

Fig. 4: Observed punching damage after the tests (arrows indicate testing directions)

16 15

1916
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peak lateral load capacity, even after several post-
punching load cycles to increasing drift ratios.

Bottom reinforcing bars did not appear to significantly 
affect the drift ratio at punching; however, the hysteretic 
energy dissipation capacity appeared to be affected. For 
the PT slab connections without bottom bars,13,14 only 
limited hysteretic behavior was exhibited, whereas the 
connections with bottom bars showed better seismic 
performance including considerable bottom bar yielding.16 
Other studies18,19 have investigated the need for and the 
required quantity of bottom bars for PT slab connections. 
Those test data indicate that moment reversal occurred 
at drift ratios of about 0.5% and that bottom structural 
integrity reinforcement, placed according to ACI 318-05, 
Section 7.13.2.5, and ACI 352.1R-89,9 Section 5.3, yielded at 
drift ratios of between 2.2 and 3.5%. Based on these 
results, we believe that bonded bottom reinforcement 
per Section 7.13.2.5 is desirable for post-tensioned 
connections of nonparticipating frames where moment 
reversal is likely to occur.

RECOMMENDATIONS
Based on the review presented in this article, a new 

bilinear drift ratio limit illustrated in Fig. 5 and equal to 
the larger of 0.015 and [0.045 – 0.05Vu /φVc ] is proposed for 
post-tensioned slab-column connections. Above this limit, 
the use of shear reinforcement in PT slab-column connections 
should be required in nonparticipating frames.

The new limit is a lower bound estimate of the drift 
ratio at punching shear failure for all gravity shear ratios 
and tested connection types and takes into account the 
differences in the need for shear reinforcement between 
conventionally reinforced and post-tensioned connections. 
Only two of the 33 PT slab test results fall slightly below 
the new limit. When the design story drift ratio exceeds 
the drift ratio limit, the test results show that shear 
reinforcement should be provided such that its strength 
Vs is not less than the current minimum per ACI 318-05, 
Section 21.11.5. Tests11,16,17 of PT slab-column connections 
with shear reinforcement extended a minimum of 1.9h, 2.25h, 
and 2.8h from the column face demonstrated excellent 
performance. Therefore, it is proposed that the current 
requirement that shear reinforcement extend 4h from the 
face of the support be reduced to 3h for PT slab connections.

Based on the experimental data shown in Fig. 5, the 
maximum allowable factored gravity shear force for PT 
connections that are part of intermediate moment frames 
(given in ACI 318-05, Section 21.12.6.8) can be increased 
from the current 0.4φVc to 0.6φVc. Further, this limitation 
could be waived if shear reinforcement is provided and 
the eccentric shear stress due to unbalanced moment 
does not exceed 0.5φvn, or if the story drift ratio does not 
exceed the drift limit proposed in the preceding paragraph, 
where vn is the nominal shear strength of the slab-column 

connection as defined by ACI 318-05, Section 11.12.6.2.
Finally, while the limits of ACI 318-05 Section 11.12.2.2 

(a), (b), and (c) were ignored in developing the  
recommendations of this article, it appears advisable, 
based on the reported behavior of the test specimens, 
that the design fpc value should be between 125 and 500 psi 
(0.9 and 3.5 MPa) and that the expression for Vc in  
Eq. (11-36) be applicable to exterior connections 
provided that at least two tendons pass through the 
column core, they are normal to the discontinuous edge, 
and the remaining tendons in that direction are uniformly 
distributed across the width of the slab.
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