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Abstract. This paper is focused on the assessment of punching capacity of the slab-column connections without trans-
verse reinforcement with openings located close to a column. Non-linear analysis and design equations from the relevant
codes of practise are used for the prediction of the punching resistance of flat slab specimens supported by the rectan-
gular columns with different ratio /#/d of the column’s cross-section. The non-linear models were calibrated using ex-
perimental results from the laboratory tests. The main goal of the study is an investigation of the effect of the openings
on the punching capacity and as well as testing accuracy of the design equations for the prediction of the punching
resistance. Several methods for the reduction of the control perimeter length accounting for presence of the openings
were tested in order to find the most general method for the estimation of the punching capacity. However, standard
methods introduced in the relevant codes of practise provide very inconsistent results concerning of the model’s safety
for different position of the openings as well as for different cross-section of the columns. Therefore modification of the
methods was proposed and verified using obtained results.
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Introduction

Punching is one of the most dangerous form of structural failure in reinforced concrete slabs due to its brittleness.
Failure at one local support may lead to the overloading of neighbouring areas and then may spread over the whole
structure, thereby resulting in a progressive collapse. The reason of the punching is a concentration of shear stresses at
the vicinity of local support like is a column, edge or corner of a wall. The concentration of shear stresses can be also
increased by the shape of a supporting member, e.g. columns with ratio 4#/b > 3d, where d is an effective depth of a
slab and % and b are dimensions of the column cross-section, or by the presence of the openings placed in the vicinity
of a column.

The design equations for prediction of the punching capacity introduced in the modern codes of practice were
calibrated using the test results obtained from the experiments carried out on the fragments of flat slabs without open-
ings. Tests on slab specimens with the openings are rare. Therefore, models that take into account an influence of the
openings on the punching capacity have limited validity and their justification is further needed.

Some experts have conducted research on punching behaviour of flat slabs with openings. In the sixties, there
were (Moe, 1961) and (Hognestad, Elstner, & Hanson, 1964). The more recent research was carried out by (El-Sala-
kawy, Polak & Soliman, 1999) and (Teng, Cheong, & Kuang, 2004). Teng tested 20 slabs with a thickness of 150 mm
without transverse reinforcement. Square columns with different dimensions supported slab specimens with different
location of the openings. The most recent research represents works of (Borges, Melo, & Gomes, 2013) and (Elshafiey,
Hussein, & Abdel-Aziz, 2012). Borges tested 13 RC flat slabs with a thickness of 200 mm. Three specimens were
reference slabs without openings, three slabs had one opening and seven slabs with two symmetrically placed openings.
Six slabs were also reinforced by transverse reinforcement. EL-Shafiey tested seven slab specimens with a thickness
of 150 mm, one reference slab, three slabs with square openings with different dimension located at the face of the
column and three slabs with openings at the column corner. Eight slabs with symmetrically placed openings tested
(Augustin, Fillo, Halvonik, & Mar¢is, 2018). The slabs had thickness of 250 mm, two slabs were reference without
openings and six slabs were tested with three different positions of the openings.

The most of the tests were carried out on the slab specimens with non-symmetrical arrangement of the openings,
which makes more difficult to evaluate separately an influence of the openings and an influence of non axis-symetric
conditions on the punching capacity. Therefore, our non-linear analyses were carried out on the slab specimens with
the symmetrically placed openings.

© 2019 Authors. Published by VGTU Press. This is an open-access article distributed under the terms of the Creative Commons
Attribution (http://creativecommons.org/licenses/by/4.0/) License, which permits unrestricted use, distribution, and reproduction in
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Calibration of the non-linear models

The fracture-mechanics parameters of the numerical model are based on work (Kadlec & Cervenka, 2015) and (Au-
gustin et al., 2018). For calibration of the numerical model, a specimen without openings was used. After successful
calibration, these parameters were used for specimens with the openings.

The five finite elements on the thickness of the slab were chosen, because no changes in the trend (5 — 10 ele-
ments) of the load-deflection curve or the ultimate resistance were noticed (Kadlec & Cervenka, 2015) and (Augustin
et al., 2018). Also, the combination of tetra and brick elements is not recommended, leading to the underestimation of
the ultimate resistance. For this case the extrusion of the brick elements seems to be reasonable.

