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ABSTRACT: If unpredictable loads are applied to the flat slab-column connections, punching shear
failure occurs with almost no warning signs. According to the brittle manner of this failure, the load
carried by the slab-column connection redistributes to adjacent supports and causes overloading to these
supports. Due to this overloading and brittle nature of punching shear failure, progressive collapse may
happen both horizontally or vertically. In order to prevent the progressive collapse of flat slab-column
connections, it is necessary to provide a secondary load carrying mechanism after punching shear. In this
Paper, Suggestions for establishing a supporting mechanism in the flat slab connections after punching
failure are proposed. For this purpose, an experimental study was performed to investigate the post-
punching behavior of 9 slab specimens with various reinforcement layouts and concrete covers. The
effects of integrity, compressive and bent-up reinforcements, diameter of tensile reinforcements, and
concrete cover of tensile reinforcements on the post-punching behavior of slab-column connections were
studied. The results of the experiments show that the integrity reinforcements significantly improve the
post-punching strength. The compressive reinforcements may not increase post-punching strength. The
increase of the concrete cover of the tensile reinforcements and decrease of the diameter of the tensile
reinforcement result in an increase of the post-punching strength. The bent-up reinforcement increases
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the punching and post-punching strengths, simultaneously.

1.INTRODUCTION

After a punching shear strength failure, the load carried
by the slab-column connection redistributes the load to
adjacent connections, and hence, the load increases rapidly
in these connections. Consequently, they fail in punching
shear due to overloading. This would result in the fall of the
slab onto the slab below, thereby propagating the collapse
both horizontally and vertically throughout the structure
and could lead to progressive collapse of the structure [1].
The key to avoiding these failures is to provide a secondary
load carrying mechanism after a slab-column connection has
failed in punching shear [1,2]. After formation of the shear
punching crack and in the absence of shear reinforcement,
aggregate interlocking reduces quickly. Therefore, dowel
action plays a significant role in transferring shear, because
the only connection between the slab and the cone is the
tensile and integrity reinforcement [1,2].

Hawkins and Mitchell [3] proposed possible defenced
strategies that influence progressive collapse in flat slab
structures. Finally, they recommended the provision of
effectively continuous bottom reinforcement passing
through the columns, later termed structural integrity
reinforcement. Mitchell and Cook [2] stated that “Resisting
mechanisms which develop after the occurrence of initial
failures are described along with simple design and detailing

*Corresponding author’s email: esfahani@ferdowsi.um.ac.ir

recommendations necessary to enable the damaged slab
to hang from its supports. These design and detailing
requirements result in effectively continuous bottom bars
along column lines that are well anchored into the column
or support regions”. Melo and Regan [4] shows that bottom
bars passing through a column and anchored in the slab to
either side of it can be highly effective in increasing the post-
punching resistance of a slab-column connection. The final
resistance provided by the bottom bars appears to be governed
either by the destruction of the concrete in the zone where
they are anchored in the slab or by the fracture of the bars
themselves. They reported that the angle of inclination of the
integrity reinforcements at failure in the vicinity of the column
face varied from 22° to 26°. Mirzai and Muttoni [5] tested
various reinforcement layouts tensile reinforcement, integrity
reinforcement and bent-up integrity bars. They concluded
that tensile reinforcement provides a limited post-punching
capacity when it is not suitably anchored on the soffit of the
slab and the integrity reinforcement can increase the residual
strength of flat slabs. They state that “Bent-up bars generally
perform better than straight bars” They advised to Use high-
ductility reinforcement for the integrity bars [5]. Habibi et al.
[1] showed that increase of the slab thickness increases the
post-punching resistance of slab—column connections.

