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Abstract. The article presents the methodology and results of an
analytical study of structural parameters influence on the value of punching
force for the joint of columns and flat reinforced concrete slab. This design
solution is typical for monolithic reinforced concrete girderless frames,
which have a wide application in the construction of high-rise buildings.
As the results of earlier studies show the punching shear strength of slabs
at rectangular columns can be lower than at square columns with a similar
length of the control perimeter. The influence of two structural parameters
on the punching strength of the plate is investigated - the ratio of the side
of the column cross-section to the effective depth of slab C/d and the ratio
of the sides of the rectangular column Cumax/Cmin. According to the results
of the study, graphs of reduction the control perimeter depending on the
structural parameters are presented for columns square and rectangular
cross-sections. Comparison of results obtained by proposed approach and
MC2010 simplified method are shown, that proposed approach gives a
more conservative estimate of the influence of the structural parameters. A
significant influence of the considered structural parameters on punching
shear strength of reinforced concrete slabs is confirmed by the results of
experimental studies. The results of the study confirm the necessity of
taking into account the considered structural parameters when calculating
the punching shear strength of flat reinforced concrete slabs and further
development of code design methods.

1 Introduction

In the modern world one of the indicators of sustainable development of society and the
state is the construction of high-rise buildings and structures. The construction and
operation of high-rise buildings implies the possession of modern technology in all stages:
from planning and design solutions, designing load-bearing structures of buildings and
engineering systems, organization of construction works, to the monitoring of structures
and engineering systems of the building to ensure failure-free operation [1-4].

The most common design solution when designing high-rise buildings is the use of
monolithic gidderless slabs supported on columns-pylons [5-7]. Columns-pylons have
rectangular cross-section whose height is several times greater than the width, which
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improves the lateral stiffness of the building. One of the stages of designing high-rise
buildings is the calculating of flat slabs for punching. The calculation is aimed at ensuring
the constructive safety of the building [8—10], including in the case of progressive collapse.
Since the calculation for punching shear has an empirical basis, the carrying out of
experimental studies [11-13] is a necessary condition for the improvement of
computational methods [14—17]. As the results of experimental studies show [18-20], the
punching strength of a slab supported on a rectangular column may be less than that of
punching a square column. This effect is a consequence of the non-uniform distribution of
deformations along the control perimeter of the punching of a flat reinforced concrete slab
supported on a rectangular column. When punching the plate by column of circular cross-
section such features of the distribution of deformation is not observed. This peculiarity for
rectangular columns was observed experimentally by several researches such as Moe [21],
Hawkins et al. [22], Muttoni, Sagaseta et al. [23, 24] and any others. In the experiments of
these authors there is a concentration of the strains of concrete slabs in areas near the
corners of the columns.

The punching shear strength of flat reinforced concrete slabs depends not only on the
aspect ratio of the rectangular cross-section of the column, but also on the ratio of the side
of the column cross-section to the effective depth of slab (C/d). In the articles [23, 24] it
was shown that with increase of the ratio C/d punching shear strength of flat reinforced
concrete slabs is reduced.

The punching shear strength of RC flat slabs at rectangular columns can be
overestimated if the non-uniform distribution of strains along the control perimeter around
the column is neglected in the calculations. Different approaches are used in design codes
to determine the punching shear strength of a slab supported on a rectangular column.
Design code ACI 318-11 [26] are used correction factor, which depends on the ratio of the
sides of the column cross-section. Model Code MC2010 [27] and Swiss design code SIA
262 [28] recommend decreasing the value of the control perimeter, including for a square
column, depending on the ratio C/d. There are other suggestions for improving the
calculation methods [16, 17, 23-25]. Calculation methods of codes [29, 30] for punching
shear strength of flat slabs the non-uniform distribution of strains along the control
perimeter around the column are neglected.

2 Methods

Consider the cross-section of a flat plate I-I that passes through the body of a column (fig.
1). At the interface with the column, the slab is an absolutely rigid body in terms of flexural
stiffness. The presence of such an absolutely rigid part significantly influences the plate
deformation behavior and stress distribution in the interface zone of the plate with the
column.

Along the perimeter of the column, a zone of constrained deformations is formed in the
plate, due to the presence of a conditional absolutely rigid body in the section of the
interface between the plate and the column. Suppose that for a square column the zone of
constrained deformations has the form of a circle whose diameter is equal to the diagonal of
the square. The maximum value of this zone is in the middle of the face of the column, at
the corners of the column the zone is equal to zero. In the case of a rectangular column, the
zone of constrained deformations has the shape of an ellipse. The foci of the ellipse are on
the short sides of the column, so that the focal parameter is half the short side of the column
section.
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Fig. 1. Fragment of flat plate floor.

On the plate section equal to the width of the column, in the direction of the
perpendicular face of the column (radial strains), the zone of constrained deformations does
not significantly affect the flexural deformations of the plate. The most significant flexural
deformations of the plate vary in the section of the slab along the face of the column in
section II-II (fig. 1). The maximum value of strains of the plate is near the corners of the
column, the minimum value is in the middle of the face of the column. Thus, the zone of
constrained deformations has the greatest influence on the value of tangential strains of the
plate.

To estimate the influence of the zone of constrained deformations on the flexural
deformations of the plate, let us compare the flexural stiffness of two sections of the plate:
from the face of the column to the control perimeter and from the face of the column to the
circle denoting the zone of constrained deformations (fig. 2).
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Fig. 2. Constrained deformation zone around square column.

Distance from face of column to the control perimeter will take equal to 0.5d, in
accordance with [30]. Assume that the tangential strains (stresses) of the plate are reduced
at the site where the circumference of the area of the constrained deformation beyond the
border control perimeter (line AB). The reduction of strains proportional to the ratio of
moments of inertia relative to the Y axis of area ABCD (Ip) and area AEBCD (Lir).

