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nstruction activities are going on everywhere,
be space crunch, staggered column orientation

e sular geometry. Construction of huge structures
nd 7= gen;:rated to overcome these difficulties by
. t:jeecriln:7 flat slabs which make beams invisible,
mfr.orudeaa weight, increased speed of construction
;;eenlarges floor area. It is simple to construct and
;nhances the clear height. Tl_lese structures contain
{arﬂe vertical forces and bendlr_lg moment in zone of
sup;poﬂ- In 1905 American Engmeer Turner employed
te concrete floor slabs without beams (called flat
slates or flat slabs) and used diagonal and orthogonal
;wanem of reinforcing bars. This was the beginning of
fatslab construction. However the past and recent
falures of flat slab structures have underlined the need
ir reviewing the construction practices and current
&sign, especially the construction of flat slab system
nhigh seismic regions. Kuang and Morley' studied
nnching  shear behavior of restrained reinforced
ncrete flat slabs and concluded that edge and corner
whaint has significant effect on punching load of
“is. In two-way shear failure or punching failure, the
f“‘éOnal tension cracks will occur along a pyramid or
ated cone passing through the critical sections.
eta” depicted that the punching shear strength
T';tﬁeagusil\?bls at rectangular columps can bg lower than
% Comrj] ent Square columns w¥th g similar .length of
Pacity duléet"meter. The redgctlon in punching shear
he corﬁers Ofo the concentration of shear force_s near
elengy, 5 Square and rectangular colpmns with the
Hew 1 o Ol column to depth of slab ratio greater than
ds on the bending deflections of the column

s the €0
will

e
“depen

~

T
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geometry and slab. Many flat plate structures have been
collapsing in the mode of punching failure especially
during earthquakes. Osman, et.al’ discussed the exterior
slab column connection subjected to an unbalanced
moment produced by the lateral as well as gravity load
in the non-linear analysis method. It was concluded that
the exterior slab-column connection more susceptible
to punching shear failure. Unlike interior panels, the
exterior panel is not in a fixed manner due to torsional
effects which are induced by unbalanced moments and
results in lifting up of corner and edge connections of
slab inducing reduction of stiffness of slab. Therefore
the punching shear failure in flat slab system has
greater significance and effective solutions to avoid
punching shear failure are of great importance. John
and David* stated that the punching shear strength ot
an interior slab-column connection increases as the
column aspect ratio (shorter side of column/longer
side of column) increases. The shear stress resistance
of slab-column connection decreases as column side
length to slab depth ratio increases. Tuan® reported
that the high strength concrete improves the punching
shear strength by delivering the higher forces through
slab-column connection. Many of design procedures
are based on normal strength of concrete. Therefore,
it is necessary to use of high strength concrete. Based
on extensive experimental and analytical studies. it is
intended to prescribe the design guide lines for safe
construction of flat slab structure in high seismic zones.
Priya, et, al.® carried out analytical model for flat slab
column connection subjected to lateral load in order to
verify the connection behavior for the given detailing.

N
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Kashliwal and Dasgupta”™ worked on finite element
model of flat slab and column connection under
seismic loading and studied the influence of various
parameters on punching shear. Hosahalli and Aktan®
investigated the weakness of exterior flat slab-column
connection during extreme seismic condition. Based on
the literature, it is concluded that the flat slab —column
connection is critical zone for punching shear. Hence,
in this study number of parameters influencing the
punching shear capacity at the slab-column connection
under lateral load is considered.

A typical six storey (G+5) residential type open
ground reinforced concrete flat slab is considered. The
non-linear static pushover analysis was performed for
which non linear model for concrete is taken. This
process is repeated for various column aspect ratios,
depth to span ratio and influence of drop on punching
shear stresses are being studied. This study particularly
emphasized on the predicted mode of failure and
punching shear capacity. The different modes of failure
were based on structural response i.e., deflection, crack
pattern and stresses in steel and concrete which agree
with analytical observations. Parametric study using non-
linear pushover analysis was performed to carry out the
strength and distribution of internal forces developing at
the corner and interior slab-column junctions.