In this paper, an extensive experimental campaign was
performed to investigate the post-punching behaviour of 9
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Table 1. Summary of test results

. . Ratio post- .
Punching Punching Max"m"fl MHXlIl'lllIE'l punching to Ratm.post-
. post-punching post-punching . punching to
Series  Spec. strength Displacement strength displacement punching ACI punching
No. No. strength
Vp Wwp (Vep)max (Wpp)ma: (%p)max (Vep)max
[kN] [mm] [kN] [mm] Ve Vaci

SP-1 246 30 101 111 41% 59%

Series1  Sp-2 271 27 232 138 86% 136%

SP-3 261 31 261 120 100% 153%

Series 2 51 297 28 270 132 91% 158%

SC-2 310 37 305 147 98% 179%

Series 3 SR 272 36 283 135 104% 166%

SR-2 250 36 195 135 78% 114%

Series 4 B! 375 28 265 66 71% 155%

SB-2 292 25 235 120 80% 138%
400 covers (cover of tensile reinforcement) are 25 and 35 mm,
/4 SB- respectively. Series 3 consisted of two specimens. The ratio
/I l| of the tensile reinforcement is equal to SP-2 specimen
300 1 8El SR-1 (0.62%). In the SR-1 and SR-2, distance and diameter of the
L‘l’: ) & tensile reinforcement decrease and increase, respectively.
Z A LY\ e P AV The other details of these specimens are similar to those
;“‘ 20015 ) A I of the SP-2 specimen. Series 4 consisted of 2 specimens.
/AR g v ke -T """"" In the SB-1 specimen, bent-up bars were used as integrity
1§ ' \ ACI SP-2 reinforcement with an angle of inclination of 45° and bent
100; 4 SP-1 \3_,\\’___‘,? from the column face. In the SB-2 specimen, additional
I bent-up bars were placed in crossover arrangement around
e the column. Table 1 shows the summarized results of
0 y ' T ¥ y these experiments. Shear-displacement behavior of some

0 25 50 75 100 125 150 . . e
specimens is shown in Fig. 1.
w [mm]

Fig. 1. Shear-displacement behavior of some specimens (One
specimen of each Series)

slabs with various reinforcement layouts and cover concrete.
The purpose of the current study is research on the effects
of integrity, compressive, bent-up integrity, and bent-up
additional reinforcements, diameter of tensile reinforcements,
and concrete cover of tensile reinforcements on the post-
punching behaviour of slab-column connections.

2. METHODOLOGY

In this experimental study, half-scale specimens were
constructed in four series. In all specimens, the ratio of
the tensile reinforcements and the concrete cover of the
compressive and integrity reinforcements are 0.62% and
15 mm, respectively. Series 1 consisted of three specimens.
The SP-1, SP-2 and SP-3 included tensile reinforcements,
tensile and integrity reinforcements, and tensile, integrity
and compressive reinforcements, respectively. The series 2, 3,
and 4 were used to the effects of concrete cover of the tensile
reinforcements, diameter of the tensile reinforcements,
and the bent-up reinforcements on the post-punching
strength, respectively. Series 2 consisted of two specimens.
The reinforcements of these specimens are similar to the
SP-2 specimen. In SC-1 and SC-2 specimens, the top clear
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3. CONCLUSION

Based on the result of the present study, Integrity
reinforcements significantly increased post- punching
strength. These reinforcements can develop tensile membrane
action and prevent progressive collapse by alternative load
paths to transfer the load. These reinforcements did not have
much influence on the punching strength. In the column
strip, compressive bars (except integrity reinforcements) did
not have much influence on the punching and post-punching
strength. Increase of the concrete cover (in tensile region)
can enhance punching and post-punching strength. Concrete
shear strength increases with increase concrete thickness.
Hence, punching shear strength enhances with increase of
the cover concrete (concrete thickness). Increase of the cover
concrete enhances dowel action and delays concrete spalling.
Hence, post-punching strength increases. Decrease of the
diameter reinforcements (tensile reinforcement) increase
post-punching strength. Bent-up integrity reinforcements
significantly increase punching and post-punching strength.
Additional bent-up reinforcements were not effective on
the post-punching strength. These reinforcements slightly
increased punching strength.
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Fig. 1. Behavior of flexural and integrity reinforcements
and concrete after punching shear failure [20].
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Table 4. Details of experimental specimens
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Table 5. Summary of specimens and test results
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