For the fixed crack model coefficient (where 0 — fully rotated crack, 1 — fully fixed crack) using “0” , lower
value of the ultimate resistance and unrealistic shear crack inclination is obtained (Figure 1). Therefore because of a
good match with the experiment, fixed crack was used in the analysis.

Figure 1. Fully rotated crack (left), fully fixed crack (right)

Atena (V. Cervenka, Jendele, & J. Cervenka, 2018), MC1990 (fib MC1990, 1993) and MC 2010 (fib MC2010,
2012) have a small difference in concrete tensile strength (10%). However, the difference in fracture energy is signif-
icant. This difference is justified in (fib Bulletin 70, 2013) and refers to a better match with experiments (Figure 2).
Based on these experiments, the MC1990 significantly underestimates the fracture energy for all concrete strengths up
to 110 MPa. However, Atena FEM software is based on MC1990 and using the fracture energy leads to good match
with experiments (Figure 2, difference only 12%). The fracture energy model introduced in MC2010 is not recom-
mended to be used in Atena because it leads to the ultimate resistance overestimation.
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Figure 2. Fracture energy-compressive strength relation (left) (Fib Bulletin 70, 2013),
load-deflection relation S02 (Augustin et al., 2018)

Non-linear analysis
Description of the specimens

The non-linear analyses were carried out on the fragments of flat slabs with a thickness of 200 mm and an effec-
tive depth of 159 mm. All specimens are supported by rectangular column with 5 different dimensions of the cross-
section; 160x150 mm; 320x150 mm; 480x150 mm; 640x150 mm and 950x150 mm. The longest dimension represents
value of 6d and the smallest 1d. Cylinder concrete strength f., was assumed 30 MPa and reinforcing steel with yield
strength of f,,,= 580 MPa. Reinforcement ratio p was assumed 1.26% (bars with diameter of $16 mm by 100 mm). No
additional reinforcement was used next to the openings. Analysed specimens are without transverse reinforcement.
The maximum aggregate size dy, max Was assumed 16 mm.

Three different slab specimens were analysed (Figure 3) for each type of a column. The first one (Figure 3a) is
the slab SLO-x without openings. The second one is the slab SL1-x with two openings 150x240 mm located at the
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shorter side of the column (Figure 3b) and the third one is the slab SL2-x with two openings located in the middle of
the longer side of the column (Figure 3c). Eight concentrated forces for the whole specimen were used for loading,

two forces per one quarter. The forces were introduced in steps until the failure was reached.
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Figure 3. Analysed slab specimens: a) slab without openings; b) openings at column edges;
¢) openings in the middle of the column

Obtained results

Non-linear models of the slab fragments were created and analysed based on the recommendations introduced in
previous chapter. Used procedures for non-linear modelling and analyses were calibrated using tests results obtained
from the experiments that were carried out at the laboratory in Bratislava. Calculated maximum shear forces and max-
imum stresses in bending reinforcement are introduced in the Table 1. All analysed specimens failed by punching.
Yielding of main reinforcement has been reached only in several bars (no bending failure was observed).

Table 1. Failure loads VrnLa and stresses in main reinforcement obtained from non-linear analyses

150160 mm (1) 150x320 mm (2) 150x480 mm (3) 150640 mm (4) 150950 mm (5)
Slab VrR.NLA Os,max VrR.NLA O's,max VRr.NLA O's,max VR.NLA O's,max VRNLA Os,max

[kN] [MPa] [kN] [ MPa ] [kN] [MPa] [kN] [ MPa ] [kN] [ MPa ]
SLO-x 561.3 344 641.3 426 721.3 529 781.3 550 901.3 580
SL1-x 351.3 329 461.3 353 541.3 421 631.3 527 761.3 547
SL2-x 3413 409 511.3 474 631.3 550 681.3 580 831.3 580

Design equations

Two design models were used for prediction of the punching capacity. Current EC2 (2004) model and the model based
on the critical shear crack theory (CSCT) with design equations expressed in closed form (CF CSCT model). The first
model is empirical and the second physical.

