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Verification of punching shear outside the shear cap
by the direct method
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Abstract: The proposition of a method to verify the punching resistance for very large supports based on
the EN 1992-1-1 standard is described in this paper. The present standard guidelines for the calculation
of the punching resistance for large supports are also summarised. The proposed direct method is
compared with other standard methods using an example taken from design practice. This method
consists of a direct check of the shear forces at specific locations of the control perimeter with the
permissible shear force calculated from the EC2 standard. The method showed very good agreement
with the experiment while remaining practical for applications. The method presented takes into account
the actual distribution of shear forces in the vicinity of the support, taking into account the influence of
non-uniform loads, irregular floor geometry, the concentration of internal forces at the corners of the
support and the influence of the stiffness of the head used. The paper provides scientists, engineers, and
designers new method (called the direct method) for estimation of the punching load-bearing capacity
outside the shear cap.
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1. Introduction

The rapid growth of reinforced concrete construction in the second half of the 19th cen-
tury was responsible for the appearance of many innovative structural systems throughout
the world [1]. The first slab-column structures appeared almost at the same time in different
countries. One of the first inventors of mushroom head structures was Claude A.P. Turner,
who designed and built his first building in this technology in 1906 [2]. The earliest
slab-column construction in Europe was built by Robert Maillart [3]. At the same time,
Artur Ferdinandovitch Loleit carried out his work on the mushroom system [4]. All early
structural systems included an enlarged column head at the connection between the col-
umn and the slab. This was an intuitive solution to the zone where the maximum stresses
were located. The popularity of slab-column structures and the complexity of the punch-
ing shear issue make this topic a research subject of many investigations [5—10]. The
improper design of the slab-column structures may collapse due to the phenomenon of
punching [11, 12]. Many parameters influence punching shear resistance, e.g., type and
strength of concrete [13—15], support shape and dimension [16—18], quantity and distribu-
tion of longitudinal and transverse reinforcement [19-23], membrane effect [24,25], the
effect of the hole near to support [26,27], cyclic load [28,29], type of concrete [9,30], shear
slenderness [31]. Despite the possibility of reinforcing the slab-column joint with various
types of steel inserts [32—34] the use of slab thickening near point support is still common.
The advantage of this type of strengthening is to increase the punching resistance and at
the same time increase the stiffness of the slab. Numerous studies are carried out also on
the structure after its failure as a result of punching shear [35-38] or strengthening against
punching shear [39—42].

The design process for a slab-column connection topped with a head requires veri-
fication of the punching resistance in the head zone and the slab zone outside the head.
Considering punching outside the head area is most often dealing with the case of large
flexible support with a rectangular shape, Fig. 1. For large or elongated supports the dis-
tribution of shear forces near the support is uneven despite symmetrical loading [43—45],
Fig. 2. Stress concentrations at corners contribute to a reduction in punching shear resis-
tance. The issue of punching outward of the head, the stiffness of the head is an important
parameter affecting the force concentrations at the corners of the support and the resistance
of the connection [46,47].

Fig. 1. Shear head as a flexible slab support

The proposal for a method to verify the punching resistance of very large supports
based on the EN 1992-1-1 (EC2) [48] standard is given. The present standard guidelines
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Fig. 2. Distribution of shear forces in the internal support zone as a function of its size and shape
concerning the effective slab height (d)

for the calculation of the punching resistance for very large supports are also summarised.
The proposed method is compared with other standard methods using an example taken
from design practice.

2. Building standards

In most codes of practice, the punching strength of a slab-column connection is verified
by comparing a nominal shear stress per unit length of the control perimeter vg to the
permissible shear stress of the element vg, as:

Vv
bo-d

2.1 VE = < VR
where: V — punching force, by — length of the control perimeter, d — effective slab height.

Therefore, the influence of the load area size on the punching resistance depends on
a way to calculate the permitted shear stress and the location of the control perimeter.
The different parameters taken into account to calculate the permissible stresses and the
different locations of the control perimeter cause the influence of column size on punching
capacity to vary depending on the code used. In the EC2 [48] a non-uniform distribution
of shear forces is accounted for by increasing the acting shear stresses by a factor § >
1.0 which is a function of the moment transfer between the slab and the column. The
EC2 standard lacks recommendations for elongated or large load areas. Some European
countries have added restrictions on the punching for large supports in national annexes —
for example, EC2-DIN [49] provides a limitation on the length of the control perimeter,
Fig. 3b.

