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Abstract

This paper treats the punching shear capacity for Critical Shear Crack Theory (CSCT) and EC2 equation considering
connection between supporting columns and slabs without shear reinforcement. It shows the effects of individual
parameters as found from CSCT calculations with the corresponding results from EC2, to demonstrate the differences
between the two methods. It treats the conditions simulated in most tests where a load or reaction acts through a column
or plate at the centre of the slab and is balanced by reactions or loads near the edges of the slab. In general, the
predictions by EC2 are more conservative compared to those by CSCT. The increasing of compressive strength causes in
increasing of punching shear capacity in both methods and the rate of increasing in shear capacity is decreases with
increasing the compressive strength. The providing of flexural reinforcement in the perimeter area around the support
enhanced the punching shear capacity and it increased with increasing of the reinforcement ratio. the stiffness of the slab
where investigated and shows that the stiffer slab produces lesser rotation and then higher shear resistance. It was found
that the CSCT approach is a complex method to be used in a design practice; however the overestimations in cases of
smaller size aggregate and lower stiffness in EC2 can justify can justify the need for a new and more complex equation to
consider these parameters.

Keywords: Punching shear strength, size factor, aggregate size, flexural reinforcement, concrete strength, steel strength,
slab rotation and slenderness

Introduction

According to EC2 (Eurocode 2(2004), characteristic

punching resistances are given by

Vake = VaceUid < Vg (Ugd 1)

where Vg . =0.18k(100p,. fy J'° | k=1+4200/d <20, U; s

the length of a perimeter constructed to obtain the
minimum length without coming closer to a column than
2d from it

U1=2(01+Cz)+4d for rectangular columns with side
lengths C; and C,, and ulzﬂ(c+4d)foracircular column

of diameter C. p;is the ratio of flexural tension

reinforcement determined as /o1y calculated for the

orthogonal directions of the reinforcement and for widths
equal to those of the column plus 3d to either side. P <
0.02 for calculation purposes. is the d mean effective depth

of the reinforcement =(dx+dy)/2 , Ty is  the
characteristic cylinder compression strength of the
concrete Vi ma = 0.24(1— fy /250)f, , Ugis the length of

*Corresponding author: Rizgar Amin Agha (BSc, MSc, PhD)

the perimeter of the column.The above definition ignores a
minimum value given for Vg, ., which is of no practical

significance for normal reinforced concrete slabs.

The critical shear crack theory (CSCT)( Muttoni 2008)
is a fairly recent approach to punching that is the basis of
the new fib model code 2010. The CSCT is developed by
Muttoni in 1985. The theory is presented in a mechanical
model for failure criteria in evaluating the shear strength.
According to this theory the aggregate interlocks
contribute in carrying the shear forces, and then when
cracks occur as a result of rotation the shear strength
reduces. Unlike EC2and other statutory codes of practice,
the CSCT does not provide explicit expressions for
punching resistances, but obtains them by the numerical
simultaneous solution of equations relating slab rotation to
applied load and shear capacity to slab rotation. This
makes it difficult to see the effects of individual
parameters. The basic CSCT equations are given in
(Muttoni A.2008), as

. 0.750,d |/ f, @
1+15pd f16+d,

wdE

2/3
Vg = \Y
| ©
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where
Vi = 27Mgl /(rq - rc) (4)
b, is the length of a perimeter constructed to obtain the

minimum length without coming closer to the columns
than 0.5d from it, wis the rotation of the slab outside the

critical shear crack ( in radians), dg is the maximum size

of the aggregate. It has been proposed that dy should be
taken as O for high strength concrete, to allow for the
smoother fracture surfaces developed in high strength (and

lightweight aggregate) concretes, Eq is the modulus of
elasticity of the reinforcement, here taken as 200 GPa, f,
is the yield or 0.2% proof stress of the reinforcement, V g,

is the yield-line flexural capacity of the slab as given by
eqn.(4) and mygis the plastic moment of resistance at a
yield line (averaged for the length of the line) and all the
radii r., r, and s are as shown in Fig.(1) for a circular
slab on a circular column. For rectangular columns with

Ci andc, <3d, I, is taken asr, =(c, +¢c,)/~ . If the length
of a side of a rectangular column is greater than 3d , a
value of 3d is substituted for it in calculatingb, and
presumably alsov,,, .

e —
e —

L

Fig. 1 The main dimensions of a flat slab supported by a
circular column

There are extensive experimental works have been done
on the punching in flat slabs, in which numbers of
empirical expressions are proposed to predict the punching
shear strength. Some of these expressions are become the
base of most of building codes of design. To obtain more
accurate predictions there are still efforts are contributing
in producing other approaches or modifying these
expressions by including new influential parameters.
There is a great discrepancy between codes of practice
in the definitions of punching shear strength of slabs
without shear reinforcement. Some codes consider only
the influence of compressive strength of concrete or with
the flexural reinforcement ratio and arrangement of
reinforcing steel, others account for size effect, column
dimensions and position and aggregate size. Even they
differed in considering the mathematical function of these
parameters. The main parameters concerned by
researchers and codes of practice are reviewed below:

(a) The compressive strength of concrete

The compressive strength of concrete could be the main
parameter which related to the shear strength by all

A Comparison between the Treatments of Punching by EC2 and the Critical Shear Crack Theory..

researchers and codes of practice but in different functions
of square root or cubic root or not considering any root
dependence by earlier researches. Moe (Moe J.1961) used
square root as the tensile strength was generally assumed

to be proportional to /f, . Mitchell, Cook and Dilger

(Mitchell et al. 2005) studied the influence of the square
and cubic root using data from literature but they did not
achieve the clear conclusion of whether square or cubic
root is the best function as shown in Fig.(2).
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Fig. 2 a,b and c are Effect of concrete strength on shear
strength (tests by Elstner et al., figure by Mitchell et al. .d-
Comparison of square root and cube root functions with
test results reported by Ghannoum and McHarg et al.,
figure by Mitchell et al. . (Duplicate from Lantsogh
( Lantsoght E.2009))
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Also, others concluded through experimental works that
the punching shear capacity is proportional to the cube
root of concrete compressive like Elstner and Hognestad
(Elstner et al.1956), Regan (Regan 1986) and Gardner and
Shao (Gardner N.J. et al.1990). EC2 considers a cubic root
while the CSCT uses square root.

