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Summary: The paper presents a short brief of historical development of flat slabs and
mechanical models for describing the behavior of the slab around the column exposed to
punching. The procedure for calculating the failure load of the of reinforced concrete
slabs without the shear reinforcement according to the Eurocode is described in detail,
and the numerical calculation was carried out for 11 slabs. The slabs are supported on
all four edges, and loaded over centric square column. The variables of these slabs were
the strength of the concrete on the pressure and the amount of the longitudinal
reinforcement. The obtained results are compared with the existing measured results.
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1. INTRODUCTION

Flat slabs are those which are directly supported on columns without capitals. They can
be considered as a good option for concrete buildings since they may reduce the
construction time due to the simplification of forms and rebars and especially by
attributing greater flexibility in layout of floors. The design of slab-column connection is
the most critical point in the design of flat slabs, because of the concentration of shear
stresses in this region that can lead to punching, which is a localized failure mode that
can occur without signifcant warnings and may lead the whole structure to ruin through
the progressive collapse. Figure 1a shows an example of punching failure [1]. One way
to ensure local ductility and prevent progressive collapse of flat slabs is through the use
of post-punching reinforcement as those shown in Figure 1b, which must be designed to
carry the vertical reaction in the column, and must be detailed in order to ensure that
they are sufficiently anchored beyond the region of the possible punching cone.

The most significant parameters influencing the punching strength of slabs are primarily
the compressive strength of concrete, reinforcement ratio, mechanical characteristics and
type of reinforcement used, size and geometry of columns, size effect, and
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effective depth of the slab. The shear failure of concrete elements without shear
reinforcement is directly related to the tensile strength of concrete, which is most often
defined as a function of compressive strength. In Eurocode 2, the punching strength is
expressed via the function that is proportional to the cube root of the compressive
strength of concrete. The reinforcement ratio that is defined as the ratio of the tensile
reinforcement area to the effective area of the slab is the parameter that significantly
influences punching strength. An increase in the reinforcement ratio also increases the
compressive zone, thus reducing the possibility of crack development due to bending,
which enables better transfer of transverse forces in the slab-column connection zone
[2]. A greater reinforcement ratio also prevents development of tensile cracks, which is
favourable for load transfer via the aggregate interlock mechanism. Authors Kinnunen
and Nylander changed the reinforcement ratio on slabs 150 mm in thickness from 0.8 %
to 2.1 %, and obtained, by reason of this change, a 95 % increase in punching strength.
The stress distribution in the slab to column connection also depends on the dimensions
and geometry of columns. The stress concentration occurring in the corners of square
and rectangular columns logically causes reduction of punching strength compared to
columns of circular cross-section.
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| top reinforcement
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2. HISTORICAL DEVELOPMENT

At the beginning of the 20th century, almost simultaneously, reinforced concrete slabs
were designed and built leaning directly on columns in countries such as Switzerland,
Russia and the United States. For this reason, various authors differently interpret the
formation of this construction. In the US, engineers George M. Hill, Orlando W.
Norcross and C. A. P. Turner are mentioned as the most credited for the development of
flat slabs. Gasparini [3] said that the contribution to the development of this system
should have been given to George M. Hill, an engineer who designed and built facilities
such as filtration plants and warehouses in various regions of the United States between
1899 and 1901. Also, he points out that C.A.P. Turner, an American inventor and
engineer, was responsible for demonstrating the reliability of these slabs to humerous
built-in buildings. Reed, Schoonees, and Salmond [4], as well as many historical
literature, attributed the invention of this construction to the Swiss engineer Robert
Maillart, famous for his flat-panel bridges. According to their research, Maillart
completed his tests for flat slabs by 1908, for which he obtained the patent in 1909.
Kierdorf [5] points out that this system was developed independently in Russia and that
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engineer Arthur F. Loleit applied slabs without a beam for the first time in Russia in
1907.

Figure 2. Mushroom constructions: a) Turner, b) Maillart, c) Loleit

Although there were some differences in the quantity and schedule of tensile
reinforcement, all the designers, initially, were used the capitals of large dimensions to
transfer the force from the slab to the column, and the slabs were not reinforced against
punching. The first attempts to reinforce the slabs against punching were the bars of
reinforcement bent upwards from the bottom zone, a system that was taken from the
reinforcement of the beam to transverse force. Later, other systems of reinforcement
against punching were developed, and one of the most commonly used system is headed
shear stud system.

3. MECHANICAL MODELS

The problem of punching reinforced concrete slabs supported by columns was done by
many researchers, and one of the first significant works in this field is the experimental
study of Talbot from 1913 [6]. Talbot examined square foundations centrically loaded
over square columns and practically, he was the first who introduced a critical cross-
section method. The method is based on calculation the nominal shear stress obtained by
dividing the load which causes the punching with the surface of the control cross section
around the loaded area. Safety against punching is evaluated by comparing this
calculated nominal shear stress with the concrete strength parameter, for which the
strength of the concrete on tensile or part of it is usually adopted.

