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Abstract: The scope of the paper is to propose a method for determining the size of shear caps in
a slab—column-connections-reinforced concrete structure. Usually, shear heads are used to enhance
slab—column connection, especially when the transverse reinforcement does not give the required
punching shear load capacity. The dimensions of the shear head should provide the punching shear
resistance of the connection inside and outside the enhanced region. The process of selecting the size
of the shear head is iterative. The parametric analysis of the ACI 318 code and EC2 standard has
the objective of indicating which control perimeter (inside or outside the shear head) has a decisive
impact on the punching shear capacity of the connection. Based on the analysis, the authors propose
methods for selecting the dimensions of the shear head with practical application examples. The paper
is intended to provide scientists, civil engineers, and designers with guidelines to design the process
of the slab—column connections with the shear caps.
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1. Introduction

Flat reinforced concrete (RC) slab structures are used worldwide due to their many advantages
over other types of structural solutions. The flat RC slabs give the possibility of free arrangement and
use of the building area, and they are relatively simple and quick to build. One of the key issues in
the design of slab—column structures is the support zone, which often requires enhancement, due to
the accumulation of shear forces near the point support. The basic way to increase the shear capacity is
to use punching shear reinforcement or boost slab thickness over the column (shear cap), like guidelines
in the ACI 318 code [1] or in the EC2 standard [2]. The shear caps (popularly called shear heads) are
commonly used, especially when the transverse reinforcement does not give the required load capacity.
The second advantage of using the shear heads is the increased stiffness of the slab, which positively
influences slab deformations. The design process of reinforced slab—column connections with shear
head require verification of punching shear resistance conditions in the head zone and the slab zone
outside the shear head; see Figure la. If the shear heads are used only to improve the punching
capacity, the first condition determines the thickness of the shear head, while the second specified
dimension of the shear-head. Designing the wrong thickness and/or size of the shear head may lead to
failure of a slab-column connection and, in consequence, to reinforced concrete structure catastrophe.

Slab—column connections are a subject of much experimental research and theoretical
investigation. Researchers have demonstrated the influence of many parameters on punching
shear resistance, e.g., type and strength of concrete (see, e.g., [3-6]), support shape and dimension
(see, e.g., [7-10]), quantity and distribution of longitudinal and transverse reinforcement (see,
e.g., [11-14]), loading condition (see, e.g., [9,15,16]), membrane effect (see, e.g., [17-19]), scale effect
(see, e.g., [11,20,21]), effect of the hole near to support (see, e.g., [22-24]), cyclic load (see, e.g., [25-27]).
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Investigations of these parameters have made it possible to develop methods and models to determine
punching shear resistance. The physical model, which was well compatible with experimental results
and explained the mechanism of failure due to punching shear, has been proposed by Kinnunen and
Nylander [28]. Based on similar assumptions, the Critical Shear Crack Theory (CSCT) model was
presented by Muttoni; see, e.g., [29-31]. Despite the developed physical methods, due to the complex
nature of the issue and the multitude of factors influencing the load-bearing capacity of the connection
between the plate and the column, most of the calculation methods were developed empirically.
Taking into account the fact that the vast majority of the research concerns flat plates without the shear
caps, it seems advisable to analyze the empirical methods in terms of punching through in a situation
of shear cap enhancement.
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Figure 1. Slab—column connection with shear head: (a) potential failure region; (b) denotations:
thickness of shear head (hg;), thickness of slab (ks), total thickness (), column span (c),
shear head span (c,).

It should be mentioned that the punching shear failure outside the shear head often deals
with a large width ¢y > 3d. Compared to round support columns, the large square or
rectangular columns generate a non-uniform distribution of the shear forces in the control perimeter.
Additionally, the increase of the column dimension (regardless of the stress concentration in the corners)
causes the nominal permissible tangential stress to decrease; see, e.g., [32,33]. These phenomena
may cause the punching resistance not to be proportional to the length of the control perimeter.
These effects have been taken into account in different ways over the years in the guidelines and
standards. The current European standard does not take this fact into account, which has raised some
concerns among researchers [9,33]. Some European countries have added restrictions on the punching
for large supports in national annexes. This paper does not analyze this effect; it is adopted the basic
EC2 standard provisions.

This research presents a unique parametric analysis of two calculation models of punching
shear adopted in ACI-318 code [1] and EC2 standard [2]. The analysis is focused on determining
the decisive control perimeter in slab—column connection with shear head on the punching shear
resistance. This paper aims to propose the method for selecting the size of shear heads, which is
based on the presented parametric analysis. Taking into account the fact that the process of selecting
the size of shear head is iterative, this method can be useful in the design process of the slab—column
connections with the shear caps. The practical application of the proposed method is confirmed by
application examples (see Appendices A and B) estimating the minimum shear head dimension to
obtain the required slab—column punching shear resistance. The influence of particular parameters
on the selection of shear-head dimensions is also presented. The paper provides scientists, engineers,
and designers with an analytical assessment of punching shear resistance of shear-head dimensions.

2. Analysis Method

The ratio of the head height (/) to the slab height (is) and the ratio of head dimension (cg) to
column dimension (c, see Figure 1b, column span (c)) are assumed as main parameters and defined
as follows:

h ,
a =L, =t @
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At this point, a requirement should be specified for which values of the main parameters the decisive
condition for the punching shear resistance of slab—column connection becomes the criterion inside
the shear heads. The condition that determines the above requirement is that the rate of intensity
(defined as the ratio of punching force (Vg g, VEs) to punching resistance (Vg 51, Vrs)) in the control
perimeter inside the shear head is greater than the rate of intensity in the control perimeter outside

the head:
VE,sh / VE,s

VRsh VR

= wg,/ws >1.0 2

The parameters wg, and ws define the punching shear rate of intensity in the control perimeter
inside the head and outside the head, respectively.

The value of parameters w; (index ‘i’ means the control perimeter under consideration) may be
determined for EC2 standard [2], as follows:

Bi-VE,

1
(0.18 k- (100 plli‘fck)3) ‘Ui - d;

w; =

®)

where B is coefficient and represents the effect of an unbalanced moment, p; is the reinforcement ratio
for longitudinal reinforcement, f is characteristic compressive cylinder strength of concrete at 28 days
in MPa, coefficient k = 1+ v200/d < 2, u is the length of the control perimeter, 4 is the effective
slab height.

The value of parameters w; for ACI-318 code [1] can be specified as:

Vi VE,

Wi = ——
! "Uc'b()-di

4)
where y represents the influence of the unbalanced bending moment acting on the joint, v is the nominal
shear strength, and by is the length of the control perimeter.

The value of § (and y) is greater the smaller the distance from the column face to the control
perimeter under consideration. Therefore, the ratio fg,/Bs (and yg,/ys) will always be greater
than 1, and the basic analysis condition (Equation (2)) be satisfied, regardless of the § (or y) value.
Thus, in the present analysis, the value of § (and y) is equal to 1.