The value of the control perimeter on the side 1 — 2 will also be reduced in proportion to
the ratio Iep/Ieir. Similarly, the value of the control perimeter decreases and on the other
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three sides of the column section. Assuming a reduced value of the control perimeter,
determine the value of the punching force according to the normative method.

The proposed approach makes it possible to determine the influence of the factor C/d on
the strength of the plate under punching force (C — column face size, d — effective depth of
slab).

Similarly, it is proposed to take into account the decrease in the control perimeter when
the flat plate is punching by a rectangular column. The value of the control perimeter
decreases in proportion to the ratio Iep/Icir. The values of Icp/Leir on the sides 1 —2 and 3 — 4
are determined relative to the Y axis of areas ABCD u AEBCD, respectively (fig. 3).
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Fig. 3. Constrained deformation zone around rectangular column.

The I¢p/Leir values on the sides 1 — 2 and 2 — 4 are determined for the respective sections
(if any) relative to the X axis. In this case, when calculating the punching plate, two
calculation factors are taken into account - the C/d ratio and the ratio of the sides of the
rectangular cross section of the column Crax/Cmin.

3 Results

In accordance with the proposed approach of considering the influence of structural
parameters on the punching shear strength of flat reinforced concrete slabs was determined
the dependence of strength of flat slabs under punching on the value of the factor C/d (the
ratio of the sides of the column cross-section to the effective depth of slab). The change in
the punching shear strength of flat slab was evaluated by adjusting the value of the control
perimeter in proportion to the ratio Iep/leir. The ratio of the corrected value of the control
perimeter Urq to the initial value control perimeter U is an indicator of the reduction in
punching shear strength of flat slab. The dependence of the value U..s/U on the calculated
factor C/d for a square column is shown in fig. 4.

The strength of the plate under punching by rectangular column will depend on two
structural parameters - the ratio of the sides of the column cross-section to the effective
depth of slab C/d and the ratio of the sides of the rectangular cross section of the column
Crax/Cmin. The reduction of punching strength of flat slabs also evaluated against the
adjusted and initial values of the control perimeter U,q/U. The dependence of U,y/U from
the structural parameter Cmax/Cmin for several values of Cuin/d (1.13, 2.7, 5) is shown in fig.
5.
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Fig. 4. Reduction of control perimeter for square column due to factor C/d
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Fig. 5. Comparison of predicted shear-resisting control perimeter using MC2010 and proposed
approach.

On fig. 5 also shows the dependence of U,4/U on the structural parameter Cpmax/Cmin
obtained in [23] using MC2010 simplified method.

4 Discussion

Analysis of the dependence in fig. 4 shows a significant influence of the parameter C/d on
the punching force to flat slab. With the ratio of the sides of the column cross-section to the
effective depth of slab C/d = 5 the reduction in punching shear strength is 23%, at C/d = 10
the strength reduction reaches 49%. When the ratio C/d < 2.5 the decrease in the strength of
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the plate punching by square column is not observed. For value of C/d = 3 MC2010
simplified method gives Uwa/U = 1, the proposed approach gives the value of U,d/U =
0.955, which is a good agreement.

Analysis of the dependence on fig. 5 shows that for small values of Cnin/d = 1, the
parameter Cpax/Cmin < 2.6 does not affect the punching shear strength of a flat plate. With
an increase in the ratio Cmir/d, a sharp drop in the punching shear strength of the plate
occurs. When the value of Cax/Cmin = 2, method design code ACI 318-11 [26] does not
imply a reduction in strength (Urs/U = 1), proposed approach gives the value U,d/U =
0.733 and 0.523 for Cmin/d = 2.7 and 5, respectively. MC2010 simplified method gives the
value Urd/U = 0.74 and 0.46 for Cnin/d = 2.7 and 5, respectively. In general, the proposed
approach gives more conservative results compared to the MC2010 simplified method, at
Crmax/Cmin = 5 the difference is 20 - 25%.

5 Conclusions

This paper presents the results from the analytical research on punching shear of flat slabs
supported by square and rectangular columns. Proposed approach was investigated to
assess the shear-resisting control perimeter due to the influence of parameters C/d and
Cinax/Cmin. The main conclusions are the following:

. The effect of parameters C/d (the ratio of the side of the column cross-section to the
effective depth of slab) and Cpax/Cumin (the ratio of the sides of the rectangular cross section
of the column) on the value of the punching force of a flat plate is significant enough and
should be taken into account in design codes. Proposed approach is phenomenological and
allows evaluating the effect of structural parameters on the punching strength of a flat plate
on the basis of a physical model by adjusting the value of the control perimeter of the slab.
. The results from the analytical research gives more conservative results compared to
the MC2010 simplified method [27] and shear field analysis or a method based on the
contact pressure at the support area [23]. Analysis of research results allows identifying
ranges of structural parameters, when the design codes calculation methods do not capture a
possible reduction in the bearing capacity of the slab for punching that allows us to make a
conclusion about the necessity of further improvement of design codes.

. The results from the analytical research on punching shear of flat slabs supported by
square and rectangular columns, are confirmed the previously proposed hypothesis about
the presence a zone of constrained deformation in the slab, which located along the
perimeter of a square or rectangular column. The deformation features of the plate in this
zone affect the distribution of strains along the control perimeter around the column and the
plate resistance by the punching force, respectively. The results of the study presented in
this article, as well as in [14, 18, 20, 23] confirm the necessity of taking into account the
structural parameters in calculating the punching strength of flat slabs and further

improving the normative calculation procedures.
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