EC2 (2004) model

The EC2 (2004) model is based on a formula proposed by (Zsutty, 1968) in 1968. Zsutty statistically evaluated
the relation between the shear strength and the amount of the main reinforcement, expressed by the reinforcement ratio
p and the concrete compressive strength on cylinders f. [MPa]. After some refinements, the final Eq. (1) was published
in Model Code 1990.

CRk,c

1/3
k(100%pf ) " wd 0]

VRd,c

Tc
where: Cgi — is a empirical factor Cre. = 0.18 MPa; fo — characteristic concrete compressive cylinder strength; p —
reinforcement ratio, p = (p«p,)®>; d — effective depth, the average value of the effective depths in two orthogonal

directions dx and dy; k — a factor which takes into account the size effect k= 1+(200 [mm]/d)®3 < 2.0; yc — partial safety
factor; u; — is the length of basic control perimeter at distance 2d from the face of a column.
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CF CSCT model

The model is based on the critical shear crack theory (Muttoni & Ruiz, 2008). Muttoni and Ruiz (2016) expressed
punching resistance in closed-form (2) without direct calculation of the slab rotation v in order to simplify the design
of the flat slabs for punching. The design expression looks very similar to the EC2 (2004) formula now. The CF CSCT
model was evaluated using power-law failure criterion instead of hyperbolic criterion used in the MC2010 model.

The model was chosen for the evaluation because used failure criterion is very similar with the criterion intro-
duced by Muttoni and Ruiz (2008) from safety point of view. Failure criterion in the Model Code 2010 was updated
in 5% fractile and therefore provides too conservative results.

/3
k d N
VRd.c =—b(100 P for —ng byd, < 0-6*—f6k byd,,; 2
Yc a, Yc

/ d
kb = 8*u—, (3)
bO

where: d, — an effective depth for shear, usually d, = d; d4; — is a coefficient that takes into account the type of concrete
and its aggregate properties, i.e., 32 [mm] for concrete of a normal weight; a, — shear span, the geometric average of
the shear spans in both orthogonal directions and not less than 2.5d; by — a control perimeter at distance 0.5d, from the
face of a column; p — a parameter accounting for the shear force and bending moment in the region of the shear, for an
internal column without an unbalanced moment p = 8; in the case with the openings p should be multiplied by
ko < 1.0; k, — a factor accounting for presence of the openings, ratio of the reduced control perimeter length due to
openings and perimeter length evaluated for the same slab ignoring the openings.
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Figure 4. Reduction of the control perimeters due to a) large loaded area; b, ¢, d) due to opennings b) standard method;
¢) Teng’s proposal; d) Augustin’s proposal, on the left the EC2 (2004) model, on the right the CF CSCT model
Models accounting for the openings and large loaded area

An influence of the openings on the punching capacity can be taken into account by the reduction of the control
perimeter length according to Figure 4b (right) in the case of CSCT model and Figure 4b (left) for the EC2 (2004)
model. The reduced control perimeter length is obtained by subtraction of the part that is enclosed by lines radiating
from the centroid of the loaded area (standard method). In the case of the elongated columns, two ways for the length
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reduction were used. The difference is in the origin of the radiating lines. The first is the standard method where
centroid of the loaded area is the origin, while the second is a matter of discussion, e.g. (Teng et al., 2004) proposes to
assume origin in the centroid of the end portion of the column, see Figure 4c. The last method represents proposal
(Augustin et al., 2018) for reduction of the control perimeter length by the application of lines parallel with edges of
the openings instead of lines radiating from the centre of the loaded area see Figure 4d. An influence of the large loaded
area that is represented by a column cross-section can be accounted for by the reduction of the control perimeter ac-
cording to Figure 4a.