Structural modeling

In this study, six storey (G+5) residential type open
ground reinforced concrete building with flat plate
system is taken. Analysis has been carried out using
ETABS software. The structural properties and external
load details are mentioned in Table 1. Plan and elevation
of the structure along with dimensions are shown in

Figs. 1 and 2.

Analysis methodology

In order to study non-linear behaviour of building,
pushover analysis is carried out. It is a step wise non-
linear static procedure primarily used to govern the
response of a structure at every individual step. It is a
non linear and static procedure in which the magnitude
of structural loading increased incrementally with
a certain pre-defined pattern accordingly. With the
increase in magnitude of structural loading, failure
modes and weak links are found. It involves two steps:
(i) the response of the structure is governed under
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vertical or gravity loads only (DLt LL) and (it) Then the
structure is displaced in the direction of lateral load.

TABLE |
STRUCTURAL PROPERTIES

.

Column size = 600mm
450mm

| Overall depth of the slab (D)
=300mm

Effective depth of the slab (d)
=270mm

Live load on the roof floor =
1.75kN/m?

( Size of drop=2500mm =

Thickness of drop = 80mm
Enel size = 6000mm x
8000mm

Live load on the remaining
floors =3.5kN/m?2

Dead load = 7.5kN/m2

Zone factor =1V

Grade of concrete = M25

Grade of steel = HYSD bars
415

Total gravity load on the roof
floor of slab = 9.25kN/m?2

Total gravity load on the
remaining floors of slab =
11kN/m?

|
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Fig.2 Plan of the building
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Sectional elevation of the building
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g control: 1U1s attempted to examine the
lace "’_‘mc structure. Displacement control monitors
ity 1_\1“. of moments, hinges and base reactions cl(:
I*Cl““':_t {o lateral drift. In this study, displaccmmﬁ
h rC>l“:hm,Cl. analysis is carried out using software
"“‘l‘p“‘-\gram‘ On performing pushover analysis,
\BS pv‘i‘o} of slab-column connections punching

hcl:;:wm, is monitored at every step.
_capacit)
i rol: 1t is undertaken to estimate up to what
rces the structures behaves elastically. Once
p— reaches thf: pl.aSth. state, then the force
ne ! | pushover analysis will fails as the load carrying
-“"‘ﬁfin. of the structure becomes constant. Force
i:"]‘:]fol'pushover analysis is performgd in case of linez}r
;I1nl,\'5i5 because to monitor the behavior beyqnq plastic
;,h;\sc. displacement control pushover analysis is used.
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(ESULTS AND DISCUSSION

The parameters influencing the punching sh.ear strength
of flat slab system are column aspect ratio, concrete
srength, depth to span ratio, flexural reinforcement,
I_Yra\viry loading, shear reinforcement and the presence
of drop. In the present study, the parameters taken
for investigation of the behavior of punching shear
srength are column aspect ratio, depth to span ratio and
prcse.nce and absence of drop. The response of the 3rd
qorey 1.e.. intermediate floor is being considered. The
rcsulis and discussions are obtained for intermediate
and corner slab-column junctions of the building. The
shear stress (t,) of the flat slab-column connection is
normalized with respect to the design shear capacity of
the connection (7, = 0.25V(f;x)). And the displacement
(4) values of the building are established with respect

0 the height of building (Hp) which is known as lateral
dnft ratio also.

Effect of depth to span ratio

Depth to span ratio (D/L) is varied by changing the
fickness of depth of flat slab for the constant span.
z’unching shear strength of the corner as well as interior
‘ictions is obtained with the varying depth to span
@0 of flat slab for a particular grade of concrete, loads

:“d column aspect ratio. For the analysis, the different
‘rtplhs 10 span ratios taken are:
YDIL=0.10; Giy p/L = 0.08; (iii) D/L = 0.07

~—

VY D/~ 005 (v)y /] —0.03

e shear stress distribution in the flat-slab system
for various depth to apan ratios 18 nbtained after
performing the non linear static pushover analysis
using ETABS 2015. From the obtained stress chagram
(Figs. 9 and10), it is observed that the area of flat plate
around the edge and corner column positions become
very critical because of high punching shear stresses.
As the loading is on only two sides of the column.
the induced unbalanced moment produces additional
torsional moments.