Sacramento P.V.P.et al.(Sacramento 2012) studied the
influence of the compression concrete strength on the
punching strength of flat slab using results from literature.
They observed a good correlation when in comparing the
calculated shear strength by EC2 and test results on the
base of a function proportional to cubic root of
compressive strength of concrete as shown in Fig.(3) .
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0s504® Moe(1961)
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Fig. 3 Influence of the compression concrete strength on
the punching resistance of flat slabs. (Duplicate figure by
Sacramento P.V.P..et al.)

(b )The flexural reinforcement ratio and arrangement of
reinforcing steel

The flexural reinforcement ratio (o) defines the steel area
(A) as a fraction of concrete area (A, =bd, ), excluding

the protective concrete cover. The influence from flexural
reinforcement in terms of reinforcement ratio has been
taken into account by some of the code provisions and
researchers. They consider that the flexural reinforcement
will enhance the punching shear strength around the
column perimeter when it raises the compression zone,
however they are differed significantly in terms of their
functions and distribution of steel bars. The earlier tests by
Elstner and Hognestad showed there is no influence from
compression reinforcement on the ultimate shearing
strength of slabs. Also, Hawkins's (Hawkins et al 1979)
theoretical analysis shows that steel ratio does not clearly
affect the punching shear strength. However, the
experimental work and studies of most researchers showed
that the increasing of flexural reinforcement within a
perimeter of punching area does increase the punching
shear strength of slabs, like Regan(Regan 1974) ,Rankin
and Long(Rankin et al.1987)found the increasing of

punching shear strength with a function of %/100p ,

Shehata and Regan(Shehata et al. 1989) and Alexander
and Simmonds(Alexander et al.1992) found that the
concentration of flexural reinforcement near the column or
loaded could improves the shear capacity ,Regan and
Braestrup (Regan et al. 1985) and Sherif and Dilger (Sherif
et al.1989) accounts for it as a function of 3/100p ,Gardner

and Shao (Gardner et al.1996) accounts for the
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reinforcement ratio multiplied by yielding stress in term of
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Fig. 4 Influence of the flexural reinforcement ratio on the
punching strength of flat slabs, (Figure by Sacramento
P.V.P.etal)

Dilger, Birkle and Mitchell studied the influence of the
reinforcement ratio on the ultimate shearing strength. They
carried out a comparison of test results from literature and
concluded that with an increase in flexural reinforcement
ratio the punching shear strength is increased as shown in

Fig. (5)
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Fig.5 a- Failure load vs. flexural reinforcement ratio (h =
150 mm = 6 in ), b-from Dilgeret al. (2005)

Guandalini, Burdet and Muttoni(Guandalini et al. 2009)
carried out a test series on the punching behavior of slabs
with varying low flexural reinforcement ratios and without
transverse reinforcement The results are compared with
design codes and to the critical shear crack theory. The
predictions by EC2 and CSCT are agreed with the test
results while those by ACI 318-08 are less conservative
for thick slab and for low reinforcement ratios than the test
results as shown in Fig.(6).
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Fig. 6 Influence of flexural reinforcement ratio on
punching shear strength according to ACI 318-08 and EN

1992-1-1 ( fy =30N/mm?, f, =414N/mm? ,cd=10
I/d =25), Figure by Guandalini et al 2009).

The influence from flexural reinforcement ratio is not
accounted by ACI 318-08 but it is considered by EC2 and

MC9O0 as a function of 3/100p but in a complex function in
CSCT which is accounted within a plastic moment of

resistance at a yield line where m, = o fyd{l—g%} :

The influence of the percentage of this ratio is
observed by some researchers, Kinnunen and Nylander
(Kinnunen et al. 1960) tested numbers of slabs found the
increasing of reinforcement ratio from 0.8% to 2.1%
causes in increasing of punching shear strength by 95%.
Also, Marzouk and Hussain (Marzouk et al.1991) found
63% of punching shear strength increasing when the ratio
raised from 0.6% to 2.4%

(c) Size effect

Size effect is one of the parameters which accounted by
researchers and most of codes of practice and concluded
that the nominal shear stress in flat slabs decreases with
increasing thickness of the slab. This factor had been
recognized first by Graf (Graf 1939) who observed that the
shear capacity of a 500mm tick slab is about half the
punching shear strength of a 150mm thick slab. Regan and
Braestrup (Regan et al.1985) estimated the reduction in

shear strength by a function of Y1/d . Tests by Li (Li
2000) (200,300 and 500mm thick), Urban et al.( Urban et
al.2013) (218,268 and 318 mm thick) and Birkle (Birkle
2004) on thicker slabs were to investigate the seize effect
showed the tendency of decreasing the punching shear
strength when the thickness of slabs increased. However
tests for the first two authors had short shear span and
possibly influencing the failure surface and thus the failure
load.

ACI code does not recognize the size effect influence
but it states that. But EC2 and CEB-FIP MC90 consider
the influence of size effect to be estimated by

k=1++/200/d in which k is limited to the maximum of

2.0 by EC2 but not by CEB-FIP MC90. This limitation is
to reduce the increase in shear strength when slab
thickness is less than 200mm. However, there are a few
experimental tests on punching shear strength in thick flat

A Comparison between the Treatments of Punching by EC2 and the Critical Shear Crack Theory..

slabs support in understanding the decreasing in shear
resistance when the thickness of slabs is increased but the
recommendations by codes of practice seem to be taken
from relatively small thickness slabs and beams or solid
slabs.