Evaluation of the results and discussion

Punching capacities Vimodet Obtained from the design equations were calculated with partial safety factor yc equal unity,
where applicable and instead of the characteristic value of concrete strength fix the mean value fim has been used.
Punching capacities of the slab fragments were assessed using 6 differently reduced control perimeter lengths. The
first two were evaluated with lines radiating from the centroid of the loaded area (standard method), one with and
second without additional reduction according to Figure 4a in the case of elongated columns with ratio 4/d > 3.0.
Another two with lines radiating according to Teng’s proposal and finally, last two by lines parallel with edges of the
openings, Augustin’s proposal.

The model’s safety was investigated using ratio VrNra/Vmodel. Value of the ratio > 1.0, the results are on the safe
side and vice versa < 1.0 the model is unsafe.

Obtained results are shown in Figures 5a,b in the case of the EC2 model and Figures 5c,d in the case of the CF
CSCT model. Firstly, we want to point out on the results obtained for the slabs without openings. In the case of the
EC2 (2004) model the ratio Vr nLa/Vmodel 18 nearly constant for any dimension of a column with values slightly above
1.0, if full length of the control perimeter is assumed. In the case of the CF CSCT model the maximum value is 1.20
for ratio 4/d =1.0 and for 4/d > 2.0 is again nearly constant with a value of 1.02. Opposite, if the reduction of the control
perimeter is applied according to Figure 4a, the ratio Vr NLA/Vimodel increases with increasing of the //d ratio. The similar
results were observed also for specimens with the openings. This observation indicates that the concentration of shear
stresses at edges of the elongated columns does not significantly influence punching capacity if #/d < 6.0 and
hib < 6.3.

If we take look on the specimens with the openings placed at the column edges, we can find that standard method
with lines radiating from the centroid of a column provides inconsistent and many times conservative solution for both
models. Inconsistent, because model’s safety expressed by the ratio FrNra/Vinodel 18 not constant for different column’s
dimensions. In the case of the EC2 (2004) model the ratio Vrxra/Vmodel decreases with increasing of 4/d, from the value
of 1.72 for h/d = 1.0 to 1.06 for 4/d = 6.0. If reduction of the control perimeter length is assumed according to Figure 4a,
the results are different, because for 4#/d > 3.0 the ratio VrNrLa/Vmodel increases, with the maximum value of 1.45 for
h/d = 6.0. In the case of the CF CSCT model, the results are similar with the EC2 (2004) model, the ratio Vr NrA/Vmodel
decreases with increasing of //d, from the value of 2.06 for 4/d = 1.0 to 1.09 for h/d = 6.0. If reduction of the control
perimeter length according to Figure 4a is assumed, the Vrnra/Vmodel ratio increases again for 4/d > 3.0 up to the
maximum value of 1.95 for 4/d = 6.0.

Teng’s proposal provides very inconsistent results, similar with the standard method, and with many times higher
model’s safety, e.g. for i/d = 6.0 the Vr nLA/Vimodel Tatio reached a value of 2.25 for both design models, if the reduction
of control perimeter according to Figure 4a is assumed.

The most consistent results provides Augustin’s proposal with lines parallel with edges of the openings, especially
in connection with the CF CSCT model. The relation between the Vr nia/Vmodel Tatio and A/d ratio is similar with the
slabs without openings and the level of safety is slightly above values obtained for these slabs. In the case of the EC2
(2004) model it can be found similarity with the results obtained on the slabs without openings, however Vr NLA/Vmodel
ratio is below values obtained for these slabs. Particularly, in the case of the column with /4/d = 1.0 is Vr NLA/Vinodel Tatio
deep below one, only 0.78.

High inconsistency of the standard method and as well as Teng’s proposal was found out also in the case of slabs
with openings placed in the middle of the column’s longer side. In the case of the EC2 (2004) model the standard
method provides very conservative solutions with the maximum value of the Vr NLA/Vinodel ratio 2.38 for A/d = 3. In the
case of the CF CSCT model the level of safety changes with //d ratio, the maximum value is 2.15 for 4/d = 2 and the
minimum 1.48 for 4/d = 6. The reduction of the control perimeter according to Figure 4a did not influence results
much.