Assuming a symmetrical slab—column connection (square head and column, see Figure 2) under
uniformly distributed loads, the punching force acting on the control perimeter under consideration
can be calculated from the equations:

VE,sh =Vg- AVsh =4 Ay - q- AV,sh (5)

Ves =VE-AVs =q-Ay —q-Ay,
where Ay = I; - I, [m?] is an area of uniformly distributed load, q [kPa] is the magnitude of the loads.
The area Ay ¢ is assumed to be equal to the size of the shear head increased by ds, and area Ay g is
assumed to be equal to the size of the column increased by dg,. The concrete class and longitudinal
reinforcement cross-section (Ag)) and cover of the longitudinal reinforcement (chom) are assumed to
be identical in the slab and the shear head. In the calculations, the membrane forces in the floor slab
are not taken into account. No shear reinforcement is assumed. Based on the described assumptions,
the independent variables taken into account in the parametric analysis are determined. Figures 3
and 4 show diagrams of the dependence of parameters of the analyzed methods. The value of the a;
parameter depends on the assumptions of the analyzed national standard and calculation case under
consideration. The national standards provide methods for determining the total height of shear cap
(htot = hs + hg,). Depending on the calculation case, the total height of the head is selected to fulfil
capacity conditions. Based on the shear head height and slab thickness parameter «; is calculated.
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The a) parameter is responsible for specifying the size of shear head, and is determined based on
the proposed method for selecting the size of shear caps based on the parametric analysis.
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Figure 3. Parameters dependency diagram for the EC2 standard.
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Figure 4. Parameters dependency diagram for ACI 318 code.

3. Results

The analysis is based on deriving the relationships between wg,/ws and the parameter ap
for different values of aj. Each of the relationships for a particular set of independent variables
was obtained by calculating the values of wg,/ws (Formulas (3) or (4)) for the assumed parameter
a1 by changing parameter a, every 0.25, starting from 1 to 10. These relationships are obtained
for different values of independent variables. For each independent variable, three values are
considered: lower value, basic value, upper value (see Table 5). The values are selected according
to the guidelines used in practice. In the first step of the analysis, we calculated the dependencies by
examining each of the independent variables separately. Considering a particular variable, the value
of this one independent variable changed, while the other variables remained constant (as basic values).
The results of the calculations are presented in Figure 5a—e for EC2 standard and in Figure 5f-i for
ACI 318 code. The lower value of the analyzed variable is shown in red, the basic value in black,
and the upper value in blue.

Table 1. Values of the considered independent variables.

Variable Lower Value  Basic Value  Upper Value

pLs (Aq) 0.25% 0.75% 1.25%
I, b 28 I 33 I 36 I

hg 0.18 m 0.25m 0.35m
c1, € 1.5 hg 2.0 hg 3.0 kg

Cnom 0.05 hg 0.10 hg 0.15 hg
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Figure 5. Independent variables impact on the results of the analysis: (a) and (f) column dimension;

(b) and (g) slab height; (c) and (h) slab span; (d) and (i) reinforcement cover; (e) slab reinforcement ratio.

In the case of EC2 standard [2], it can be shown that in the range wg;, /ws < 1, the reinforcement ratio
for longitudinal reinforcement and the concrete cover does not affect the results obtained. The minimal
influence is visible for the slenderness of the slab and the slab height. The greatest variability is
characterized by column size (see Figure 5a,f), because the size of the support directly affects the
parameter a;. In the case of ACI318 code [1], the most changeable is the graph with the column size
parameter under consideration. The minimum variation in results is visible for the slab slenderness
parameter and the upper reinforcement cover.

In the next step of the analysis, we made additional calculations by combining the parameters
that show the variability of results. For the EC2 standard [2], the combinations are created from the
parameters I (I, 1), hs, ¢ (c1, c3), whereas for ACI, they are I (11, I5), thom, € (c1, ¢2). This resulted in 27
combinations of the independent variables for each method (three independent variables with three
values each). In Figures 6-10, the comparisons for different values of the parameter a; are given. We
noted that the calculated curves are grouped into three categories, depending on the column size
parameter. In the figures, these groups were marked by colors (red for the parameter c; =c; = 1.5 ks,
black for ¢; = ¢, = 2.0 hg, blue for ¢; = ¢, = 3.0 hs). Based on these data, it can be shown for which
values of the main parameters Equation (2) is satisfied. The maximum value of the parameter a»,
for which the control section strength inside the shear head is equal to the control section strength
outside the head, is determined by (Z—Sj‘ (ap) = 1). The values are presented in the form of points on
the Figures 6-10, and are collected in Tables 2 and 3. These points mean that, for assumed values of
the parameter a; and column size ¢c; = ¢, a minimum parameter a, should be used to satisfy the
condition defined in Equation (2).

30

0.5 1.6 g 2.0

(@) (b)

Figure 6. Graphs obtained for the parameter a; = 0.25: (a) for the EC2 standard; (b) for the ACI code.
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Figure 7. Graphs obtained for the parameter a; = 0.5: (a) for the EC2 standard; (b) for the ACI code.
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Figure 8. Graphs obtained for the parameter a; = 1.0: (a) for the EC2 standard; (b) for the ACI code.
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Figure 9. Graphs obtained for the parameter a; = 1.5: (a) for the EC2 standard; (b) for the ACI code.
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Figure 10. Graphs obtained for the parameter a; = 2.0: (a) for the EC2 standard; (b) for the ACI code.

Table 2. Minimum values of the parameter ap, which satisfies the condition (2)—EC2.

X1 c1=c;=15hg c1=cp=2.0hg c1=c=3.0hs
0.25 2.13 1.89 1.64
0.5 3.15 2.67 2.18
1 5.19 422 3.23
15 7.20 5.75 4.22
2 9.00 7.12 5.12

Table 3. Minimum values of the parameter «;, which satisfies the condition (2)—ACI318.

X1 C1=C = 1.5 hs Cl1=C = 2.0 hs Cl1=C = 3.0 hs
0.25 1.70 1.63 1.89
0.5 2.85 2.85 2.85
1 6.05 5.39 4.58
1.5 9.20 7.60 6.00
2 - - 7.10
10
8]
L
o)
767
1)
= 4
aﬁ c=15hg
32l c=20hg
s ——¢c=30hg
0 . T T T .

0:00 05 1.0 15 20 25 30
ajp [-]

Figure 11. Summary of the analysis results—EC2.