Interior slab- column junctions

The slab dimensions considered this study are same but
varying depth of the slab. It is observed that there 1s
significant effect on nominal punching shear stress. The
general trend of the punching shear is presented in Fig.
3. It indicates that with increase in depth to span ratio
(D/L), nominal shear stress decreases and punching
shear strength increases. With the increased thickness
of slab depth, the local and brittle nature of shear
failure diminishes because of higher shear resistance
of concrete. The slope of lower depth to span flat plate
remains nearly same. From Fig. 3 it is also observed that
the shear capacity of connection is found to highest for
D/L = 0.03 with 3.104 7. equals to 3.88 N/mm2 and less
value is obtained for D/L = 0.10 with 0.626 . equals
to 0.7825 N/mm2. Beyond the peak shear strength
phase, the flat plate structure with higher depth to span
ratios shows abrupt failure in shear with brittie mode of
failure because thicker depth of slab has lower rotation
capacity and allows them to fail in brittle only. Post
peak strength of slab-column connections with lower
values of D/L ratio is found to degrade gradually. The
depth to span ratio 0.07 is found to be critical D/L ratio.
A dimensionless parameter N, is defined as (D/L)/0.07,
which is mathematically equals to Ny, = 14.28 (D/L). It
Ny, 1s less than one, mode of punching shear failure is
ductile and if N, greater than one, it is brittle. For lower
D/L ratios, connections preceded by larger rotations
because of thinner depth of slab leading to ductle
failure of the connection. For higher D/L ratios, slabs
fail in brittle because the compressive stress exceeds
the compressive strength of concrete, then portion of
the slab near slab-column connection was crushed.
Accordingly higher depth ot slab enhances the stiftness
and lowers the deflections. In Fig. 3, 1t is shown that the

W

JOURNAL OF STRUCTURAL ENGINEERING 223
Vol. 45, No. 2, JUNE - JULY 2018



lateral drift ratio increases with decrease in D/L ratio
because of larger rotations and unbalanced moments.
For D/L = 0.10. the peak lateral drift 15 0.476% and for
D/L = 0.03. it is 1.135%. Irrespective of the depth to
span ratio, the elastic drift limit is likely to be more than
0.4% of the height of the building, which is more than
the prescribed limit by IS: 1893-2002".

Corner slab-column connection

The general trend of the graph (Fig. 4) depicts that
with increase in D/L ratio, the punching shear capacity
is increased. The comer slab-column connections
confined to limited width on either sides of the column,
which are susceptible to higher torsional moments.
The punching shear stress of the comer slab-column
connection is found to be highest for D/L = 0.03 equals
to 7.368 7. and the least value was observed for D/L =
0.10 equals to0 2.936 ...

~
3

/1,

—-—D/L=0.10
—a— D/L=0.08
—— D/L=0.07
—— D/L =10.05
——[D/L=0.03

0 - S
0 0002 0004 0006 0008 001 0012
AH,

Fig. 3 Effect of D/L on punching shear for interior slab-column
junction

——D/L=0.10
~&= D/L =0.08
== D/L =0.07
= D/L=0.05
—=—D/L=0.03

0 0002 0004 0006 0008 001 0012
NH,

Fig. 4 Effect of D/L on punching shear for corner slab-column
junction

Effect of column aspect ratio

Aspect ratio (f) is equals to the ratio of longer side
of the column to the shorter side of the column. For
a given grade of concrete, fixed span and thickness of
plate, the influence of aspect ratio on punching shear
is studied. The variation in aspect ratio is obtained
by varying the width of the column but the depth of
column in the direction of pushover is kept same. The
various aspect ratios taken are:

size of column = 600mm x 600mm; = 1;
size of column = 600mm x 530mm; g =1.14
size of column = 600mm x 450mm; = 1.33
size of column = 600mm x 400mm; = 1.5
size of column = 600mm * 300mm; g =2