The ACI318 [50] code takes this effect into account by reducing the allowable shear
stresses depending on the size and shape of the support, Table 1. The MC2010 [51] standard
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Fig. 3. Control perimeter: a) basic according to EC2, MC2020 and ACI standards; b) EC2-DIN
reduction; ¢) MC2010-simplified method reduction; d) MC2010-general method reduction

adopts a method for reducing the control perimeter. Introduces a simplified method that
reduces the control perimeter according to Fig. 3c or a general method that reduces the
length of the control perimeter based on the actual distribution of cutting forces in the
control perimeter

\%
(2.2) boeff = ——

Vmax

where: b e — length of the shear control perimeter, vp,x — maximum value of the shear
force per unit length along the perimeter, Fig. 3d.

In addition, the length of the examined section must be reduced by a factor that takes
account of the effect of the bending moment on the shear stress in the control section. The
basic calculation formulae according to EC2 [48], MC2010 [51] and ACI [50] standards
are presented in Table 1.
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Table 1. Summary of the methodology to estimate the slab punching shear resistance

Actual stresses (Vg) Permissible stresses (Vvg)
\%
=B — 8
VEQ =B VR.EC2 = k=100 - pp - fer = Vinin
C
2 2
EC2 [48] / _ er e _
EC2-DIN B=1+18- (bz) +(b1) k=1++200/d <2
49 - "
a b; = by gc2; bo,EC2-DIN p1=Npii - piz < 0.02
- Cp3/2 . £1/2
VE,i = VE,EC25 VE,EC2-DIN Vmin = 0.035 - k Jek
0.332 - \for
4
_ Vv VR.ACI = ® - min 0.083 - (2+IB—)'Vka
VEACI= 7 —; ’ A
ACI318 bo,ac1 - d as-d
[50] 2 “Mgg - cap 0.083 - (2+ bo )'\/fck
Je Ba = c1/ca=10
ay =40
ky
VRMC = = - V/fek
1% Ye
VE, =T 1
g b - ky = <0.6
MC2010 ke -bi-d V15409 keg v -d
51 b; = by mc; bomc,effs bomc,3d 32
(51] dg = g g 2075
_ . . g
VE,i = VEMC; VE,MC,eff; VE,MC,3d f 1.5
rg -+ .
y=12 — yd (M)
d-Eg MR4

3. Direct method description

The proposed method for calculating the resistance of the connection according to the
EC2 [48] is the verification method called the direct method. This method is recommended
for checking the resistance of large supports. The direct method assumes separating for the
large support (c/d > 4) type 1 sections which have to be checked for two-way shear and
type 2 sections which have to be checked according to the rules for one-way shear, Fig. 4.

The EC2 [48] formula for permissible shear stresses in the control section is the same
for shear and punching shear, it is proposed to perform the check by comparing the existing
shear forces in the slab with the permissible shear forces calculated based on EC2, Table 1.

The general verification condition can be described as:

\%
3.1 vE=-—<vVgr-d.
bo
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type 1 section - two-way shear (punching)
type 2 section - one way shear
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Fig. 4. Separate sections for checking two-way shear and one-way shear
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The left part of the equation (3.1) can be replaced by the actual shear force calculated
in the finite element method (FEM) design model:

(3.2) Vmax,FEM < VR * d,

where:

— 2 2
Vmax,FEM = \/vmax,FEM,x + Vmax,FEM,y

The force vmax rEm should be derived as a maximum transverse force from type 1
or type 2 sections. As it can be seen in Fig. 4, the difference in checking the resistance
condition between sections of type 1 and type 2 is the control cross-section in which the
force is taken from the FEM design model. According to the EC2 [48], in the case of linear
shear, the control section is located at a distance d from the support, whereas in the case
of punching shear it is located at a distance 2d from the support.

The direct method, which can be used in design practice, requires the development of
a computational model. In addition, available calculation programs can directly read the
main shear force in the floor slab, so it can be concluded that the method is practical. In
addition, an advantage of the notation of the ultimate condition is that it is easily adaptable
to other design standard methods. In the case of other design methods, the calculation of
vr and the location of the control sections from which the shear force is derived changes.
When punching shear reinforcement is required, the provisions related to the standard used
must be applied. In this case, the sections are special cases of calculation: wall corner, wall
end, linear shear.

