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Abstract: Problem of punching represents the biggest obstacle to use of flat concrete
slabs. Traditional types of shear reinforcement like stirrups or the use of drop panels have
been the solution, but they have their deficiencies. Stirrups are difficult to install and cannot
be fully effective because of the way they need to be placed around the bending reinforcement.
Hence, it is almost impossible for them to achieve required yield strength. The use of column
capitols and drop panels complicates placement of installations and therefore additionally
increases the height of the structures.

This article analyses the shear reinforcement which is becoming very popular thanks
to its ease of use and the ability to successfully deal with mentioned problems. After some
thirty years of research, double-headed studs have become standard type of shear
reinforcement for concrete slabs. Because of the different approaches to the problem of
punching in the slab, for this work three different standards are chosen for comparative
analysis: ACI 318-11, ETA -13/0151 and SIA 262 (2013).

Here are provided some standards’ provisions and some calculation explanations.
Numerical examples are done according to each of the presented codes for the case of corner
column and the results are presented comparatively.

Authors’ desire is that this comparative analysis provides basis for future application
in our surrounding, because the available literature on double-headed studs is sparse.

INTRODUCTION

The slabs directly supported by columns offer interesting and simple solutions for
variety of objects including buildings and smaller span bridges. These solutions are being
adopted in residential, administrative, industrial types of objects and garage spaces. Their
construction is more economic, they allow easier execution of mechanical and electrical
installations as well as bigger storey heights.
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Fig. 1 Double headed shear studs mounted on the rail a slab [1] Therefore the problem of
element Source: [2] punching represents the biggest
obstacle to use of flat concrete slabs.
Shear leads to brittle and sudden failure which is characterized by separation of truncated
cone surface at the place of the column-slab joint. This failure happens quickly and is
especially disastrous because it can lead to progressive collapse of adjacent columns and
eventually entire structure. This can be prevented by adopting a thicker slab, by the use of
higher resistance concretes or by the use of shear reinforcement.

The most effective way to deal with this problem is to use the shear reinforcement. It
treats the punching directly and locally without the influence on the rest of the structure and it
prevents the brittle failure. The biggest obstacle to use of this solution is its placing and
anchoring. Traditional types of shear reinforcement like stirrups are difficult to install,
because in order to be completely effective it is necessary that they enclose both upper and
lower longitudinal flexural reinforcement. This is almost impossible for thinner slabs and
when steel rebar meshes are used, which makes it impossible for them to achieve required
yield strength. Because of this the designers turn to drop panels which have their own
deficiencies like reduction of usable storey height, more complicated construction and bigger
weight. All of this leads to increase of costs. Alternative solution which is becoming more
popular in the world thanks to its ease of use and the ability to successfully deal with
mentioned problems is the use of shear studs as the punching shear reinforcement. One
example of this element is given on the Figure 1 [2].

This article analyses this type of shear reinforcement that has after some thirty years of
research become standard type of shear reinforcement for concrete slabs. Because of the
different approaches to the problem of punching in the slab, for this work three different
standards are chosen for comparative analysis: ACI 318-11, ETA -13/0151 and SIA 262
(2013).

Here are provided some standards’ provisions and some calculation explanations.
Analytical examples are done according to each of the presented codes for the case of corner
column and the results are presented comparatively.

STANDARDS OVERVIEW

According to ACI 318-11 punching shear resistance should be verified at critical
sections according to Figure 2 and Figure 3 [3], and should satisfy the following condition:
1) v =<

Where v, is maximum shear stress at a critical section produced by the combination of
factored shear force V, and unbalanced moments M, and M,y, and v, is nominal shear
strength. Nominal shear strengths of concrete and steel are given respectively as v, and v.
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Fig. 2 Critical section inside of the reinforced zone

Fig. 3 Critical section outside of the reinforced zone

Source: [3] Source: [3]

The number of studs on one element should be such that the shear stress at the section
d/2 (d-effective height of the slab) from the last row of studs is not greater than %- ¢p-A-

JE.

S_

spacing between peripheral lines of shear reinforcement

fyi— specified yield strength of shear reinforcement
by — length of perimeter of critical section
A, — cross-sectional area of shear reinforcement on one peripheral line parallel to

— - — -

Fig. 4 Critical section inside of
the reinforced zone
Source: [5]

perimeter of column section

Yvx, Yvy — factors used to determine unbalanced moment
about axes x and y

¢ — strength reduction factor

A — modification factor reflecting
mechanical properties of lightweight concrete

Jx, Jy — property of assumed critical section of any
shape, equal to d multiplied by second moment of perimeter

Iy, 1y — projections of assumed critical section on
principal axes x and y

More detailed explanations can be found in [4] and [3].