The approximation functions for the performed EC2 standard analysis (see Figure 11) can be

determined, as:
ar =3.95-a1 +1.18, forc; = cp = 1.5 kg 6)
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ar =3.0-a7+1.18, forc; = co =2.0 kg (7)
ap =2.0-a7 +1.18, forcg =c» = 3.0 kg (8)

The function @, (¢, a1), which approximates all the results, the relationship of the linear function
directional coefficient depending on the value of c¢/hs (Where ¢ = c¢; = ¢;) should be determined.
Such a function is proposed as a parabolic relationship (this assumption allows to avoid additional
conditions for particular ranges in the case when the lower order of approximation function would be
used, e.g., the piecewise linear approximation function) and takes the form

a(his) - 0.58.(;—5)2 —3.93-(}135)+8.53 )

Finally, the functions a; (c, s, 1), which approximate obtained results of parametric analysis,
are derived for the EC2 standard as

2
ay = (058 (=) - 393- (5) +8.53)-a; +1.18 (10)
hs hs
Following, by performing operations like above for the ACI318 code results of the analysis
(see Figure 12) and take into account that the value of parameter a; for a; = 0.5 is 2.85 (see Table 3,
ACI318), the approximating function for ACI318 code is derived as:

2
ap = (0.51 : (hi) —4.34-(h£) + 11.46). (a1 —0.5) +2.85 (11)
S S
10
8 4

(wgh /0g =1.0) [-]
~

c=15hg
c=20hg
—— ¢c=30hg
0 \ ; ' ' ‘

00 05 10 15 20 25 30
ap [-]

a9 =

Figure 12. Summary of the analysis results—ACI 318.
4. Discussion

It can be stated that the higher the shear cap (higher parameter a1), the greater influence that
independent variables of particular methods have on this analysis, and the greater the difference in
the results that occur. In the case of the ACI318 code [1] for parameters a; = 0.25 and a; = 0.5 within
wg,/ws = 1, relatively convergent results can be observed. The values of independent variables
have a relatively low impact on the obtained results. Three groups of functions can be identified,
depending on the analyzed support dimension only for parameters a; higher than 0.5. For the EC2
standard [2], from the initial values of the parameter a4 the function groups related to the assumed
column dimension are clearly separated. For high thicknesses of shear heads (@ = 1.5 and ay = 2),
the values a; at which the curves reach wg,/ws = 1 are very large, especially for the ACI318 code;
see Figure 12. For example, for the parameter a1 = 1.5 with the column dimension equal to 3.0 /5 (blue
color curves, see Figure 12), the value wg,/ws = 1is reached at a; = ~ 6.0 (for the EC2 standard,



Materials 2020, 13, 4938 11 of 24

it would be ap = ~ 4.2). In this case, in order for the load capacity of the control perimeter outside
the head to exceed the load capacity of the perimeter inside the shear head, the thickness should be
assumed to be about ~ 6.0 -3 hs = 18 hs. Considering the typical slenderness of the slab (I; = 33 k),
the thicker part would occupy more than half of the floor area. Such design situations are not common
in practice (except for heads used due to ceiling deflection—drop panels). Therefore, it can be assumed
that, for heads with the parameter a7 > 1.5, the dimension (width) of the shear head should be selected
by checking the resistance condition in the cross-section outside the head iteratively. For very small
thicknesses (a7 < 0.25), the approximation functions do not give the desired results, because in values
aj = 0, they should converge to @, = 1. However, this is irrelevant, given the fact that such low heads
do not exist in practice. It should be assumed that the approximation functions give correct and useful
results for the values of 0.25 < a7 < 1.5.

The authors propose the shear caps size dimensions selection method based on the parametric
analysis. In the EC2 standard [2] case, the algorithm for the proposed method can be specified
as follows:

e  Determine the required total thickness of shear head (/) from the design data (geometry, loads,
material, etc.). During the above calculations, the condition set in the assumptions must be
verified: vRg . > Upin.

e Calculate parameter a1 and c; /.

e Compute the parameter a, (see Equation (10)) and the shear head dimensions, as: cg,1 = a2 - ¢s1
and cgy0 = ap - Csp.

It should be noted that the proposed method can be applied to rectangular columns. In this
case, ¢s = min( ¢s1 ;52 ) should be used in the parameter c;/hs, and the head dimension should be
determined as in the given algorithm (rectangular shear head with the same proportion of sides as
the column dimensions is specified). The assumption of parameter ¢s = min( ¢s1 ;52 ) causes results
on the safe range.

On the other hand, for the ACI318 code [1], the algorithm can be described as:

e  Determine the required total thickness of shear head (/) from the design data (geometry, loads,
material, etc.).

e  Compute the parameters a; and ¢/ hs.

e  Specify the parameter a; (see Equation (11)) and the shear head dimensions: ¢y, 1 = a2 - 51 and

Cshp = 2" Cs2.

In the case of rectangular support, the value cs; should be determined according to the following
conditions: while 0.25 < a7 < 0.5, the ¢; = max( ¢s1 ;¢s2 ), and for @y > 0.5 = ¢; = min( ¢ 1 ;652 ).

Appendices A and B present the verification examples (see Figures A1-A8) for the shear
heads selecting size, according to the proposed method. The notations used in Figures A1-A4 and
Figures A5-AS8 are collected and described in Tables A1 and A2, respectively. The slab—column structure
(see Figure 2) under uniformly distributed loads is taken under consideration in the calculations.
The different slab spans, design values of total distributed load, slab thickness, and column dimension
are taken into account in the calculations. In the dimensioning examples, the geometric data of
slab—column structure and the loadings data are firstly accepted. Next, the punching shear resistance
of reinforced concrete slab is determined. The thickness of the slab is insufficient for carrying shear
loadings, and the shear head height is specified. Next, the shear load capacity in the control perimeter
inside the head is calculated. The shear head width according to proposed equations is defined.
Finally, the shear load capacity in the control perimeter outside the shear head is verified.

To fulfil standards requirements, the proper shear head thickness and dimensions are specified.
Table 4 summarizes the accepted design shear head dimensions for each verification example
(see Figures A1-A8). It should be pointed out that the punching shear resistance without transverse
reinforcement is higher, according to the ACI318 code [1], like in the EC2 standard [2] (see, e.g., [34]).
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Using the guidelines of the ACI318 code, a significantly smaller thickness of the shear head is
determined; see Table 4.

Table 4. The shear heads dimensions determined in verification examples.

EC2 ACI318
No hs Cs,1 Cs2 Vea Mgaq1 MeEgap n I

. [cm] [em] [em] [kN] [kNm] [kNm] sh Csh,1 Csh,2 sh Csh,1 Csh,2
[em] [em] [cm] [em] [em] [em]
1 24 50 50 1185 34 54 45 185 185 35 135 134
2 33 40 40 2448 500 230 75 285 285 65 245 245
3 18 55 55 724 5 70 30 140 140 26 150 150

4 30 50 35 1188 260 21 45 180 125 38 80 55

5. Conclusions

The parametric analysis according to design guidelines given in the EC2 standard [2] and
the ACI318 code [1] is carried out. The authors determined the decisive control perimeter (inside or
outside the shear head) in slab—column connection with shear head on the punching shear resistance.
The specified function (see Equations (10) and (11)) allows for specifying the necessary dimension of
the shear head in the slab—column connection. The method for selecting the shear head dimension
is proposed. The verification examples (see Appendices A and B) show the practical application
of the proposed methods of estimating the minimum shear head dimension to obtain the required
slab—column punching shear resistance. The method is designed to give safe results under all boundary
conditions. The described method gives a good result, provided that the shear head height is correctly
determined. On the other hand, it should be remembered that the analysis strictly covers the standard
regulations, without undermining their credibility to be used for large dimensional supports. As noted
in the first paragraphs of the paper, the considered standard methods may not give satisfactory results
for large load fields.