Interior and corner slab-column junctions

With an increase in the column aspect ratio (f), the
punching shear strength around the slab-column
connection decreases till the peak shear strength
is reached and beyond the peak strength the trend
reverses. Beyond the peak shear strength, the shear
strength of slab-column connection having lower aspect
ratio falls steeply compare to the connections having
larger aspect ratio. The peak occurs at higher values
of lateral drift ratio with an increase in the column
aspect ratio because transverse moments are confined
to limited width on either sides of the column due to
reduced column dimension. Slab-column connections
with higher aspect ratios (f = 1.5 and 2) appears to be
more ductile in comparison to the connections with
lower values aspect ratio (=1 and 1.14) is depicted in
Figs. 5 and 6. The maximum shear capacity is obtained
in a lateral drift range of 0.7-0.9% for both junctions.
The shear capacity varies linearly up to a lateral drift of

about 0.55% before the shear capacity curves goes into
non-linear zone,

For =1, the interior column shows punching shear
capacity four times more than corner column. The
code I1S1893:2002° (partl) prescribed drift limit of
0.4% underestimates the actual behavior because the
code follows only elastic concrete behavior. And the
additional strength due to material non-linearity of
concrete doesn’t take into account in resisting punching
shear. The peak shear strength is found to be higher
in case of corner connections compare to interior
connections due to torsional stiffness and unbalanced
moment. The column aspect ratio didn’t tell about

224 JOURNAL OF STRUCTURAL ENGINEERING
Vol. 45, No. 2, JUNE - JULY 2018



w
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K,iml in punching shear capacity only. From Figs. 3
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wom clear 'h_a" 1th punchi_ng shear stress remaing

42 o some initial deflection and then it abruptly
ch‘llP terior slab-column junctions compare (o
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nfluence of drop on punching shear and stress pattern

A5 the flat slabs directly rests on the columns, high
"“enitude of bending moment and shear force develops
e face of the column. Therefore the columns may
;-kcl)v/ 10 punch the slab. To sustain these stresses, the
%1 thickened near slab-column connection. When
Mt plage structure is subjected to lateral loading, the

mechanism of transfer of moments from a slab to the
columns is very complex and gives rise to unbalanced
moments. These unbalanced moments produce shear
and torsion at the slab-column joints and transferred into
column leading to excessive cracking and reduction in
stiffness of connections. Influence of the drop is plotted
in Figs. 7 and &, it is observed that with provision of
drop, the punching shear capacity drastically increases
and deflections are reduced. The maximum peak stress
observed for exterior column of flat plate without drop
model is 4.56 times y,. and whereas the flat plate with
drop model is 1.768 times y,.. The peak stress for interior
column of flat plate without drop model is 1.68 times
V¢ and that for with drop is 0.568 times y.. From the
graphs (Figs. 7 and 8), it is observed that to counteract
punching shear failure, the interior column connections
of a building should be of flat-plate type and exterior
column connections are of flat plate with drop type is
more effective and economical compare to flat-plate
with perimeter beams structure. Beyond peak strength,
the punching shear capacity decreases gradually for flat
plate with drop model and falls steeply for without drop
model. Therefore flat plate with drop structure shows
more stiffness, lesser deflection, reduction in negative
bending moment and decrease in shear stress. Flat plate
with drop is more preferred in high seismic regions. In
Fig. 7, it is shown that the flat slab with drop model has
defiection 1.44 times less and punching shear capacity
2.97 times more in comparison to without drop model.
Flat plate with perimeter beams shows more rigidity
and punching shear capacity in initial stage because
of beam-column action. But at later stage it reduces

drastically due to slab-column action of interior
columns.