4. Comparison with experimental results
The proposed direct method was verified based on experimental punching shear

tests [47]. The tested members (Fig. 5) were a slab-column reinforced concrete element
with a column topped by a shear head (dented G1-300, G2-400, G3-600, G4-800, and
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G5-900, where the number indicates dimensions of the shear heads) and without a shear
head (denoted S1-200). Square slabs were 200 X 200 cm and 11 cm in total height. The
column dimension for each tested element was 200 X 200 mm. The height of the shear head
was 240 mm. The concrete slabs were reinforced with orthogonal ribbed bars of 10 mm
diameter at 90 mm spacing.

‘ 1900

2000

(b)

Fig. 5. Slab-column elements: (a) laboratory test stand, (b) cross-section

For tested members named S1-200, G1-300, G2-400, G3-600, G4-800, and G5-900,
computational models were created to represent the behaviour of each concrete element,
Fig. 6a. The numerical models were loaded with the ultimate forces registered during
performed experimental tests, Fig. 6d and Fig. 7. In the calculations of the test elements,
it was also considered to replace the maximum force with the average force of the section
under consideration (type 1 or type 2). The results of the calculation are shown in Table 2
and Table 3. The calculations carried out by the direct method show an average coefficient
of load punching capacity for type 1 sections of the test elements equal to 1.12 with
a coefficient of variation equal to 0.08. When the average transverse force is applied,
the average resistance factor, in this case, is 1.03 with a standard deviation of 0.05. The
calculations confirm the very good fit of the direct method with the experimental results.
Type 2 sections did not show high strain, which is also consistent with the test observations
(full breakthrough in corners and partial breakthrough in straight sections of elements
G4-800 and G5-900). Despite the better test fit of the average force method variant, it



www.czasopisma.pan.pl P N www.journals.pan.pl
Y
—

366 M. GRABSKI, A. AMBROZIAK

is recommended for the EC2-based method to use the maximum force due to the small

number of tests performed in the range of very large supports. A calculation example of
the test element G4-800 is presented in Figs. 6 and 7.

(d)
Fig. 6. FEM computational model of G4-800 element: (a) visualisation; (b) finite element mesh;
(c) loading; (d) shear force diagrams
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Fig. 7. Shear force diagrams in G4-800 elemnt: (a) type 1 section — vipax rFEM = 109.9 kN/m,
Vav,FEM = 101.9 kN/m; (b) type 2 section — viax, FEM = 85.4 KN/m, v,y FEM = 75.8 KN/m

The permissible transverse stresses can be calculated as:

VR.e = Croe -k -100 - p; - for =0.18 -2 - V100 - 0.011 - 38.14 = 1.25 MPa

@.1)
VR = 1.25 MPa > 0.035 - k32 . £1/* = 0.035 - 232 . 38.14!/2 = 0.61 MPa
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while permissible shear force in type 1 and type 2 sections is:

“4.2)

kN
VRe d=0125-8=1—

Table 2. Calculation of ultimate punching capacity condition by direct method — sections type 1

v FEM Vay FEM VR.cE Vmax,MES Vav,MES
Test element Flﬁ)\(f/m] [i‘& /m] [ki\CI /H?]Z /v R[, c]ECZ /v R[, c]ECZ

S1-200 92.3 89.5 96.5 0.96 0.93
G1-300 120.0 108.5 98.6 1.22 1.10
G2-400 111.3 97.9 96.8 1.15 1.01
G3-600 115.0 103.5 97.9 1.17 1.06
G4-800 109.9 101.9 100.1 1.10 1.02
G5-900 105.7 100.5 94.7 1.12 1.06

Mean 1.12 1.03

Table 3. Calculation of ultimate capacity condition by direct method — sections type 2

Vmax,FEM Vav,FEM VR,cEC2 Jmax.MES Vav.MES
Test element [kl\f /m] [kN /m] [ki\I /m] /v R[ f]ECZ /v R[ ’_C]Ecz
S1-200 - - 96.5 - -
G1-300 - - 98.6 - -
G2-400 54.1 50.0 96.8 0.56 0.52
G3-600 68.1 56.4 97.9 0.70 0.58
G4-800 85.4 75.8 100.1 0.85 0.76
G5-900 83.6 79.7 94.7 0.88 0.84
Mean 0.73 0.66