The research program completed by the authors for selecting the shear head dimension allows for
a proper reorganization of the punching shear capacity in slab—column connections. The authors hope
that the described analytical method sparks a vital interest in the community of civil engineers
and scientists to take into consideration the subject of the punching shear resistance of shear
heads in building structures. The obtained results encourage the authors to continue the outlined
research, also incorporating the extended theoretical and experimental investigations. The paper is
intended to provide scientists, civil engineers, and designers with guidelines for the design process of
the slab—column connections with the shear caps.

Author Contributions: Conceptualization, M.G. and A.A.; methodology, M.G. and A.A.; software, M.G.;
validation, M.G.; formal analysis, M.G.; investigation, M.G.; data curation, M.G. and A.A.; writing—original draft
preparation, M.G. and A.A.; writing—review and editing, A.A.; visualization, M.G. and A.A.; supervision, A.A.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
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Appendix A. EC2 Verification Examples

The four verification examples are shown in Figures A1-A4. The notations used in Figures A1-A4
are collected and described in Table AT.



Materials 2020, 13, 4938

13 of 24

Table Al. Notations used in Appendix A.

Notations

ol
o2
hs
htot
hsh
Cnom,1/ Cnom,2
ds,lr ds,2
ds, ef
As,ll As,2
Pls,1/ P1s,2
P1,s
Cs,1/Cs2
Csh,1/ Csh,2
Uo,s
Uyg
k
fo
Yc

URd,c1
Umin

URd,max

UEd,0
UEd,1
h, I
qEd
Ved

AVEgq
Mgg,1, Mg4,2
€1, 6

b1,1, boa
b1,0, by

B1. Bo

relative height of the shear head (main parameter of the method)
relative range of the shear head (main parameter of the method)
slab height
total shear head height
height of the bold (from the underside of the shear head to underside of the slab)
the reinforcement cover in 1 and 2 directions
effective depth of slab in 1 and 2 directions
effective depth of slab
reinforcement area in 1 and 2 directions
slab reinforcement ratio in 1 and 2 directions
effective slab reinforcement ratio
column dimension in 1 and 2 directions
shear head dimension in 1 and 2 directions
length of the control perimeter in the face of the support
the length of the primary control perimeter
scale coefficient
characteristic compressive strength of concrete
material safety factor for concrete
design shear strength of the unreinforced slab along the control perimeter
under consideration
minimum shear strength without reinforcement for puncture along the control perimeter
under consideration
design maximum shear strength without reinforcement for punching along the control
perimeter under consideration
design shear stress along the circumference at the face of the support under consideration
design shear stress along the primary control perimeter of the support under consideration
slab span in 1 and 2 directions
design total load evenly distributed over the slab generating the punching force
the punching force in the control perimeter under consideration
the part of the punching force generated from the load inside the field created by
the control perimeter located at a distance of ds_ef from the face of the head
design unbalanced bending moment acting on the connection in 1 and 2 directions
eccentric of the punching force in the 1 and 2 directions
dimension of the primary control perimeter in the 1 and 2 directions
dimension of the control perimeter in the face of the support in 1 and 2 directions
coefficient increasing the tangential stress due to unbalanced moment acting on
the connection in the primary control perimeter and at the face of the support
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Geometric data:
hg = 24cm
Cnom,l: 3.5 ) Cnom’2:4.7 cm
ds1= 199cm ds 2= 18.7 cm ; ds, eff = 19.3cm
As1= 12cm  each 10  cm= 1731 cm? ; Plsx=0.0057 ; pls=0.0059
As2= 12cm each 10 cm= 1931 m2  Plsy= 0.0060
k=2
fck =30 MPa; yc=1.5
Cs,1 =50 cm;cCs2=50 cm;uls=44253 cm; uQ,s =200 cm
VRd,c1 = 0.6241 MPa >V min = 0.5422 MPa (condition fulfilled)
Load data:
I1 = 75m ; 2= 79m ; gEd = 20 kPa
VEd= 1185kN ; MEd,1= 34 kNm  ;  MEgd2 = 54 kNm
e1= 0.03m ; e2= 0.05m ; _
bi1= 1272 cm : b21=127.2 cm p1=1.08 (Equation 6.43 - EC2)
b1,0=50.0 cm : b2 0= 50.0 cm ; Bo= 1.19 (Equation 6.43 - EC2)
Load capacity without a shear head:
VRd,max = 4.22 MPa VEd,0 = 3.67 MPa VEd,0/VRd,max = 0.87
VRd,c =0.62 MPa VEd,1 = 1.49 MPa VEd,1/VRd,c = 2.39
H height selection:

htot = 45 cm hsh =21 cm (hsh = htot - hs )
VRd,c1 =0.4458 MPa > vmin = 0.4266 MPa (conditionfulfilled)

L ity in th ntrol perimeter inside the h :
VRd,max = 4.53 MPa VEd,0 = 1.76 MPa VEd,0/VRd,max = 0.39
VRd,c = 0.45 MPa VEd,1 = 0.44 MPa VEd,1/VRd,c = 0.98
i lection:

a1 =0.875 (a1 = hsh/hs ) Cs/hs=2.08 (cs =min(cs1;Cs,2))

az = (0.58*(cs/hs)2-3.93*(cs/hs )+8.53)*a1 +1.18 = 3.68
Csh,1 =185 cm ; Csh,2 = 185 c¢m (Csh,1 , Csh,2 - are rounding up to 5cm)
AVEd= 99.354 kN

VEd = 1085.6 kN ; MEd,1= 34 kNm i MEd,2 = 54 KNm
e1= 0.03m ; e2= 0.05m
b1,1= 262.2cm : by 1= 262.2 cm . B1= 1.04
b10= 185.0cm ; b2o= 185.0 cm . Bo= 1.06
L ityin th ntrol perimeter outside the head:
VRd,max = 4.53 MPa VEd,0 = 0.80 MPa VEd,0/VRd,max = 0.18

VRdc =0.67 MPa VEd,1=0.60 MPa VEd,1/VRd,c = 0.89

Figure A1. Verification example no. 1—EC2.