Fig.(7) shows a parametric shear strength predictions
for different thickness of slabs by numbers of codes of
practice against the ratio of shear strength for a specified
thickness to shear strength for 200mm thickness.
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Note JCl=Japan Concrete institute which uses v proportional tfo [ 1/d1028

Fig.7 Parametric shear strength predictions for different
slab thickness by some codes of practice

(d) Aggregate size and type

The influence from aggregate size and types come from
the thought that when cracks occur in a web there is
amount of shear cannot be transferred between the cracked
sides of concrete. So, the idea of larger aggregate can
sustain larger load before cracks gives a higher shear
capacity of the section. Shioya et al.( Shioya 1989)
conducted an extensive experimental work on beams.
They found that there is a reduction in shear capacity at
failure when the member depth increased and maximum
aggregate size decreased. ammadi and Regan (Hamadi et
al. 1980) tested beams with normal and lightweight
concrete and they found the importance of roughness and
size of aggregate in the interlock strength. Muttoni et al.
( Muttoni 2008) used the conclusion in (Regan et al. 1985)
and (Sherif et al.1986) in his paper, for their accounts for
the size of aggregate in the critical cracks in CSCT. As the
transferring of shear forces in the critical cracks is linked
to the roughness of the concrete. Therefore a factor of
wdl(dg+dy) is included into their shear strength

formula. Where d, the maximum is aggregate size and

dyo is a reference equal to 16mm.

Parameters to be considered in the comparison

In order to carry out reasonable parametric comparisons
between the prediction of CSCT and EC2, some
parameters have been considered for a point load
application on a slab supported on a 300x300mm square
column. The parameters are as following:

e Column size, which can be represented byu,/d and

thence by u/d=u,/d+4rd and

b,/d=u,/d+7zd (except where, for a rectangular
column, a side length exceeds 3d).
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Table 1 The ratio of Vcscr/Vec, for the given data and f, = 400N /mm?

fy = 400N / mm? r, = 8d,rS =T, r,=12d,r, = I, r,=8d,r, =1.25r, r, =12d,r, =1.25r,
d ~500mm, d =0 0.005 | 0.01 | 0.02 | 0.005 | 0.01 | 0.02 | 0.005 | 0.01 | 0.02 | 0.005 | 0.01 | 0.02
P as given
f, (N/mm?)

20 053 | 047 | 037 | 046 | 047 | 037 | 046 | 047 | 037 | 052 | 047 | 0.37
40 051 | 052 | 042 | 043 | 048 | 042 | 043 | 048 | 042 | 049 | 052 | 0.42
60 048 | 054 | 045 | 041 | 047 | 044 | 056 | 056 | 0.45 | 047 | 053 | 0.45
90 046 | 054 | 048 | 039 | 045 | 048 | 053 | 059 | 0.48 | 044 | 052 | 0.48

d =500mm, d ;=10
20 063 | 064 | 053 | 053 | 059 | 051 | 053 | 059 | 051 | 0.61 | 0.64 | 051
40 059 | 066 | 057 | 050 | 058 | 057 | 050 | 058 | 057 | 057 | 0.64 | 0.57
60 057 | 065 | 0.61 | 049 | 056 | 0.60 | 0.65 | 072 | 061 | 055 | 0.63 | 0.61
90 055 | 063 | 065 | 047 | 054 | 053 | 062 | 071 | 060 | 053 | 0.61 | 0.65

d =500mm, d ;=20
20 069 | 0.74 | 061 | 060 | 065 | 061 | 060 | 065 | 0.61 | 0.67 | 0.73 | 0.61
40 066 | 0.73 | 068 | 057 | 064 | 0.66 | 057 | 064 | 066 | 064 | 0.71 | 0.68
60 064 | 072 | 0.73 | 055 | 062 | 067 | 072 | 081 | 073 | 062 | 0.70 | 0.73
90 061 | 070 | 0.74 | 053 | 060 | 053 | 0.70 | 079 | 078 | 059 | 0.79 | 0.78

d =500mm, d; =30
20 074 | 079 | 068 | 065 | 0.70 | 068 | 065 | 070 | 068 | 0.72 | 0.79 | 0.68
40 071 | 079 | 0.77 | 062 | 068 | 0.72 | 062 | 069 | 0.72 | 069 | 0.77 | 0.77
60 069 | 0.77 | 0.81 | 060 | 067 | 0.73 | 0.78 | 086 | 082 | 067 | 0.75 | 0.79
90 067 | 075 | 080 | 057 | 068 | 053 | 0.76 | 084 | 0.88 | 0.65 | 0.84 | 0.88

d = 250mm, d ;=0
20 060 | 067 | 061 | 052 | 064 | 057 | 069 | 075 | 061 | 058 | 0.67 | 0.61
40 057 | 0.65 | 040 | 050 | 054 | 0.60 | 0.65 | 065 | 040 | 0.70 | 0.79 | 0.81
60 055 | 063 | 069 | 047 | 053 | 0.60 | 063 | 071 | 0.73 | 061 | 0.69 | 0.44
90 053 | 060 | 068 | 046 | 052 | 055 | 061 | 069 | 0.76 | 058 | 0.67 | 0.75

d = 250mm, d ;=10
20 071 | 077 | 0.77 | 061 | 064 | 069 | 0.80 | 088 | 099 | 069 | 0.79 | 0.75
40 068 | 0.75 | 046 | 058 | 065 | 0.70 | 0.79 | 075 | 046 | 065 | 0.72 | 0.43
60 066 | 0.74 | 0.79 | 056 | 062 | 069 | 074 | 083 | 0.88 | 063 | 0.71 | 0.77
90 064 | 072 | 0.76 | 053 | 060 | 065 | 072 | 081 | 0.88 | 0.62 | 069 | 0.76

d = 250mm, d ;=20
20 079 | 0.84 | 0.84 | 068 | 073 | 0.75 | 0.89 | 097 | 099 | 077 | 0.86 | 0.82
40 075 | 0.83 | 050 | 065 | 0.70 | 0.76 | 0.86 | 083 | 050 | 0.74 | 0.81 | 0.47
60 074 | 085 | 0.75 | 064 | 069 | 0.76 | 083 | 092 | 096 | 0.71 | 0.79 | 0.85
90 071 | 083 | 085 | 061 | 067 | 0.73 | 081 | 089 | 096 | 0.69 | 0.89 | 0.96

d = 250mm, d ;=30
20 085 | 090 | 0.88 | 0.74 | 079 | 0.79 | 095 | 1.03 | 099 | 083 | 0.93 | 087
40 082 | 089 | 053 | 072 | 0.79 | 0.81 | 093 | 089 | 053 | 0.80 | 0.86 | 0.53
60 081 | 088 | 092 | 068 | 0.76 | 0.82 | 091 | 098 | 1.01 | 0.77 | 0.85 | 0.90
90 076 | 0.86 | 092 | 068 | 0.74 | 0.81 | 0.85 | 096 | 1.01 | 074 | 0.96 | 1.01