2,
1.8 .
1.6 ’f/‘/,/
14| yd d
12| /“/
S S
- 0.8\ s
0.6/ /e _
0.4'1 » ”/:r ~ P —+— without drop
0_2‘“'"'/”’« / —&— with drop
%07 0002 0004 0006 0008 |

0.01
AH,

Fig. 7 Eftect of drop on punching shear for interior slab-column
junction
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Stress pattern

When the load is applied on the slab, the first crack to
form around the perimeter of loaded area is roughly a
circular crack due to the negative bending moment in
the radial direction. Due to negative bending moment,
radial cracks are developed in the circumferential
direction and they extend from perimeter. After a
significant increment in load, tangential cracks form
around the loaded area at a certain distance from the
column face. At the same time shear or inclined cracks
form on the truncated surface. The critical section of
the slab for shear and moment are both at or close to the
periphery of the loaded area and hence it is expected that
moment shear interaction would occur. This moment-
shear interaction complicates the classification of mode
of failure at the connections. Once the shear strength
of slab 1s reached, the punching shear failure takes
place along a truncated cone developed by the diagonal
tension cracks around the column. At compressed
surface, the strain in concrete reaches their highest
values and the strains in radial direction decreases
rapidly with increase in distance from the column. For

the circular columns of circular slab, the tangential
strain always to be higher than radhal strain and the
radial strain around the column often decreases before
failure and also sometimes changes from compression
to tension. The distribution of strains at the rectangular
column face shows concentration of stress at corner.
The Figs. 9(a) and 9(b) indicates that the punching
shear stress is high at the corner than interior siab-
column junctions in both models. This is because
of primary susceptible of lateral load, torsional
dissimilarities around the corner slab-column junction.
This concentration of stress basically increases with
larger rectangular or square column but is absent in
slabs with round or circular column. The shear stress
at various locations i.e., interior, edge and corner slab-
column junctions of flat slab are summarized in Table
2 for gravity and gravity plus push conditions after
performing the non-linear static pushover analysis.

(©)

() Shear stress didtribution in with drop model; (b) shear

stress didtribution in without drop model; (¢) intensity of
stress in MPa

Fig. 9

CONCLUSIONS

Non-linear static pushover analysis of flat plate
structure was performed to study the influence of

TABLE 2

VARIATION OF SHEAR STRESS (z,) in N/'mm2 AT DIFFERENT JUNCTIONS UNDER GRAVITY AND SEISMIC LOADING

1

With drop

Without drop i
Slab-column junction Gravity Gravity + push Gravity Gravity + push {
. maximum Ultimate pOil‘Il ch'dkiﬂg Point maximum Ultimate poin[ 1 Breaking point
Interior L 02 0.72 0.27 0.35 102 | 074 |
Exteror ‘ 0.44 115 0.79 0.8 |45 l o1
Comner ]L 115 2.22 1.64 1.72 241 | 1.93
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_« Jike column aspect ratio, depth 1o Span ratig
1"“'"“"1kmncns"““s on the punching shear capacity
 dropP ¢ . and intermediate slab-column unctions
¢ C.Om‘conchlsiuns drawn from non-lincar smﬁ;
¢ S“_l'cnf as follows:

4 to flat-plate building,

(

ompare the Aat-plate
“‘th 1rop structure enhances the punching shear
wi

w 2.579 times more and shows | .44 times
P Jeflections and more stiffness. In g higher
jess¢ ic regions. the flat plate with drop is more
SC]-S,I}:i\;C and shows 1.791 times more punching
f‘;::;:r strength compare to the flat plate with
"~ rimeter beams.

capact

Saill
I\:'irtlh the increase indepth to span raFio. the punching
(hcar capacity is mcrgased f0.r both Intermediate and
;~o mer junctions. nghxer .thIS ratio, the structures
pehave brittle mode Qt failure because the thicker
plate has lower rotatlon. capacity. When this ratio
is low it indicates duct.lle nature. Punching shear
failure abruptly occurs in brittle mode only.
with the increase in column aspect ratio, the
punching shear strength of slab-column junction
gecreases for both interior and corner junctions.
Higher this ratio, columns appears to be more
ductile compare to low aspect ratio because these
columns are confined to limited width on either

sides of the column.

If depth to span ratio is less than 0.07, then mode
of punching shear failure is brittle and if depth to
span ratio is greater than 0.07, it is ductile mode of
failure.

1S1893:2002° prescribed elastic drift limit of 0.4%
which underestimates the actual behavior, because
IS code follows elastic concrete behavior doesn’t
considering additional strength due to material non-
linearity of concrete in resisting punching shear.
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