(Equation 6.43 - EC2)
(Equation 6.43 - EC2)
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Geometric data;
hs= 33 cm ;
Cnom,12.5 cm Cnom,2=4.1 cm
ds,1= 29.7cm ; ds2= 281cm ; s, eff = 28.9 cm
As1= 1.6cm each 12 cm= 1676 cm? ; Plsx=0.0056 ; pl,s=0.0058
As2= 16cm each 12 cm= 1676 cm2 ; Pl,s,y=0.0060

k=1.832

fck =30 MPa ; yc=1.4

Cs,1 =40 cm;Cs,2=40 cm;ul,s=523.17 cm; uQ,s = 160 cm
VRd,c1 = 0.61 MPa >V min = 0.4753 MPa (condition fulfilled)

Load data:
I1 = 12m

I2= 12 m ;
VEd= 2448 kN ; Mgd,1= 500 kNm ;
e1= 0.20m X e2= 0.09 m :
b1,1= 1556cm b2 1=155.6 cm B1=1.26
bl,O =40.0 cm X b2,0 = 40.0 cm : BO =201
L ity without a shear head:

VRd,max = 4.53 MPa
VRd,c =0.61 MPa
. lection:
htot = 75 cm hsh =42 cm (hsh = htot - hs )

VRd,c1 =0.378 MPa > vmin = 0.3632 MPa (condition fulfilled)
o . insid i

VRd,max = 4.53 MPa VEd,0 = 4.34 MPa

VRd,c =0.38 MPa VEd,1 = 0.37 MPa
H width selection:

a1 =1.273 (a1 = hsh/hs)

VEd,0 = 10.65 MPa

VEd,1 = 2.04 MPa VEd,1/VRd,c = 3.34

VEd,1/VRd,c = 0.98

Cs/hs=1.21(cs =min(cs1;Cs,2))

Gz = (0.58%cs/hs)>-3.93%(cs/hs )+8.53)*au +1.18 = 7.06
Csh,1 = 285 cm ; Csh,2 = 285 cm (Csh,1 , Csh,2 - are rounding up to 5¢cm)
AVEd= 198.6 kN

VEd = 2249 kN ; Mgd,1= 500 kNm 7 MEd;2 =
e1= 0.22 m ; e2= 0.10 m

b11= 400.6 cm ;o b21= 400.6 cm i B1=
b10= 2850cm ; b2o= 285.0 cm i BO=

V Rd,max = 4.53 MPa VEd,0 = 0.79 MPa

VRd,c =0.61 MPa VEd,1 = 0.57 MPa VEd,1/VRd,c = 0.94

Figure A2. Verification example no. 2—EC2.

JEd = 17 kPa
MEd,2 = 230 kNm

VEd,0/VRd,max = 2.35

VEd,0/VRd,max = 0.96

VEd,0/VRd,max = 0.17

(Equation 6.43 - EC2)

(Equation 6.43 - EC2)

230 KNm

111 (Equation 6.43 - EC2)
1.15 (Equation 6.43 - EC2)
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Geometric data;
hs= 18 cm ;
Chom,12 cm Cnom,2=3.2.cm
ds 1= 154cm | ds2= 142cm . ds, eff = 14.8 cm
As1= 12cm each 9 cm= 1257 cm2 . plsx=0.0082 ; pls=0.0085
As2= 1l2cm  each 9 cm= 1o57.n2 i Plsy= 00088
k=2

fck=25 MPa;yc=1.4
Cs,1 =55cm;cCs,2=55cm;ul,s=40598 cm;uQ,s=220 cm
VRd,c1 = 0.712 MPa > vV min = 0.495 MPa (condition fulfilled)

Load data:
I1= 72m 2= 6m ; JEd = 16.75 kPa
VEd= 723.6kN MEd,1= 5 kNm ; MEd,2 = 70 kNm
e1= 0.01m : e2= 0.10m ; )
bi1= 114.2 cm ; b21=114.2 cm B1 =1.15 (Equation 6.43 - EC2)
b1,0=55.0 cm : b2 0= 55.0cm : Bo= 1.32 (Equation 6.43 - EC2)
L ity wi h
VRd,max = 3.86 MPa VEd,0 = 2.93 MPa VEd,0/VRd,max = 0.76
VRd,c =0.71 MPa VEd,1 = 1.39 MPa VEd,1/VRd,c = 1.95

Head height selection:
htot =30 cm hsh =12 cm (hsh = htot - hs )
VRd,c1 =0.544 MPa > vmin = 0.4453 MPa (condition fulfilled)
Load capacity in the control perimeter inside the head:

VRd,max = 3.86 MPa VEd,0 = 1.62 MPa VEd,0/VRd,max = 0.42
VRd,c =0.54 MPa VEd,1 = 0.54 MPa VEd,1/VRd,c = 0.99
H idth sel

a1 = 0.667 (a1 = hsh/hs ) cs/hs=3.06 (cs =min(cs,1;Cs,2))

a2 = (0.58%(cs/he)>-3.93%(cs/hs )+8.53)%au +1.18 = 2.47
Csh,1 = 140 cm ; Csh,2 = 140 cm (Csh,1 , Csh,2 - are rounding up to 5cm)
AVEd= 47.87 kN

VEd = 675.7 kKN ; MEd,1= 5 kNm 7 MEd,2 = 70 KNm
el = 0.01m ; e = 0.10 m
b11= 199.2cm ;o bo1= 199.2 cm 7 B1= 1.09 (Equation 6.43 - EC2)
b1,0= 140.0cm ; boo= 140.0 cm . Bo= 1.13 (Equation 6.43 - EC2)
Load capacity in the control perimeter outside the head:
VRd,max = 3.86 MPa VEd,0=0.92 MPa VEd,0/VRd,max = 0.24
VRd,c =0.71 MPa VEd,1 = 0.67 MPa VEd,1/VRd,c = 0.94

Figure A3. Verification example no. 3—EC2.
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Geometric data:
hs= 30cm ;
Cnom,12.5 cm Cnom,2 4.1cm
ds,1= 267cm ds2= 25.1cm . ds, eff = 25.9 cm
As1= 1.6cm each 15 cm= 31340 cm2 ; PLsx=0.0050 ;  pls=0.0052
As2= 16cm each 15 cm= 1340 cm2 ; Plsy=0.0053
k =1.879

fck =45 MPa; yc = 1.4
Cs,1 =50 cm;cCs,2=35cm;ul,s=49547 cm;uQ,s=170 cm
VRd,c1 = 0.69 MPa >V min = 0.6046 MPa (condition fulfilled)

Load data:
1= 9m 2= 6m ; JdEd = 22 kPa
VEd= 1188kN ; MEd,1 260 kNm ; MEd,2 = 21 kNm
e1= 022m ; e2= 0.02m ; )
b11= 1536cm  ; b2,1=138.6 cm By =128 (Equation 6.43 - EC2)
b1,0=50.0 cm ; bpo=350cm ; Bo= 2.13 (Equation 6.43 - EC2)
VRd,max = 6.33 MPa VEd,0 =5.74 MPa VEd,0/VRd,max = 0.91
VRd,c =0.69 MPa VEd,1=1.19 MPa VEd,1/VRd,c = 1.72

Head height selection:
htot = 45 cm hsh =15 cm ( hsh = htot - hs )
VRd,c1 =0.536 MPa > vmin = 0.5201 MPa (condition fulfilled)
Load capacity in the control perimeter inside the head:

VRd.max = 6.33 MPa VEd,0 = 3.63 MPa VEd,0/VRd,max = 0.57
VRd,c =0.54 MPa VEd,1 =0.51 MPa VEd,1/VRd,c = 0.95
i _

a1 = 0.50 (a1 = hsh/hs ) Cs/hs=1.17 (cs =min(Cs,1:Cs,2))

az = (0.58*(Cs/hs)2-3.93*(Cs/hs )+8.53)*a1 +1.18 = 3.55

Csh,1 =180 cm ; Csh,2 = 125 cm (Csh,1 , Csh,2 - are rounding up to 5cm)
AVEd= 88.89 kN