However, the thickness of the foundations differed significantly from the thickness of
the mezzanine slabs, and for this reason the results of Talbotanis were not adequate in
terms of the load capacity of the flat slabs on the punching. In trying to eliminate these
and other defects, Elstner and Hognestad tested 39 slabs with varying the strength of the
concrete, the percentage of reinforcement, the dimensions of the columns, the way of
supporting and loading the slab, and the position and quantity of the reinforcement for
receiving the shear force [7].

Due to the ignorance of fracture mechanisms and theoretical methods for determining
the relevant forces, the design was performed using empirical expressions and formulas
derived from the results of the experimental tests. In 1921 Westergaard and Slater
published the first comprehensive theoretical calculation of the internal forces for the
slabs without beams. Method of the final differences, they determined the forces in the
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slab, taking into account the different load cases and contributing to the stiffness of the
columns and capitals [2].

The American regulations, the ACI Code for the Design of Reinforced Concrete
Structures, published in 1925, provides the first recommendations for the design of flat
slabs based on experimental research.

In 1960, Swedish researchers Kinnunen and Nylander proposed a mechanical model for
describing the behavior of the slab area around the column-support exposed to punching
and the procedure for calculating the punching force. For the special case of a radially
and tangentially reinforced circular slab, which is supported by a circular column, this
proposal well describes the state of stress and strain in the slab at the time of fracture [8].
Regardless of the fact that their theoretical background was developed for slabs that are
not reinforced for punching, it serves as a basis for many researchers who have
developed models of slabs with a reinforcement against punching.

Today, there are several research groups in the world dealing with the punching
phenomenon of slabs with and without the shear reinforcement, of which it is probably
the most active research group from the Federal Polytechnic School in Lausanne
(Switzerland), led by Professor Muttony. The biggest scientific contribution of this
group is certainly related to the new theoretical approach to slab punching, which is
based on the critical shear crack theory, [9, 10]. According to this theory, the punching
shear strength of slabs depends on the slab inclination (rotation) due to load, and the slab
stiffness defined through bending strength. The theory is based on the assumption that
the punching shear strength reduces with an increase in slab inclination, and it has been
incorporated in the Model Code 2010.

4. PUNCHING SHEAR OF SLAB ACCORDING TO EUROCODE 2

Revision of the boundary load capacity for punching slabs directly supported on columns
or loaded with concentrated loads according to Eurocodes [11] is carried out using the
critical cross-section method. The shear resistance should be checked at the face of the
column and at the basic control perimeter u;. If shear reinforcement is required a further
perimeter Uouter Should be found whereshear reinforcement is no longer required. Other
control perimeters, uj, inside and outside the basic control surface, should be of the same
shape as the basic control perimeter.
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=26¢ A — basic control section

B — basic control area

C - basic control perimeter, u;
D — loaded area, A joad

r cont — further control perimeter

4.1 Load distribution and basic control perimeter

The basic control perimeter uymay normally be taken to be at a distance 2dfrom the
loaded area and should be constructed so as to minimise its length (see figure 4).The
effective depth of the slab is assumed constant and may normally be taken as:

(d, +d)
dpf‘f=%

whered,, andd ;the effective depths of the reinforcement in two orthogonal directions.

2 2d o===~
h hY
= — 4 N
’ r \ ’ ‘\/
| | 2d N
] ] \
bz | 1 1 ]
] ] ] [}
] | ] [}
\ ) ! $
\ ’ \ !
~ ’

Figure4. Typical basic control perimeters around loaded areas.

4.2 Punching shear calculation

The design procedure for punching shear is based on checks at the face of the column
and at the basic control perimeter u;.Thedesign shear stresses (MPa) along the control
sections, are defined as:
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vz - — the design value of the punching shear resistance of a slab without
punching shear reinforcement along the control section considered;

Vg -z — the design value of the punching shear resistance of a slab with
punching shear reinforcement along the control section considered;

Vea max — the design value of the maximum punching shear resistance along
the control section considered.

The following checks should be carried out:

a) At the column perimeter, or the perimeter of the loaded area, the maximum
punching shear stress should not be exceeded:

Ved = Vad max
b) Punching shear reinforcement is not necessary if:
Veg = Vadc

c) Where v zexceeds the value vy, for the control section considered, punching
shear reinforcement should be provided according to punching shear resistance
of slabs and column bases with shear reinforcement.