d =150mm, d ;=0
20 070 | 0.76 | 0.78 | 059 | 065 | 068 | 081 | 091 | 0.87 | 068 | 0.79 | 0.76
40 067 | 075 | 080 | 056 | 0.63 | 068 | 077 | 075 | 0.80 | 0.78 | 091 | 0.74
60 065 | 0.73 | 080 | 053 | 061 | 068 | 074 | 083 | 091 | 071 | 079 | 1.05
90 062 | 071 | 0.76 | 052 | 059 | 067 | 072 | 081 | 088 | 0.69 | 0.78 | 0.86

d =150mm, d ; =10
20 083 | 089 | 089 | 070 | 0.76 | 0.78 | 095 | 1.05 | 098 | 0.79 | 0.87 | 0.87
40 079 | 0.87 | 091 | 066 | 075 | 0.80 | 084 | 087 | 091 | 0.75 | 0.84 | 0.68
60 0.76 | 0.85 | 091 | 065 | 0.73 | 0.80 | 0.88 | 097 | 1.02 | 0.74 | 0.82 | 0.88

3618 | International Journal of Current Engineering and Technology, Vol.4, No.5 (Oct 2014)



Rizgar Amin. Agha A Comparison between the Treatments of Punching by EC2 and the Critical Shear Crack Theory..

90 074 [ 083 [ 08 | 057 [ 070 [ 092 [ 0.84 | 095 [ 1.02 | 071 [ 0.81 | 0.87
d =150mm, d ;=20

20 0.92 [ 097 [ 09 [ 078 [ 0.84 [ 085 | 1.05 [ 1.14 [ 1.05 | 0.89 [ 0.94 [ 0.93

40 0.88 | 0.96 | 0.99 | 073 [ 0.83 | 0.89 | 1.01 | 0.96 | 099 | 0.85 [ 0.92 [ 0.75

60 0.86 | 0.94 | 1.00 | 065 [ 0.83 | 0.87 | 0.98 | 1.07 | 1.10 | 0.82 [ 0.93 | 0.96

90 079 [ 093 | 097 | 057 [ 079 | 087 | 09 | 1.05 [ 111 | 073 | 1.05 [ 1.11
d =150mm, d ;=30

20 0.99 [ 1.04 [ 101 [ 085 [ 085 [ 091 | 1.13 [ 1.18 [ 1.10 | 0.95 [ 1.01 [ 0.99

40 0.96 [ 1.03 | 1.05 | 073 [ 0.89 | 0.89 | 1.10 [ 1.03 | 1.05 | 0.92 [ 1.00 | 1.05

60 0.90 [ 1.02 | 1.06 | 065 [ 087 | 093 | 1.06 | 1.14 [ 1.17 | 0.83 [ 0.98 [ 1.03

90 079 [ 1.02 | 103 | 057 [ 085 [ 092 | 1.02 | 113 [ 117 | 073 | 113 [ 1.17

Table 2 The ratio of Vcscr/Vec, for the given data and f, =500N /mm?