VEd = 1099 kN ; MEd,1= 260 kNm 7 MEd2 = 70 KNm
el = 0.24 m ; e2= 0.02 m
b1,1= 283.6cm ; bp 1= 228.6 cm ;o B1= 1.19 (Equation 6.43 - EC2)
b1,0= 180.0cm ; b2o= 125.0 cm ;. Bo= 1.34 (Equation 6.43 - EC2)
L ity in th ntrol perimeter ide the head:
VRd,max = 6.33 MPa VEd,0=0.93 MPa VEd,0/VRd,max = 0.15
VRd,c =0.69 MPa VEd,1 = 0.54 MPa VEd,1/VRd,c = 0.78

Figure A4. Verification example no. 4—EC2.
Appendix B. ACI318 Verification Examples

The four verification examples are shown in Figures A5-A8. The notations used in Figures A5-A8
are collected and described in Table A2.
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Table A2. Notations used in Appendix B.

Notations

a1
an
hs
htot
hsh
Cnom,1/ Cnom,2
ds,lr ds,2
ds, eft
Asll AsZ
Cs,1/ Cs2
Csh,1/ Csh,2
bO,s
bO,Sh

fck

Oc

relative height of the shear head (main parameter of the method)
relative range of the shear head (main parameter of the method)
slab height
total shear head height
height of the bold (from the underside of the shear head to underside of the slab)
the reinforcement cover in 1 and 2 directions
effective depth of slab in 1 and 2 directions
effective depth of slab
reinforcement area in 1 and 2 directions
column dimension in 1 and 2 directions
shear head dimension in 1 and 2 directions
length of the primary control perimeter for the column
length of the basic control perimeter for the head
characteristic compressive strength of concrete
design shear strength of the unreinforced slab along the control perimeter under
consideration
design shear stress along the primary control perimeter of the support under consideration
slab span in 1 and 2 directions
design total load evenly distributed over the slab generating the punching force
the punching force in the control perimeter under consideration
the part of the punching force generated from the load inside the field created by
the control perimeter
design unbalanced bending moment acting on the connection in 1 and 2 directions
the dimension of the primary control perimeter in a direction perpendicular to the axis in
which the bending moment under consideration operates
the dimension of the primary control perimeter in a direction parallel to the axis in which
the bending moment under consideration operates
bending moment distribution coefficient for the direction under consideration
the distance from the center of gravity of the field bounded by the control perimeter to
the limit of that perimeter in the direction under consideration
the moment of inertia of the control section in relation to the center of gravity of the field
bounded by that section
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metri :
hs = 24 cm ;
Chom,1 = 3.5¢cm ; Chom,2 = 4.7 cm
ds,1 = 19.9 cm ; ds,2 = 18.7 cm ; s, eff = 19.3 cm
As1 12cm each 10 cm= 4131 CmZ ;. fck =30 MPa
As2 1.2cm each 10 cm= 1131 ¢m?
Cs,1 = 50 cm ; Cs,2= 50 cm ; bos=277.2cm
b1,1=b22=69.3cm ; bp1=b12=69.3cm
Yv,1=04 ; Yv,2= 0.4
CAB,1 = 34.65 cm CAB,2 = 34.65 cm
Je,1 = 4365221.8 cm? 62 = 4365221.8 cm?
Load data:
I1=75m : I2=79m ; ged = 20 kPa
VEd = 1185 kN ; MEd,1 = 34 kNm ; MEd,2 =34 kNm
oad capacity without a shear head:
A=1 : B =1 as = 40
Vec,1= 1.82 MPa Vg,2= 273 MPa V¢,3= 2.18 MPa
vc=0,75*min(vc,i)= 1.36 MPa ; Vuy= 249 MPa ; vu/Vve = 1.83
H height selection:
htot= 35 cm
hsh = 11 cm (hsh =htot - hs )
vc=0,75*min(vc,i)= 1.36 MPa ; vy= 135 MPa ; Vu/Ve = 0.99
idth selection:
a1 = 0.46 (a1 =hsh/hs )
cs/hs = 2.08 (cs =min (cs,1;¢s,2))
a2 = (0.51%(cs/he)>-4.34%(cs/hs )+11.46)*( 01-0.5)+2.85 = 2-66
Csh,1 = 135 cm i Csh,2= 135cm ; bo,sh = 617.2 cm
(csh,1,csh,2 -are rounding up to 5cm)
AVEd = 47.6 kN
VEd= 1137.4kN; MEd,1= 34 kNm ; MEd,2 = 54 kNm
b1,1=b22 = 154.3 cm ; b2,1=b12=154.3cm
Yv,1= 0.4 ; Yv,2= 0.4
CAB,1 = 77.15 cm ; CAB,2 = 77.15 cm
Je,1 = 47452500 cm? Je,2 = 47452509 cm?
L itvin th ntrol perimeter ide th
Vc,1= 1.82 MPa Vg,2= 273 MPa V¢,3= 1.48 MPa
vc=0,75*min(ve,i)= 111 MPa ; vy= 1.01 MPa ; vu/ve = 0.91

Figure A5. Verification example no. 1—ACI 318.
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Geometric data;
hs = 33 cm ;
Chom,1 = 25 cm ; Chom,2 = 4.1 cm
ds,1 = 29.7 cm ; ds,2 = 28.1 cm ;  ds, eff=28.9cm
As1 1.6cm each 12 cm= 41676 cmz ;. fck =30 MPa
As2 16cm each 12 cm= 1576 cm?
Cs,1= 40 cm ; Cs,2= 40 cm ; bo,s=275.6 cm
b1,1=Db22 =689 cm : b2 1=Db12=689cm
Yv,1= 0.4 ; Yv,2= 0.4
CAB,1 = 34.45 cm CAB,2 = 34.45 cm
Je.1 = 6578974 cm? 6.2 = 6578974 cm?
Load data:
l1=12m : I2=12m ; Jed = 17 kPa
VEd = 2448 kN ; MEd,1 = 500 KNm ; MEd,2 =230 kNm
Load capacity without a shear head:
A=1 ; B =1 as = 40
Vc,1= 1.82 MPa Vg,2= 273 MPa V¢,3= 2.82 MPa
vc=0,75*min(v¢,i)= 1.36 MPa ; Vu= 4.60 MPa ; vu/Ve = 3.37
heigt .
htot= 65 cm
hsh = 32 cm (hsh = htot - hs )
vc=0,75*min(v¢,i)= 1.36 MPa ; Vu= 132 MPa ; Vu/Vve = 0.97