5. Constructional calculation example

A two-storey car park structure with irregular column spacing (Fig. 8) is analysed for
punching shear outside the column head. The connection between the floor slab and the
column topped with a head is analysed. The column dimension is 65 X 35 cm. The slab
thickness is 24 cm (effective high d = 20 cm) and the head thickness is 55 cm. Within the
shear cap area, a thickened surface was added, which is placed eccentrically concerning
the slab so that the upper surfaces of both slabs are on the same level. The structure is
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designed with C35/45 concrete class and reinforced by steel bars with a yield strength
fy = 500 MPa. The maximum aggregate size is 16 mm. The applied reinforcement in
the X and Y direction is 10.05 cm?/m and 20.11 cm?/m, respectively. The 3D shell finite
element analysis is performed in the RFEM program of Dlubal Software. The program
can present the main shear forces in the cross-section of the control perimeter or any other
cross-section modelled by the user. The numerical results are obtained in the linear elastic
analysis by modelling the slab as a shell element using finite elements of the MITC type
(Mixed Interpolation of Tensorial Components [52, 53]). The finite element (FE) mesh
convergence study of the slab—column-connection FE model is carried out to ensure that
the results of an analysis are not affected by changing the size of the FE mesh. The total
design load uniformly distributed is 14.75 kPa. The forces acting in the column from the
applied load are shown in Fig. 9.

e

w750 [y el 7500

= DROP PANEL
8 4.00x3.20x055
BOC\TOP= +5.04 |

COLUMN
800 x 350

/é://
2000 2000
>

| [ e R P e ol

Fig. 8. View on slab-column structure

N =978,5 kN My = 90,8 kKNm My = 2,2 kNm

Fig. 9. Forces at the chosen column

Table 4 shows the punching shear calculations in the region outside the column head.
The calculation takes into account the calculation methods collected in Table 1. An alter-
native verification with the proposed direct method is shown in Table 5. The forces derived
from the computational model are shown in Figs. 10-12.
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Table 4. Calculation results of the described standard methods
Stresses in the joint (vg) Permissible stresses in the joint (vg)
978.5 3
vegc2 =1.03 ———-10 0.18
16.91-0.2 VREC2 = —— -2- V100 -0.0071 - 35
EC2 [48])/ = 0.30 MPa ’ 15
EC2- =0.70 MPa
DIN [49] _ 978.5 _3
VEEC2-DIN = 1.03 - o= - 10 vR.EC2 = 0.70 MPa > vy, = 0.59 MPa
=1.03 MPa
VR,ACI
VE,ACI
0.332-35
ACI318 | _ 978.5 . 0.37-90.8-1.7 1073
[50] 15202 6.17 = 0.75-min{ 0083+ {2+ == |- V35
=0.33 MPa 40-0.2
0.083- 2+ V35
15.2
VR,ACI = 0.93 MPa
978.5 3
=— .10
VEMC = 598 15.02 0.2 s
=0.33 MPa y=1o. 2344338 (320
0.2-200000 \80.1
’ B 978.5 1073
Mc2010 | EME3 T 0.98-3.02-0.2 = 0.008 rad 1
[51] = 1.65 MPa ky =
978.5 1.5+0.9-1-0.008 - 200
b = ——— =7.09 =
O.MC.eff = 737753 m 0.34 <0.6
IS 3 =03 35134 mp
VEMCe = 5g7 0902 1° TRMEETS ’ ‘
=0.70 MPa
Table 5. Results of the direct method calculations
. Maximum shear force in sections Permissible shear force in sections
Section
(Vmax,FEM) (VR - d)
L1 Vmax,FEM = 54.42 kN/m VR,EC2 - d = 126 kN/m
L2 Vmax,FEM = 25.66 kN/m VR,EC2 * d =155 kN/m
L3 Vmax,FEM = 44.94 kN/m VR,EC2 * d =126 kN/m
L4 Vmax,FEM = 35.62 kKN/m VR,EC2 - d =155 kN/m
Cl Vmax,FEM = 50.42 kN/m VR,EC2 - d = 140 kN/m
C2 Vmax,FEM = 57.04 kN/m VR,EC2 * d = 140 kN/m
C3 Vmax,FEM = 43.71 kN/m VR,EC2 - d = 140 kN/m
Cc4 Vmax,FEM = 41.43kN/m vR.EC2 - d = 140 kN/m
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Fig. 10. Distributions of shear force in control sections of the direct method.
General view and designation of individual sections
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Fig. 11. Shear force distributions in ond type sections

The presented results of the calculations vary considerably depending on the calculation
method used, Fig. 13.