fy =500N / mm? r, = 8d,rS =T, r,=12d,r, = I r, =8d,r, =1.25r, r, =12d,r, :l.25l’q
d = 500mm, d ;=0 0.005 [ 0.01 [ 0.02 | 0.005 [ 0.01 | 0.02 | 0.005 [ 001 [ 0.02 | 0.005 [ 0.01 | 0.02
P as given
f, (N/mm?)
20 055 [ 047 [ 037 [ 051 [ 047 [ 037 [ 059 [ 047 [ 037 | 053 [ 047 [ 0.37
40 052 | 052 [ 042 | 045 [ 050 | 042 | 059 | 052 | 042 | 064 | 0.66 | 0.52
60 050 | 056 [ 045 | 042 [ 049 | 045 [ 059 | 056 | 045 | 056 | 0.63 [ 0.51
90 048 | 055 [ 048 | 041 [ 048 | 048 | 056 | 0.60 | 048 | 053 | 0.61 [ 0.54
d =500mm, d ;=10
20 065 [ 064 [ 051 | 060 [ 064 | 051 [ 072 | 064 | 051 | 0.63 | 0.64 [ 0.51
40 061 | 068 [ 057 | 053 [ 060 | 057 | 070 | 072 | 057 | 059 | 0.66 | 0.57
60 059 | 067 [ 061 | 051 [ 058 | 061 | 0.67 | 074 | 061 | 058 | 0.65 | 0.61
90 057 | 065 [ 065 | 048 [ 056 | 065 | 0.64 | 073 | 065 | 055 | 0.63 [ 0.65
d =500mm, d ; =20
20 072 [ 075 [ 061 | 066 [ 071 | 061 | 0.80 | 076 | 061 | 0.70 | 0.74 [ 0.61
40 068 | 075 [ 068 | 059 [ 0.66 | 068 | 077 | 083 | 068 | 0.67 | 0.73 [ 0.68
60 066 | 074 [ 073 | 057 [ 064 | 069 | 074 | 083 | 073 | 064 | 0.72 [ 0.73
90 064 | 072 [ 078 ] 055 [ 062 | 078 | 073 | 081 | 078 | 062 | 0.69 [ 0.78
d =500mm, d ; =30
20 077 [ 081 [ 068 | 072 [ 077 | 068 | 0.87 | 086 | 068 | 0.75 | 0.79 [ 0.68
40 074 | 081 [ 077 | 064 [ 071 | 075 | 0.83 | 090 | 077 | 072 | 0.79 [ 0.77
60 072 [ 080 [ 080 | 062 [ 070 | 074 [ 081 | 089 | 082 | 070 | 0.77 [ 0.82
90 069 | 077 [ 088 | 059 [ 068 | 088 | 079 | 087 | 088 | 068 | 0.75 | 0.88
d = 250mm, d; =0
20 062 [ 068 [ 061 | 058 [ 063 ] 061 ] 072 [ 075 ] 061 | 060 [ 0.66 [ 0.61
40 050 | 067 [ 039 | 050 [ 056 | 037 [ 0.68 | 075 | 039 | 057 | 0.65 [ 0.39
60 057 | 065 [ 070 | 049 [ 055 | 061 | 0.66 | 074 | 073 | 055 | 0.62 [ 0.69
90 055 | 062 [ 078 | 046 [ 054 | 078 | 0.63 | 072 | 078 | 053 | 0.61 [ 0.59
d = 250mm, d ;=10
20 073 [ 079 [ 077 [ 068 [ 073 ] 073 ] 08 [ 088 [ 077 | 071 [ 077 [ 0.75
40 070 [ 077 [ 048 | 0.60 [ 067 | 042 [ 080 | 087 | 054 | 068 | 0.75 [ 0.63
60 068 | 076 [ 081 | 058 [ 065 | 071 | 077 | 085 | 089 | 066 | 0.73 [ 0.79
90 0.66 | 0.74 [ 098 | 056 [ 052 | 098 | 075 | 083 | 098 | 064 | 0.72 [ 0.98
d = 250mm, d ; =20
20 081 [ 086 [ 084 076 [ 078 [ 079 [ 092 [ 096 [ 087 | 079 [ 0.83 [ 0.82
40 078 | 0.85 [ 052 | 0.60 [ 0.62 | 036 | 0.89 | 095 | 054 | 0.75 | 0.83 [ 0.70
60 082 | 084 [ 089 | 059 [ 064 | 069 | 0.86 | 094 | 098 | 0.74 | 0.81 [ 0.86
90 074 | 082 [ 111 ] 057 [ 063 | 067 | 084 | 092 | 111 | 071 | 0.80 [ 1.11
d =250mm, d ;=30
20 088 [ 091 ]089 | 083 [ 086 [ 084 ] 098 | 101 | 094 [ 0.85 | 0.89 | 0.87
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40 0.85 | 091 | 055 | 066 | 068 | 039 | 0.96 | 1.01 | 059 | 0.83 | 0.89 | 0.53
60 0.83 | 091 | 094 | 064 | 070 | 074 | 093 | 1.01 | 1.03 | 0.80 | 0.88 | 0.92
90 080 | 089 | 1.20 | 062 | 069 | 072 | 091 | 1.00 | 1.20 | 0.77 | 086 | 1.20
d =150mm, d =0
20 073 | 078 | 079 | 066 | 072 | 073 | 083 | 090 | 0.87 | 0.70 | 0.75 | 0.76
40 069 | 0.77 | 084 | 058 | 065 | 072 | 080 | 087 | 091 | 066 | 0.74 | 0.80
60 067 | 075 | 082 | 056 | 064 | 0.70 | 0.77 | 086 | 094 | 064 | 071 | 0.79
90 065 | 073 | 1.07 | 054 | 061 | 093 | 074 | 084 | 1.12 | 062 | 0.70 | 1.03
d =150mm, d ;=10
20 085 | 091 | 090 | 0.78 | 085 | 083 | 097 | 1.01 | 098 | 0.82 | 0.87 | 0.87
40 0.82 | 090 | 095 | 069 | 076 | 083 | 093 | 1.01 | 1.03 | 0.79 | 0.87 | 0.90
60 079 | 087 | 093 | 067 | 075 | 080 | 0.92 | 1.00 | 1.05 | 0.76 | 0.84 | 0.90
90 077 | 086 | 1.20 | 061 | 073 | 1.09 | 089 | 098 | 1.31 | 0.74 | 083 | 1.17
d =150mm, d ¢ =20
20 095 | 0.99 | 0.97 | 0.8 | 091 | 090 | 1.07 | 1.10 | 1.05 | 0.89 | 0.96 | 0.94
40 091 | 099 | 1.07 | 077 | 085 | 090 | 1.04 | 1.10 | 1.12 | 0.87 | 095 | 0.98
60 096 | 097 | 102 | 070 | 0.84 | 0.88 | 1.02 | 1.10 | 1.13 | 0.85 | 0.94 | 0.99
90 085 | 096 | 129 | 061 | 0.83 | 1.15 | 098 | 1.08 | 1.93 | 0.78 | 0.92 | 1.26
d =150mm, d 4 =30
20 102 | 1.06 | 1.01 | 091 | 098 | 096 | 1.15 | 1.15 | 1.11 | 0.99 | 1.02 | 0.99
40 099 | 1.06 | 109 | 078 | 092 | 0.96 | 113 | 1.18 | 1.17 | 095 | 1.03 | 1.05
60 096 | 1.05 | 109 | 070 | 0.90 | 0.94 | 1.10 | 1.18 | 1.19 | 0.89 | 1.01 | 1.05
90 085 | 1.03 | 135 | 061 | 0.88 | 1.22 | 1.06 | 1.16 | 2.05 | 0.78 | 0.99 | 1.32

Table 3 The ratio of Vcscr/Vec, for the given data and f, = 600N /mm?