The use of double headed studs in Europe is regulated
by European Technical Approvals (ETA), because they are not
predicted by EN 1992-1-1. For this work ETA-13/0151 is
chosen. According to this legislation punching shear should be

the reduced

verified at critical sections according to Figure 4 [5]. Critical section outside the reinforced
zone is located 1,5d from the last row of studs.

Contrary to ACI 318-11, here the shear strength Vrqs, does not take into account the
strength of concrete. Therefore the design value of shear stress vgq should not be greater than
the minimum value of concrete strength Vrgmax and than shear strength of studs.

BV
©)  vea=T_g
(7) VRrd,max = 1,96 - VRd,c
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8) VRd,c = CRd,c k- (100 - p; - fzck)5 + ky - Ocp 2 (vmin + ky - acp)
dy T

) B Veq < VRd,sy =Mc Ne- Z.T};yk

u; — length of critical perimeter

B — coefficient which takes into account the load eccentricity

Cra, — empirical factor

k — coefficient which takes into account the size of the effective height of the slab, d
[mm]

p1— mean reinforcement ratio

fok — characteristic value of concrete strength

k;— empirical factor

Ocp — normal concrete stresses in critical section

mc¢ — number of elements in the zone C, refer to the reference [6]

nc — number of studs on each element in the zone C, refer to the reference [6]

0.5d, 0.5d.
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Fig. S Critical sections inside of the reinforced zone for different shapes of columns [7]

fyx — characteristic yield strength of steel

vs — partial safety coefficient for steel

da — diameter of shear stud

n— factor which takes into account the effective height of the slab

The number of studs in the element is chosen so that the stress in the critical section
outside of the reinforced area is not greater than the concrete strength. In order to accomplish
that,the required outer critical perimeter should be calculated as:

(10) uout > Bred'VEd
VRd,c'd

B:.q — reduced factor for taking in account the effects of eccentricity in perimeter Ugy
SIA 262 (2013) also considers punching in critical sections. The shape of critical
perimeter u and its position is given by the Figure 5 [7].

Design value of axial force in the column V4 is given as the column reaction Ry
reduced for the actions of opposite direction AV inside of critical section and divided by
reduction coefficient of critical section k. Punching shear strength takes into account both the
contribution of concrete and steel studs. It is necessary that the steel strength is higher than the
difference between the design shear stress and concrete strength.

(1) Vra = Vrac + Vras
(12)  vrac =k Teq-dy-u
(13)  Vras = Y Asy - Osq - SInf

T.q—design value shear stress

k. — coefficient which takes into account the dimension of the slab, its rotation as

well as maximum aggregate size
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B— angle that shear reinforcement forms with slab plane
2Aqy — cross section area of all shear reinforcement between 0,35d, and d, from
column edge

osd — design value of normal stress in vertical shear reinforcement

Punching shear resistance is limited by fracture of the concrete strut in the proximity
of the support zone which represents the maximum punching resistance of concrete. This
resistance is given with following relation:
(14)  Vracmax =3 kr Tea dy u<35:7T,q dy-u

The required number of studs on one element is determined so that the shear stress
outside of the zone reinforced by shear studs is not greater than shear strength of concrete
along the outer critical perimeter uy:
(15)  Va < Vracout = Ky * Tea * dy * Uoue

For more details regarding these codes the reader is advised to consult [5], [6] and [7].

COMPARATIVE ANALYSIS ON THE EXAMPLE OF THE CORNER COLUMN

In this chapter the design examples for corner column-slab joint together with the
results will be presented. The idea was to find the combination of force and moments that lead
to the maximum shear stress for adopted dimensions and properties of the slab and the
column and for the adopted number of shear studs. Since the codes predict different sets of
rules regarding the placement of reinforcement, two different examples are made with only
difference between them being the number of shear elements and the quality of steel used for
the double headed studs. The total number of shear studs remained the same. One example
given by Figure 6 [8] covers the ACI 318-11 and the other presented on the Figure 7 [§]
covers ETA-13/0151 and SIA 262 (2013).
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Fig. 6 Arrangement of studs for the case of ACI  Fig. 7 Arrangement of studs for the case of
318-11 Source: [8] ETA-13/0151 and SIA 262 (2013)  Source: [8]
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Fig. 8 Punching resistance at inner critical perimeter for different combinations of moments and force
Source: [8]

As it could be seen, the slab of thickness 20 cm was in both cases supported by
rectangular 40x40 cm column. The concrete strength was 40 MPa. The strength of shear studs
in the case of ACI 318-11 was 400 MPa and for the case of ETA-13/0151 and SIA 262 (2013)
it was 500 MPa. In the case of ACI 318-11, 7 studs were distributed on each of the 6 elements
whereas in other case 6 studs were placed on each of the 7 elements. The diameter of shear
studs was 10 mm and 16 mm for longitudinal flexural reinforcement.
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Fig. 9 Punching resistance at the critical section outside of reinforced zone for different combinations of
moments and force Source: [8]

According to brief presentation of calculation procedures it is clear that approaches
differ what as a consequence provide different results. As aforementioned, the values of
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effects on the structure are calculated for maximum values of stress in the joint. Figures 8 and
9 [8] show the values of punching resistances at the critical section inside and outside of the
reinforced zone respectively. The resistances are presented together with corresponding
combination of flexural moments in the slab and the axial force in the column which are given
by the separate curves and which values could be seen on the right vertical axis.