In the case of Teng’s proposal and the EC2 (2004) model the results are very different in comparison with standard
method. The Vrnea/Vmodel ratio decreases from value of 1.75 for 2/d = 1 to value of 0.93 for 4/d = 4 and then increases
up to the value of 1.03 for #/d = 6. In the case of the reduced control perimeter (Figure 4a) the relation is similar,
however the results are a bit better, for #/d = 4 the value is 1.00 and for #/d = 6 is 1.21. In the case of case of the CF
CSCT model the relation VrNea/Vinodel and A/d ratio is different from the EC2 (2004) model. The maximum value of
VRNLA/ Vimodel Tatio is 2.07 for A/d = 1, then decreases to the value of 1.28 for 4/d = 3 and then increases up to the value
of 1.45 for h/d = 6. The reduction of the control perimeter according to Figure 4a did not influence results much too.
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The best results provides again Augustin’s proposal, particularly in the case of the CF CSCT model, where the

value of VrNLA/Vinodel Tatio is fluctuating between 1.28 for #/d = 1 and 1.14 for h/d = 6 and the course is very similar
with the results obtained for the slabs without openings. In the case of the EC2 (2004) model the results are very similar
with slabs without openings for 4/d > 2. Only for 4/d = 1 the Vrnra/Vimodel ratio fell below one with a value of 0.76.
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Figure 5. Relation between VrNLA/Vmodel and A/d ratio: a) the EC2 (2004) model with openings placed at column edges;
b) the EC2 (2004) model with openings placed in the middle of column; ¢) the CF CSCT model with openings placed
at column edges; d) the CF CSCT model with openings placed in the middle of column; * reduction of the control
perimeters due to large loaded area

Conclusions

The study is focused on the punching capacity of the slab-column connections with two symmetrically placed openings
at two different positions supported by the column with dimension /4 varying from 1 < //d < 6. The parametric study
works with results obtained from non-linear analyses (NLA) of the slab fragments that were carried out using software
Atena. Results of the real experiments were used for calibration of the non-linear models. Obtained punching re-
sistances from (NLA) were used for safety verification of the design equations for prediction of the punching capacity.
Based on the results of performed parametric study following conclusion can be drawn.

1. In the case of the slabs without openings it was observed that the concentration of shear stresses at edges of the
elongated columns has a small influence on the punching capacity assessed by two design models for the tested
range of the //d ratio. The level of safety expressed by the Vrnia/Vmodel ratio was even for the full range of 4/d,
with values ranging from 1.02 to 1.05 in the case of the EC2 (2004) model and from 1.19 to 1.02 for CF CSCT
model.

2. Three different approaches for the reduction of the control perimeter length due to the openings were tested.
Standard method as well as Teng’s proposal provide very inconsistent results for both applied design models, e.g.
standard method with the EC2 (2004) model and 4/d = 3.0 in the case of the openings at column edges gives
VrNLa/Vimodet = 2.38, while for openings placed in the middle of the column a value of 1.15. Similar results were
obtained also with the CF CSCT model.
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3. Much better results were obtained with Augustin’s proposal. In the case of the CF CSCT model the relation
between Vrnia/Vmodel and A/d ratio is fairly even independently of the opening position and it is always above
curve obtained for the opening free slabs. In the case of the EC2 (2004) model the course of the relation
Vrnea/Vmodel and A/d ratio is fairly even too, but in the case of the openings placed at column edges the model’s
safety is permanently below values obtained for slab without openings. Therefore some corrections of the pro-
posal are needed.

4. Further reduction of the control perimeter length due to the column dimension for /2 > 3d, see Figure 4a, signifi-
cantly increases model’s safety, particularly for slabs with openings located next to the column edges, however
too much over the target value. Therefore our proposal is to increase an effective length of the column perimeter
measured from the column’s edge from the value of 1.5d to at least 2.0d.

5. Current methods that allow account for the openings close to the column for the punching capacity evaluation
provide very inconsistent results from the safety level point of view for different position of the openings as well
as for different dimensions of the columns. The best chance to develop one consistent method has Augustin’s
proposal with subtracting control perimeter length that is enclosed by lines parallel with the edges of the openings.
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