f, = 600N /mm’ r,=8d,r,=r, r,=12d,r, =r, r,=8d,r, =1.25r, | r, =12d,r, =1.25r,
d = 500mm. dg =0 0.005 | 0.01 | 0.02 | 0.005 | 001 | 0.02 | 0.005 | 0.01 | 0.02 | 0.005 | 0.01 | 0.02
O as given
f, (N/mm?)
20 0.56 0.47 | 037 0.55 047 | 0.37 0.59 0.47 | 0.37 0.55 047 | 0.37
40 054 | 052 [ 033 | 053 [ 052 [ 042 | 061 | 052 | 0.37 | 0.66 | 0.66 | 0.52
60 052 | 056 [ 045 | 051 [ 056 | 045 | 059 [ 056 | 0.45 | 058 [ 0.64 | 0.51
90 0.50 0.56 | 0.48 0.49 0.56 | 0.48 0.57 0.60 | 0.48 0.55 0.63 | 0.54
d =500mm, d ;=10
20 066 | 0.64 [ 051 | 066 | 0.64 [ 051 | 074 [ 064 | 051 | 0.65 [ 0.64 | 0.51
40 063 | 0.69 [ 057 | 062 [ 068 [ 057 | 071 [ 072 | 057 | 061 | 0.67 | 0.57
60 0.60 0.69 | 0.61 0.59 0.68 | 0.61 0.69 0.76 | 0.61 0.59 0.67 | 0.61
90 0.59 0.67 | 0.65 0.58 0.67 | 0.65 0.66 0.75 | 0.65 0.57 0.65 | 0.65
d =500mm, d ; =20
20 073 [ 076 [ 061 ] 073 [ 075 [ 061 [ 08 [ 076 [ 061 [ 071 [ 0.75 | 0.61
40 070 | 0.77 [ 068 | 069 [ 076 [ 048 | 079 [ 084 | 0.68 | 0.68 [ 0.75 | 0.68
60 0.68 0.77 | 0.73 0.68 0.76 | 0.59 0.77 0.85 | 0.73 0.66 0.74 | 0.73
90 0.66 0.74 | 0.78 0.65 0.74 | 0.62 0.75 0.81 | 0.78 0.64 0.72 | 0.78
d =500mm, d ; =30
20 079 [ 082 [ 068 ] 078 [ 082 [ 068 [ 088 [ 086 | 0.68 [ 0.77 [ 0.81 | 0.68
40 076 | 0.83 | 0.77 | 076 | 082 | 077 | 0.85 | 0.92 | 077 | 0.74 | 0.81 | 0.77
60 0.74 0.82 | 0.82 0.73 081 | 0.78 0.83 0.93 | 0.82 0.71 0.80 | 0.82
90 0.65 0.79 | 0.88 0.71 0.79 | 0.88 0.81 0.90 | 0.88 0.70 0.78 | 0.88
d =250mm, d ;=0
20 064 [ 070 [ 061 | 062 [ 068 [ 061 [ 073 [ 076 | 0.61 [ 0.62 [ 0.67 | 0.61
40 0.61 0.68 | 0.39 0.60 0.67 | 0.38 0.70 0.77 | 0.30 0.75 0.84 | 0.88
60 0.59 0.66 | 0.71 0.58 0.66 | 0.66 0.68 0.76 | 0.73 0.65 0.73 | 0.46
90 057 | 0.65 [ 072 | 056 | 0.63 | 0.78 | 0.65 | 074 | 0.78 | 0.63 | 0.72 | 0.89
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d = 250mm, dg =10
20 075 | 080 | 077 | 074 | 078 | 0.73 | 084 | 089 | 0.77 | 0.73 | 0.77 | 0.75
40 072 | 079 | 048 | 071 | 0.79 | 045 | 0.82 | 089 | 050 | 0.70 | 0.76 | 0.46
60 070 | 077 | 083 | 069 | 077 | 0.79 | 079 | 088 | 091 | 0.68 | 0.76 | 0.80
90 076 | 085 | 098 | 067 | 0.76 | 098 | 0.77 | 085 | 098 | 0.66 | 0.74 | 0.98
d = 250mm, dg =20
20 083 | 087 | 084 | 082 | 086 | 0.86 | 094 | 097 | 087 | 0.80 | 0.85 | 0.82
40 081 | 087 | 052 | 079 | 0.86 | 0.40 | 091 | 097 | 057 | 0.78 | 0.85 | 0.50
60 078 | 086 | 090 | 0.77 | 085 | 0.75 | 0.89 | 0.96 | 099 | 0.76 | 0.83 | 0.88
90 076 | 084 | 1.11 | 0.75 | 0.82 | 0.76 | 0.86 | 095 | 1.11 | 0.74 | 067 | 1.11
d = 250mm, dg =30
20 090 | 093 | 089 | 101 | 091 | 0.90 | 1.00 | 1.02 | 094 | 095 | 090 | 0.87
40 087 | 093 | 055 | 0.86 | 092 | 053 | 098 | 1.04 | 059 | 0.85 | 091 | 053
60 085 | 093 | 096 | 084 | 091 | 093 | 096 | 1.03 | 1.05 | 0.83 | 0.90 | 0.94
90 076 | 091 | 1.20 | 081 | 090 | 1.20 | 093 | 1.01 | 1.20 | 0.80 | 0.88 | 1.20
d =150mm, dg =0
20 074 | 080 | 063 | 0.72 | 0.76 | 0.73 | 0.85 | 091 | 088 | 0.71 | 0.76 | 0.76
40 071 | 078 | 084 | 068 | 0.77 | 0.80 | 0.82 | 0.90 | 093 | 0.86 | 095 | 1.01
60 070 | 077 | 083 | 067 | 0.75 | 0.80 | 0.79 | 088 | 095 | 0.76 | 0.84 | 0.93
90 067 | 075 | 1.12 | 065 | 073 | 1.03 | 077 | 086 | 1.12 | 0.74 | 0.83 | 1.28
d =150mm, d ;=10
20 087 | 091 | 073 | 083 | 089 | 0.83 | 099 | 1.02 | 098 | 0.84 | 0.89 | 0.87
40 084 | 091 | 095 | 082 | 089 | 0.92 | 096 | 1.04 | 1.04 | 081 | 0.88 | 091
60 082 | 090 | 095 | 0.79 | 0.88 | 0.93 | 094 | 1.03 | 1.06 | 0.78 | 0.87 | 0.92
90 079 | 088 | 1.33 | 0.77 | 086 | 1.21 | 092 | 1.01 | 1.33 | 0.76 | 0.85 | 1.32
d =150mm, d ¢ =20
20 097 | 1.00 | 0.80 | 094 | 098 | 0.89 | 1.09 | 1.12 | 1.05 | 093 | 0.97 | 0.94
40 094 | 1.01 | 1.02 | 089 | 098 | 1.00 | 1.07 | 1.13 | 1.12 | 090 | 0.97 | 0.99
60 091 | 099 | 1.04 | 088 | 097 | 1.01 | 1.04 | 112 | 1.15 | 0.88 | 096 | 1.01
90 089 | 099 | 1.41 | 085 | 095 | 1.32 | 1.02 | 1.12 | 1.45 | 0.83 | 095 | 1.41
d =150mm, d 4 =30
20 104 | 107 | 085 | 1.02 | 1.05 | 096 | 117 | 118 | 1.10 | 1.00 | 1.03 | 0.99
40 101 | 1.08 | 1.08 | 099 | 1.04 | 1.06 | 115 | 120 | 119 | 097 | 1.05 | 1.05
60 099 | 1.08 | 1.10 | 096 | 1.05 | 1.07 | 112 | 1.20 | 1.21 | 094 | 1.04 | 1.07
90 139 | 1.06 | 1.50 | 085 | 1.03 | 1.39 | 1.10 | 1.19 | 1.53 | 1.02 | 1.02 | 1.47