According to chosen standard calculation methods, the key factor influencing the load-
bearing punching capacity of a slab-column joint is the assumed length of the control
perimeter. The final result of the resistance calculation is very sensitive to this parameter.
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Fig. 12. Shear force distributions in 157 type sections
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Fig. 13. Punching load capacity conditions — standard methods comparison

Experimental studies [47] have shown that for very large supports, methods that reduce the
control circuit (EC2-DIN, MC2010-3d) lead to unreasonable results. The proposed method
for direct checking of cutting forces eliminates the problem of determining the length of
the control perimeter. Presented calculation results confirm a very good agreement of the
method with experimental studies.
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6. Conclusions

Based on the EC2 standard, the authors of this paper propose a direct method for check-
ing the punching resistance condition for large support dimensions. This method consists
of a direct check of the shear forces at specific locations of the control perimeter with
the permissible shear force calculated from the EC2 standard. The presented calculation
example demonstrates the significant advantage of taking into account the non-uniform
distribution of shear forces acting around the joint by taking into account the influence of
non-uniform loads, slab geometry, the concentration of internal forces at the corners of
the support and the influence of the stiffness of the shear head used. The method showed
very good agreement with the performed experiments while remaining practical for appli-
cations. Nevertheless, it seems necessary to carry out a large number of laboratory tests to
prove the universality of the proposed method. The method presented takes into account
the actual distribution of shear forces in the vicinity of the support, taking into account
the influence of non-uniform loads, irregular floor geometry, the concentration of internal
forces at the corners of the support and the influence of the stiffness of the head used. This
is another advantage of the proposed method compared to standard methods for calculating
the punching resistance outside the shear heads. The authors of this paper hope that the
proposed method will be helpful to structural designers in assessing the actual punching
resistance of slab-to-column connections topped with a shear head.
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Bezposrednia metoda weryfikacji przebicia poza glowica stupa

Stowa kluczowe: przebicie, gtowica, metoda bezposrednia, plyta-stup, ptyta zelbetowa

Streszczenie:

W artykule oméwiono propozycje metody weryfikacji noSno$¢ na przebicie duzych podpér
w oparciu o norm¢ EN 1992-1-1. Przedstawiona metoda uwzglednia rzeczywisty rozklad sit §cina-
jacych w sasiedztwie podpory z uwzglednieniem wplywu obciazen niejednorodnych, nieregularne;j
geometrii stropu, koncentracji sit wewnetrznych w narozach podpory oraz wplywu zastosowana
sztywnoS$¢ glowy. Jest to kolejna zaleta proponowanej metody w poréwnaniu z normowymi me-
todami obliczania no$nosci na przebicie poza glowicami w potaczeniu plyta-stup. Podsumowano
wybrane aktualne normowe wytyczne dotyczace obliczania no$§nos¢ na przebicie dla bardzo duzych
podpér. Zaproponowang metode poréwnano z wybranymi normowymi metodami na przykladzie
zaczerpnietym z praktyki projektowej. Autorzy niniejszej pracy majg nadzieje, ze proponowana me-
toda bedzie pomocna projektantom konstrukcji w ocenie rzeczywistej wytrzymatosci na przebicie
potaczen plyta-stup zwieniczonych glowica. Metoda wykazata bardzo dobra zgodno$¢ z przeprowa-
dzonymi eksperymentami. Niemniej jednak wydaje si¢ konieczne przeprowadzenie wickszej liczby
badari laboratoryjnych w celu wykazania uniwersalnosci proponowanego podejscia. Opisana metoda
bezposrednia winna wzbudzi¢ w §rodowisku inzynieréw budownictwa i naukowcéw zywe zaintere-
sowanie, ktére bedzie polem do dyskusji i podjecia tematu wyznaczania no§nosci na przebicie.
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