Head width selection:

a1 = 0.97 (a1 =hsh/hs )
csths = 1.21 (cs=min(cs1;¢Cs,2))
a2 = (0.51%(cs/he)>-4.34%(cs/hs )+11.46)*( 01-0.5)+2.85 = 0-11
Csh,1 = 245 cm i Csh2= 245cm ; bo,sh = 1095.6 cm
(csh,1.,csh,2 - arerounding up to 5cm)
AVEd= 1275 kN
VEd= 2320.5kN; Mgd,1= 500 kNm ; MEd,2 = 230 kNm
b1,1=b22=273.9cm ; b21=b12=273.9cm
Yv,1= 0.4 ; Yv,2= 0.4
CAB,1 = 136.95 cm ; CAB,2 = 136.95 cm
Je,1 = 3.97E+08 cm? Jc,2 = 3.97E+08 cm?
Ve1=18MPa ; Vg2=273MPa Ve,3= 1.39 MPa
vc=075*min(vc,i)= 1.04 MPa ; vu= 0.83 MPa ; Vu/Ve = 0.80

Figure A6. Verification example no. 2—ACI 318.
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hs = 18 cm ;
Chom,1 = 2 cm ; Chom,2 = 3.2 cm

ds,1 = 15.4 cm ; ds,2 = 14.2 cm ;  ds, eff = 14.8 cm
As1 1.2cm each 9 CM= 1257 cm2 ; fck =25 MPa
As?2 1.2cm each 9 M= 1257 cm?

Cs,1=55¢cm ; Cs,2=55¢cm ; bo,s=279.2 cm
b1,1=b22=69.8cm ; bp1=b12=69.8cm

Yv,1= 0.4 ; Yv,2= 0.4

CAB,1 = 349 cm CAB,2 = 349 cm

Jc.1 = 3393054 cm? Jc.2 = 3393054 ¢cm?

Load data:
1=72m ; I2=6m ; JEd = 16.75 kPa
VEd = 723.6 kN ; MEd,1 = 5 kNm ; MEd,2 =70 kNm
A=1 : B =1 as = 40
Vc,1= 1.66 MPa Vc,2= 249 MPa Ve,3= 1.71 MPa

vc=0,75*min(v¢i)= 1.25MPa ; Vu= 2.06 MPa ; Vu/Ve = 1.65
lead height selection:

htot= 26 cm

hsh = 8 cm (hsh =htot - hs )
vc=0,75*min(v¢,i)= 1.25MPa ; vy= 118 MPa ; Vu/Vve = 0.95

Head width selection:

a1 = 0.44 (a1 =hsh/hs )
cs/hs = 3.06 (cs=min(cs,1;¢s,2))
a2 = (0.51%(cs/h)>-4.34*(cs/hs )+11.46)*( 01-0.5)+2.85 = 2-69
tsh,1=150cm ; cCsh2= 150cm bo,sh = 659.2 cm
(csh,1,Csh,2 - arerounding up to 5¢cm)
AVEd=  455kN
VEd= 678.1kN; MEd1= 5KkNm : MEd,2 = 70 KNm
b, 1=b22 = 164.8 cm ; b1 =b1,2 = 164.8 cm
Yv,1= 0.4 ; Yv,2 = 0.4
CAB,1 = 82.4 cm ; CAB,2 = 82.4 cm
Je,1 = 44250365 cm? Jc,2 = 44250365 cm?
I o , , .
Vc,1= 1.66 MPa Vg2 = 249 MPa V¢,3= 1.20 MPa
ve=075*min(ve,i)= 0.90 MPa ; vu=075MPa ; Vy/Vc = 0.83

Figure A7. Verification example no. 3—ACI 318.
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Geometric data;
hs =30 cm ;
Cnom,1 = 2.5 cm ; Chom,2 = 4.1 cm
ds,1 = 26.7 cm ; ds,2=25.1cm ; s, eff =25.9 cm
As;1 1l6cm each 15 cm= 4340 Cm2 ;. fck =45 MPa

As2 16cm  each 15 cm= 3340 cp2

Cs,1 =50 cm ; Cs,2=35cm ; bo,s=273.6 cm
b1,1=Db22=60.9cm : bp1=b12=759cm
Yv,1 = 0.373892 ; Yv,2 = 0.426689
CAB,1 = 30.45 cm CAB,2 = 37.95 cm
Je,1 = 4796744 cm? J,2 = 6650515 cm?
Load data;
I1=9m : [2=6m ; JEd = 22 kPa
VEd = 1188 kN ; MEd,1 = 260 kNm ; MEd,2 =21 kNm
Load capacity without a shear head:
A=1 : B =1 as = 40
Vc,1= 2.23 MPa Vc,2 = 2.67 MPa V¢,3= 3.22 MPa
vc=0,75*min(v¢,i)= 1.67 MPa ; Vu= 234 MPa ; vu/Ve = 1.40
Head height selection:
htot= 38 cm
hsh= 8 cm (hsh =htot - hs )
vc=0,75*min(v¢,i)= 1.67 MPa ; Vu= 155 MPa ; vu/vc = 0.93
H width selection:
a1 = 0.27 (a1 =hsh/hs )
cs/hs = 1.67 (cs =min(cs,1;Cs,2))
a2 = (0.51%(cs/he)>-4.34*(cs/ns )+11.46)*( 01-0.5)+2.85 = 1-53
Csh,1 = 80 cm ;  Csh,2= 55cm ; bo,sh = 373.6 cm
(csh,1,¢Csh,2 - are rounding up to 5¢cm)
AVE(d = 18.8 kN
VEd= 1169.2kN ; Mgd,1= 260 kNm ; MEd,2 = 21 kNm
b1,1=b22=280.9cm ; b2,1=b12 = 1059 cm
Yv,1 = 0.368163 ; Yv,2 = 0.432705
CAB,1 = 40.45 cm ; CAB,2 = 52.95 cm
Je,1 = 11495412 cm? Je,2 = 17182585 cm?
Load capacity in the control perimeter outside the head:
Ve1=223MPa ; V¢2=264MPa V¢,3= 2.66 MPa
vc=0,75*min(v¢,i)= 1.67 MPa ; Vuy= 157 MPa ; vu/ve = 0.94

Figure A8. Verification example no. 4—ACI 318.

References

1.  ACI (American Concrete Institute). ACI 318-14 Building Code Requirements for Structural Concrete;
American Concrete Institute: Farmington Hills, MI, USA, 2014.



Materials 2020, 13, 4938 23 of 24

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

CEN (European Committee for Standardization). EN 1992-1-1 Eurocode 2: Design of Concrete Structures—Part
1-1: General Rules and Rules for Buildings; European Committee for Standardization: Brussels, Belgium, 2004.
Elstner, R.C.; Hognestad, E. Shearing Strength of Reinforced Concrete Slabs. ]. Proc. 1956, 53, 29-58.
[CrossRef]

Moe, J. Shearing Strength of Reinforced Concrete Slabs and Footings under Concentrated Loads; Bulletin, D., Ed.;
Portland Cement Association, Research and Development Laboratories: Skokie, IL, USA, 1961.

Mowrer, R.D.; Vanderbilt, M.D. Shear Strength of Lightweight Aggregate Reinforced Concrete Flat Plates.
J. Proc. 1967, 64, 722-729.