4.3 Punching shear resistance of slabs and column bases without shear
reinforcement

The punching shear resistance of a slabshould be assessed for the basic control section
and the design punching shear resistance MPa may be calculated as follows:
Vage = Cpac K {.J-UU."}Lfric]“! +kyopp Z vigin + K10y
where:
for IN MPg;

5

0
= 2,0:d umm;
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W)
oo = [Py s = 0.02;
oy - iz relate to the bonded tension steel in y- and z- directions respectively. The
valuesg;, and g should be calculated as mean values taking into account a slab
width equal to the column width plus 3d each side.

|

Oep = {ﬂrr + r-"rrz}l-"llz

where:
g+ Oz — are the normal concrete stresses in the critical section in y- and z-
directions (MPa, positive if compression):
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Nzay Nzg. — the longitudinal forces across the full bay for internal columns
and the longitudinal force across the control section for edge columns. The
force may be from a load or prestressing action.

A, — the area of concrete according to the definition of N z.

1
The recommended value for Cpy . = 0,18/ 3, .k, =01 vy = 0.035K%7- f12 .

5. NUMERICAL EXAMPLE

The calculation values of the fracture force determined on the basis of the EC are
compared with the measured values of the fracture force from the work of Elstner and
Hognestad [7]. Of the total of 13 slabs of the main series of their examinations, here, it
was discussed 11. The slabs were supported on all four edges, and the load was carried
out through centric square columns of length of sides 25.4 cm. The variables in this
series were the compressive strength of the concrete and the amount of the longitudinal
reinforcement. According to Eurocode ratio of reinforcement is limited to 2%, therefore
the fracture force obtained according to EC is given in column 7 of Table 1, and the
fracture force values obtained using the same terms, but with actual ratio of
reinforcement are shown in column 8 of the same table.

The safety coefficients for the loads and properties of the materials are omitted because
the load is known during the experiment, and for the used material properties were
previously experimentally determined.

Table 1. Measuredt and calculation values of fracture force
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o
A-la | 11.76 | 25.40 | 1.15 14.07 302.48 | 267.04 267.04

A-1b | 11.76 | 25.40 | 1.15 25.23 | 364.75 | 324.42 | 324.42
A-1c | 11.76 | 2540 | 1.15 29.03 | 355.86 | 339.95 | 339.95
A-le | 11.76 | 25.40 | 1.15 20.27 | 355.86 | 301.59 | 301.59
A-2a | 1143 | 25.40 | 2.47 13.65 | 333.62 | 303.84 | 325.99
A-2b | 1143 | 2540 | 2.47 19.51 | 400.34 | 342.26 | 367.21
A-2c | 11.43 | 25.40 | 2.47 37.44 | 467.06 | 425.32 | 456.32

A-3a | 1143 | 25.40 | 3.70 12.76 | 355.86 | 297.09 | 364.71
A-3b | 11.43 | 2540 | 3.70 | 22.61 | 444.82 | 359.51 | 441.33
A-3c | 1143 | 2540 | 3.70 | 26.54 | 533.79 | 379.23 | 465.55
A-3d | 11.43 | 25.40 | 3.70 | 34.54 | 547.13 | 414.04 | 508.28
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6. CONCLUSIONS

The calculation of punching of slabs in the regulations of most countries is based on the
critical cross-section method. Regulations differ among themselves in terms of
determining the position and shape of the critical cross section, the method of calculating
the nominal shear stress and the selection of parameters that should represent the
strength of the concrete. The paper presents the procedure for calculating the punching
shear of reinforced concrete slabs without the shear reinforcement according to
Eurocode, and the obtained results are compared with the existing measured results.
Even with the omission abovementioned security coefficients for the loads and
properties of the material, it has been shown that the real load capacity of slabs was
underestimated, especially for slabs having a higher ratio of reinforcement. With
neglecting the prescribed limitation of the ratio of reinforcement to 2%, better
compliance with the results obtained by the experimental approach would be achieved.
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ITPOBUJAIBE PABHUX IIJIOYA BE3 CMUYYRE
APMATYPE

Pezume:Y pady je dam kpamak ucmopujcku pazgoj pagHux naoda u MeXaHuukux mMooeida
3a onucusare NOHAWALA NIOHe OKO cpmyba uznodcene npobujary. Ilocmynax
npopauyna epamuuHe cune npooujara apmMupaHobemoHcKux niaoua 6e3 cmuyyhe
apmamype npema Eeopokody demamho je onucan, a HymepuyKu npopavyH cnpogeoeH je
3a 11 naoua. Ilnoue cy ocnomwene Ha cée wemupu usuye, a onmepehene je u36pUEHO
npeKo YeHmMpuyHux Keaopamuux cmyboea. Bapujabne osux nioua cy oune uepcmoha
bemoHa Ha NpUMUCAK U KOAUYUHA NoOydcHe apmamype. [obujenu pesyrmamu
ynopehenu cy ca nocmojehum mepeHuM pe3yamamumd.

Kmwyunepeuu: pasne nioue, npobujarse, apmupanu 6emon, Eepoxoo
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