Difference in the resistances is the result of the different lengths of critical perimeters
and different corresponding force values come from the different resistances according to
each of the standards considered. Limitation of the steel strength used for shear studs in ACI
318-11 represent and important difference compared to the other two codes.

CONCLUSION

The aim of this article was to introduce the double headed shear studs to use in
column-slab joints through comparison of three different standards. The basic equations are
presented together with input data for calculation. The references are made to the literature
where it is possible to find more detailed explanations. From the analysis of the results
presented comparatively following conclusions are drawn:

- Calculation methods differ and it is impossible to do the analysis on the identic
examples, so that the results of these examples are also different. However it was
possible to determine and to compare different parameters of resistance capacity.

- ACI 318-11 gives the most conservative results

- Due to the resistance limitation of the shear studs, ACI 318-11 needs more studs along
the critical perimeter to transfer the same stress as in other two cases

- SIA 262 (2013) requires less studs at the critical section, because contrary to ETA -
13/0151 it takes into account the contribution of concrete to overall strength

- SIA 262 (2013) requires less studs per element

- For the same characteristics of column-slab joint and the identical arrangement of
studs SIA 262 (2013) allows greater forces in the critical section than ETA -13/0151

- SIA 262 (2013) is the only one taking into account the effect of the slab deformation
on the punching shear strength, what allows more realistic approach to the problem

- SIA 262 (2013) give the most economic solutions regarding the quantity of steel
needed for reinforcement.
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Knwuoseu oymu: ycmouuusocm KvM HANPeUHU YOAPHU CUIU, O8V2IABU WUNOSE,
KOJIOHA, 8Pb3Kd, CPAGHUMENEH AHANU3

Peztome: Hznonzeanemo Ha OGEMOHHU NIOYU HAU-YECMO € C8bP3AHO C 8b3HUKBAHEMO
Ha npobnemu 6 pezyimam Ha yoapuu cuiu. Te moeam Oa 6OvOam npeodonaHu upes
ynompebama Ha cmpemeHa Ul nAdAwju NAHeNU, KOumo obaye cu umam ceoume
ocobernocmu. Hzepasicoanemo Ha cmpemena 0OUKHOBEHO e mMpy0oeMKa 0euHOCH, Kamo me He
Mozam 0Oa 6v0am U3NON36AHU HANBIHO eQeKmueHo, nopaou HAYyuHa, NO KOUMoO ce
pasznonazama oKoio 0OCHosume Ha nocmpotikume. Emo 3auo noumu e He6v3M04CHO upe3 msix
da ce nocmuehe uzuckyemama npedasamenna cuia. Om Opyea cmpana ynompeboama Ha
naoawju naLenu 3ampyoHa6a NOCMpOABAHemo Ha cepadume, Mull KAMo e Heobxoo0umo me 0a
OvOam uzepaoenu ¢ no-20AMA BUCOYUHA.

Hacmosiwusm ooxnao ananuzupa 6v30eticmeueno Ha HanpeuHume pescewu pboose,
KAmo CbBpeMeHeH Memoo 3a peuiaeane HA 20pecnomeHamume npobaemu. B pezynmam Ha
0b120200UWHY HAYYHU U3CNIe08AHUS, 08Y21d8UmMe WUNO8e Ca ONpeoeileHU Kamo cmanoapmet
Memoo 3a NPeoooisiGane Ha YOapHume Cuil NPU UepaicoOanemo Ha CMOMAaHeHU NI0CKOCU.
Ipunoswcenu ca mpu paziuunu cmanoapma 3a uzevpuiane Ha cpasHumennus ananusz: ACI
318-11, ETA -13/0151 u SIA 262 (2013). [Ipeocmasenu ca mamemamuiecku U3YUCIeHUS U
005CHeHUs, Kamo OCHOBHAMA Yell Ha agmopume e 0a npeocmassam NOCMAHO8KU 3a ObOoeuo
Npuiodcenue Ha nocmueHamume pezyaimamu 6 Hin our surrounding, because the available
literature on double-headed studs is sparse.
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