Marzouk, H.; Hussein, A. Experimental investigation on the behavior of high-strength concrete slabs.
ACI Struct. J. 1991, 88, 701-713. [CrossRef]

Hawkins, N.M.; Fallsen, H.B.; Hinojosa, R.C. Influence of column rectangularity on the behavior of flat plate
structures. ACI J. Proc. 1972, 69, 127-146.

Vanderbilt, M.D. Shear Strength of Continuous Plates. . Struct. Div. 1972, 98, 961-973.

Oliveira, D.R.C.C.; Regan, P.E.; Melo, G.5.S.A.S.A. Punching resistance of RC slabs with rectangular columns.
Mag. Concr. Res. 2004, 56, 123-138. [CrossRef]

Sagaseta, J.; Tassinari, L.; Fernandez Ruiz, M.; Muttoni, A. Punching of flat slabs supported on rectangular
columns. Eng. Struct. 2014, 77, 17-33. [CrossRef]

Guandalini, S.; Burdet, O.L.; Muttoni, A. Punching tests of slabs with low reinforcement ratios. ACI Struct. ].
2009, 106, 87-95.

Lips, S. Punching of Flat Slabs with Large Amounts of Shear Reinforcement. Ph.D. Thesis, Ecole Polytechnique
Fédérale de Lausanne, Lausanne, Switzerland, 2012. ISBN 1533-4406.

Schmidt, P.; Kueres, D.; Hegger, ]. Punching shear behavior of reinforced concrete flat slabs with a varying
amount of shear reinforcement. Struct. Concr. 2020, 21, 235-246. [CrossRef]

Schmidt, P.; Kueres, D.; Hegger, ]. Contribution of concrete and shear reinforcement to the punching shear
resistance of flat slabs. Eng. Struct. 2020, 203, 109872. [CrossRef]

Sagaseta, J.; Muttoni, A.; Ruiz, M.F,; Tassinari, L. Non-axis-symmetrical punching shear around internal
columns of RC slabs without transverse reinforcement. Mag. Concr. Res. 2011, 63, 441-457. [CrossRef]
Lantsoght, E.O.L.; Van Der Veen, C.; Walraven, ].C. Shear in one-way slabs under concentrated load close to
support. ACI Struct. ]. 2013, 110, 275-284.

Chana, P.S.; Desai, S.B. Membrane action, and design against punching shear. Struct. Eng. 1992, 70, 339-343.
Belletti, B.; Walraven, J.C.; Trapani, FE. Evaluation of compressive membrane action effects on punching shear
resistance of reinforced concrete slabs. Eng. Struct. 2015, 95, 25-39. [CrossRef]

Einpaul, J.; Fernandez Ruiz, M.; Muttoni, A. Influence of moment redistribution and compressive membrane
action on punching strength of flat slabs. Eng. Struct. 2015, 86, 43-57. [CrossRef]

Birkle, G.; Dilger, W.H. Influence of Slab Thickness on Punching Shear Strength. ACI Struct. ]. 2008,
105, 180-188. [CrossRef]

Doénmez, A.; Bazant, Z.P. Size effect on punching strength of reinforced concrete slabs with and without
shear reinforcement. ACI Struct. . 2017, 114, 875-886. [CrossRef]

Borges, L.L.].; Melo, G.S.; Gomes, R.B. Punching Shear of Reinforced Concrete Flat Plates with Openings.
Struct. J. 2013, 110, 547-556.

Oliveira, D.C.; Gomes, R.B.; Melo, G.S. Punching shear in reinforced concrete flat slabs with hole adjacent to
the column and moment transfer. Rev. IBRACON Estruturas e Mater. 2014, 7, 414-467. [CrossRef]

Teng, S.; Cheong, HK.; Kuang, K.L.; Geng, J.Z. Punching Shear Strength of Slabs with Openings and
Supported on Rectangular Columns. Struct. ]. 2004, 101, 678—687.

Himawan, A.; Teng, S. Cyclic behavior of post-tensioned slab-rectangular column connections. ACI Struct. J.
2014, 111, 177-187. [CrossRef]

Almeida, A.F.O.; Inacio, M.M.G.; Lucio, V.J.G.; Ramos, A.P. Punching behaviour of RC flat slabs under
reversed horizontal cyclic loading. Eng. Struct. 2016, 117, 204-219. [CrossRef]

Robertson, I.; Johnson, G. Cyclic lateral loading of nonductile slab-column connections. ACI Struct. ]. 2006,
103, 356-364. [CrossRef]

Kinnunen, S.; Nylander, H.S.E. Punching of Concrete Slabs without Shear Reinforcement; Kungliga Tekniska
Hogskolan: Stockholm, Sweden, 1960; ISBN 0374-3624.


http://dx.doi.org/10.14359/11501
http://dx.doi.org/10.14359/1261
http://dx.doi.org/10.1680/macr.2004.56.3.123
http://dx.doi.org/10.1016/j.engstruct.2014.07.007
http://dx.doi.org/10.1002/suco.201900017
http://dx.doi.org/10.1016/j.engstruct.2019.109872
http://dx.doi.org/10.1680/macr.10.00098
http://dx.doi.org/10.1016/j.engstruct.2015.03.043
http://dx.doi.org/10.1016/j.engstruct.2014.12.032
http://dx.doi.org/10.14359/19733
http://dx.doi.org/10.14359/51689719
http://dx.doi.org/10.1590/S1983-41952014000300006
http://dx.doi.org/10.14359/51686516
http://dx.doi.org/10.1016/j.engstruct.2016.03.007
http://dx.doi.org/10.14359/15313

Materials 2020, 13, 4938 24 of 24

29.

30.

31.

32.

33.

34.

Muttoni, A. Punching shear strength of reinforced concrete slabs without transverse reinforcement.
ACI Struct. ]. 2008, 105, 440-450.

Muttoni, A.; Fernandez Ruiz, M. MC2010: The Critical Shear Crack Theory as a mechanical model for
punching shear design and its application to code provisions. In Shear and Punching Shear in RC and FRC
Elements; fib: Lausanne, Switzeland, 2010; bulletin 57; pp. 31-60.

Muttoni, A.; Ruiz, M.E. Shear strength of members without transverse reinforcement based on development
of critical shear crack. ACI Struct. J. 2008, 105, 163-172. [CrossRef]

Al-Yousif, A.T.; Regan, P.E. Punching resistances of RC slabs supported by large and/or elongated columns.
Struct. Eng. 2003, 81, 30-34.

Einpaul, J.; Bujnak, J.; Ruiz, M.E;; Muttoni, A. Study on influence of column size and slab slenderness on
punching strength. ACI Struct. J. 2016, 113, 135-146. [CrossRef]

Ambroziak, A.; Grabski, M. Comparison of punching shear calculation methods. Mater. Bud. 2019, 563, 52-55.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.14359/51718012
http://dx.doi.org/10.14359/51687945
http://dx.doi.org/10.15199/33.2019.07.08
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Analysis Method 
	Results 
	Discussion 
	Conclusions 
	EC2 Verification Examples 
	ACI318 Verification Examples 
	References