Table 4 The ratio of Veser/Vec, for the given data and f, =800N / mm?

f, = 800N /mm? r,=8d,r =r, r,=12d,r, = r r, =8d,r, =1.25r, r, =12d,r, =1.25r,
d =500mm. d ] =0 0.005 | 0.01 | 0.02 | 0.005 | 0.01 | 0.02 | 0.005 | 001 | 0.02 | 0.005 | 0.01 | 0.02
f, (N/mm?)
p as given

20 0.58 0.47 | 0.37 0.59 0.47 | 0.37 0.59 0.47 | 0.37 0.56 0.47 | 0.37
40 0.57 0.52 | 0.42 0.61 0.52 | 0.42 0.63 0.52 | 0.42 0.55 0.52 | 0.42
60 0.55 0.56 | 0.45 0.60 0.56 | 0.45 0.62 0.56 | 0.45 0.53 0.56 | 0.45
90 0.53 0.59 | 0.48 0.58 0.60 | 0.48 0.60 0.60 | 0.50 0.51 0.57 | 048

d =500mm, d =10
20 0.68 0.64 | 051 0.74 0.64 | 051 0.76 0.64 | 051 0.67 0.64 | 051
40 0.66 0.71 | 057 0.73 0.72 | 057 0.75 0.72 | 057 0.64 0.69 | 057
60 0.64 0.71 | 0.61 0.70 0.76 | 0.61 0.73 0.77 | 0.61 0.62 0.69 | 0.61
90 0.61 0.70 | 0.65 0.67 0.76 | 0.65 0.70 0.78 | 0.65 0.60 0.68 | 0.65

d =500mm, d ;=20
20 0.76 0.76 | 0.61 0.82 0.76 | 0.61 0.85 0.76 | 0.61 0.74 0.75 | 0.61
40 0.73 0.79 | 0.68 0.80 0.83 | 0.68 0.83 0.86 | 0.68 0.71 0.78 | 0.68
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60 071 | 079 | 073 ] 078 | 0.85 | 0.73 | 0.80 | 0.87 | 0.73 | 069 | 0.77 | 0.73
90 069 | 078 | 0.78 | 0.76 | 0.84 | 0.78 | 0.78 | 0.87 | 0.78 | 067 | 0.75 | 0.78
d =500mm, dg =30
20 082 | 083 | 068 | 089 | 086 | 068 | 091 | 0.86 | 068 | 0.79 | 0.81 | 0.68
40 079 | 09 | 077 | 085 | 091 | 0.77 | 089 | 093 | 077 | 0.77 | 0.83 | 0.77
60 0.78 | 085 | 082 | 084 | 092 | 0.81 | 0.87 | 093 | 082 | 0.75 | 0.83 | 0.82
90 075 | 083 | 088 | 082 | 091 | 0.88 | 085 | 093 | 088 | 0.76 | 0.81 | 0.88
d = 250mm, d ;=0
20 066 | 070 | 061 | 072 | 0.74 | 061 | 0.75 | 0.76 | 049 | 0.64 | 068 | 0.61
40 064 | 071 | 039 | 069 | 0.76 | 039 | 0.73 | 0.79 | 039 | 0.78 | 0.87 | 0.87
60 062 | 070 | 073 | 068 | 075 | 0.70 | 071 | 0.79 | 0.73 | 0.68 | 0.77 | 0.47
90 060 | 068 | 078 | 065 | 0.74 | 0.78 | 057 | 0.77 | 0.78 | 0.66 | 0.74 | 0.89
d =250mm, d ;=10
20 078 | 081 | 075 | 083 | 0.87 | 0.77 | 087 | 090 | 057 | 0.75 | 0.79 | 0.74
40 075 | 082 | 050 | 0.82 | 0.88 | 0.47 | 0.86 | 092 | 050 | 0.73 | 0.79 | 0.47
60 073 | 081 | 085 | 079 | 087 | 0.83 | 083 | 091 | 092 | 0.71 | 0.78 | 0.83
90 071 | 079 | 098 | 077 | 085 | 098 | 081 | 0.89 | 0.98 | 0.68 | 0.77 | 0.98
d =250mm, d ; =20
20 086 | 088 | 082 | 093 | 094 | 0.85 | 097 | 0.98 | 0.87 | 0.83 | 0.86 | 0.80
40 0.84 | 089 | 056 | 090 | 096 | 052 | 095 | 1.00 | 056 | 0.81 | 0.87 | 051
60 082 | 0.89 | 092 | 088 | 096 | 0.91 | 093 | 1.00 | 101 | 0.79 | 087 | 0.96
90 080 | 0.88 | 1.12 | 086 | 095 | 1.11 | 090 | 098 | 1.11 | 0.77 | 0.85 | 1.11
d =250mm, d ;=30
20 092 | 094 | 087 | 099 | 1.00 | 0.94 | 1.04 | 1.04 | 079 | 090 | 091 | 0.85
40 091 | 0.96 | 059 | 098 | 1.02 | 056 | 1.02 | 1.06 | 0.60 | 0.88 | 0.93 | 0.54
60 089 | 096 | 098 | 095 | 1.03 | 0.98 | 1.00 | 1.06 | 1.07 | 0.86 | 0.93 | 1.01
90 087 | 095 | 1.20 | 094 | 1.01 | 120 | 098 | 1.06 | 1.20 | 0.85 | 0.92 | 1.01
d =150mm, d, =0
20 077 | 081 | 076 | 082 | 0.85 | 0.81 | 088 | 091 | 085 | 0.73 | 0.78 | 0.75
40 075 | 0.82 | 084 | 079 | 085 | 0.84 | 085 | 092 | 0.94 | 0.89 | 0.99 | 1.02
60 072 | 0.81 | 086 | 077 | 0.86 | 0.86 | 083 | 091 | 0.98 | 0.79 | 0.88 | 0.96
90 070 | 079 | 1.12 | 075 | 084 | 111 | 080 | 090 | 112 | 0.77 | 086 | 1.28
d =150mm, d, =10
20 0.90 | 093 | 087 | 096 | 098 | 0.92 | 1.02 | 1.04 | 0.96 | 0.86 | 0.89 | 0.84
40 087 | 094 | 1.07 | 093 | 1.00 | 0.98 | 1.00 | 1.06 | 1.06 | 0.85 | 0.88 | 0.93
60 0.86 | 093 | 097 | 092 | 1.01 | 099 | 098 | 1.06 | 1.09 | 0.82 | 0.90 | 0.94
90 083 | 092 | 1.33 | 089 | 098 | 1.30 | 096 | 1.04 | 1.33 | 0.79 | 0.88 | 1.33
d =150mm, d, =20
20 100 | 1.02 | 094 | 107 | 107 | 099 | 112 | 1.13 | 1.03 | 097 | 098 | 091
40 097 | 1.04 | 1.16 | 1.04 | 1.09 | 1.07 | 111 | 1.16 | 1.14 | 094 | 1.00 | 1.01
60 095 | 1.03 | 1.06 | 1.02 | 1.10 | 1.08 | 1.09 | 1.16 | 117 | 092 | 1.00 | 1.10
90 093 | 1.01 | 145 | 099 | 1.10 | 1.41 | 1.06 | 1.15 | 145 | 0.89 | 099 | 1.45
d =150mm, d, =30
20 1.07 1.09 0.99 1.14 1.14 1.04 1.21 1.20 0.91 1.04 1.05 0.97
40 105 | 112 | 123 | 112 | 117 | 113 | 120 | 1.24 | 1.19 | 1.02 | 1.08 | 1.07
60 104 | 111 | 112 | 110 | 117 | 114 | 117 | 124 | 1.23 | 099 | 1.07 | 117
90 1.26 1.33 1.51 1.07 1.16 1.49 1.15 1.23 1.53 1.02 1.06 1.53

e Ratio of reinforcement: it's probably worth looking at

) ' ! e Maximum size of aggregate, considering dy = 0, 10,
two cases, one in which p is constant throughout the

slab, and another where p in the central half of the 20 and 32 mm.
width is 4/3p,. and p in the other quarters is ° Slab diameter Is represented by r,/d, considering 8
avg
and 12.

2/3p,, - 213p,,, considering 0.005, 0.01, 0.02.

. e Ratio I, /1, considering1.0 and 1.25.
e Concrete strength from, considering f, =20mPa to

f, =90MPa « T, considering 400, 500, 600 and 800 MPa .
e Slab effective depth d, considering 150, 250 and 500 ~ The shear strength predictions by CSCT and EC2 have
mm. been calculated and the ratio of Vcger/Vec, is shown in
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Table 1 to 4 for f,=400N/mm?-800N/mm? respectively.

Also, the results for f, =400N/mm? are plotted and shown

in Figs.9-12. They demonstrate the influence of the slab
thickness, concrete strength, steel strength and the stiffness

of the slab on the shear strength in terms of V /bc,d\/f_C .

Fig.(9) shows the influence of the effective thickness of
slab influences on punching shear . CSCT allows the
increasing of shear strength with increasing of the
thickness up to 250mm in contrast of EC2 which its
increasing is precisely limited to 200mm. The results agree
with the conclusions by Regan et al.(Regan et al. 1985),
Li(Li 2000), Urban et al.( Urban et al2013) and Birkle
(Birkle 2004)when the seize effect showed the tendency of
decreasing the punching shear strength when the thickness
of slabs increased.

The increasing of the flexural reinforcement shows an
increase of the shear strength in both methods and CSCT
predictions are higher than those by EC2 in a small
differences at low reinforcement as shown in Fig.(10 d).
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Fig. 9 Comparison of punching shear strength according to
EC2 and CSCT showing the thickness of slab

This is due to the consideration of the slab rotation in
CSCT solution where an increase in flexural reinforcement
reduces the slab rotation. A slight increase with increasing
yield strength of reinforcement is predicted by CSCT in
shear strength for all © values as shown in Fig.(10 a-c)
The influence of aggregate size is obvious as the shear
capacity increases with increasing of aggregate size and
this agree with Shioya et al.( Shioya 1989) conclusions
.The influence is more crucial for all steel strength where
the aggregate size are 20 and 30mm and the predictions by
both methods are very close to each other.
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The influence of slenderness of the slab on punching is
represented by the ratio of I;/d s shown in Fig.(11). This
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effect is not considered by EC2 but according to CSCT the
slender slab shows lower shear strength.

The influence of compressive strength in
Fig.(12)shows a trend of decreasing the shear strength
with increasing the compressive strength for both
methods. Also, there are higher shear strength for thinner
slabs in all compressive strength.

A Comparison between the Treatments of Punching by EC2 and the Critical Shear Crack Theory..
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Fig. 10 Comparison of punching shear strength according
to EC2 and CSCT showing the yield strength of
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Conclusion

There are some significant conclusions could be drawn
from this comparative parametric analysis for CSCT and
EC2 equations. The increasing of compressive strength
causes in increasing of punching shear capacity in both
methods and the rate of increasing in shear capacity is
decreases with increasing the compressive strength.

The increasing of slab thickness causes in increasing
the shear capacity up to 200mm in EC2 while CSCT
showed the increase up to 250mm and then the shear
strength decreases as the thickness increased beyond these
values. The increasing ratio for punching shear capacity
from increasing the flexural reinforcement showed
significant effects on increasing the punching shear
capacity. The increasing of punching capacity from o =
0.5% to 2% by CSCT and EC2 are 1.77 and 1.59
respectively.

The solution of the equations from CSCT is a quiet
complex method for design by engineers. This study aided
in evaluation of the CSCT in general and particularly to
highlight combinations of variables, for which its results
deviate significantly from EC2, i.e. the combinations for
which test results are critical. The parametric results are
more conservative by EC2, the reason is basically due to
considering some parameters in CSCT but not in EC2 like
aggregate size and rotation of the slab, the limits for the
influence of size effect and the influence from the

slenderness of slab presented in I, /d ratio.

The differences between CSCT and EC2 results can
justify the need for a new and more complex approach
than EC2’s to involve the parameters like aggregate size,
slab slenderness and slab rotation but to be approved by
experimental works.
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