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ABSTRACT:

Punching shear of pre-stressed concrete flat slab is an undesirable mode of failure that occurs without
warning and can lead to progressive collapse of large areas of the slab or even complete structures. Mod-
eling the punching shear strength of pre-stressed concrete slabs is conceptually difficult as the tendons can
be bonded or unbonded, the tendon passing through the columns or not, the stress in tendons at the punch-
ing failure is indeterminate, the tendons can be banded and the tendons can be draped resulting in benefi-
cial vertical components of the vertical pre-stressing force. The purpose of this study is to predict punch-
ing shear resistance of pre-stressed concrete slab-column connection from physical analytical model, that
includes integration of the vertical component of concrete tensile strength along the inclined surface of the
inverted cone which represents the punching shear cracks, the dowel forces of supplementary bonded
reinforcement and the pre-stressing force from pre-compression and vertical component of pre-stressing
calculated by yield line theory. The comparisons of the present proposed equation with ECP 203, ACI
318, BS8810, and EC2 code provisions and Gardner equations for the previous experimental scaled stu-
dies indicated that the proposed equation is less conservative. Finally from the proposed equation the
contribution of concrete tensile force, dowel force and pre-stressing force in the punching shear resistance
of pre-stressed concrete flat slabs can be calculated.
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PREVISION DE BOXE RESISTANCE AU CISAILLEMENT DES DALLES EN
BETON PRECONTRAINT PLAT

RESUME:

Poingonnement du béton précontraint dalle est un mode de défaillance indésirables qu'elle se produit sans
avertissement et peut conduire a I'effondrement progressif de vastes zones de la dalle ou méme des struc-
tures complétes. Modélisation de la résistance au cisaillement de poingonnage de précontrainte des dalles
de béton est conceptuellement difficile que les tendons peuvent étre collées ou non li¢e, le tendon peut
passer a travers les colonnes ou non, le stress dans les tendons a la rupture par poingonnement est indé-
terminge, les tendons peuvent étre bagués et les tendons peuvent étre drapées entrainant bénéfique com-
posante verticale de la force verticale de précontrainte. Le but de cette étude est d'étudier la prédiction de
la résistance au cisaillement de poingonnage de béton précontraint connexion dalle-colonne du mode¢le
d'analyse physique, y compris l'intégration que de la composante verticale de la résistance a la traction en
béton le long de la surface inclinée du cone inversé qui représente les fissures de poingonnement, les
forces de la cheville renforcements liés complémentaires et la force de précontrainte de la pré-
compression et une composante verticale de la précontrainte du calcul de la théorie de la ligne du rende-
ment. Les comparaisons de I'équation proposée présente avec ECP 203, ACI 318, BS8810, et les disposi-
tions du code EC2 et les équations Gardner pour les études expérimentales échelle rapportés dans la litté-
rature, ce qui indique que 1'équation proposée est moins conservatrice. Enfin a partir de I'équation propo-
sée la contribution de la force de traction en béton, la force de serrage et de précontrainte vigueur dans la
résistance au cisaillement par poingonnement du béton précontraint dalles peuvent étre calculée.

MOTS-CLES: Poingonnage, cisaillement, précontraint, dalles plates
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1. INTRODUCTION

Flat slabs are economical systems be-
cause that offers distinct advantages
such as low cost due to the ease of con-
struction (e.g., slip forms), low floor to
floor height, and flexible use of space.
In practical, pre-stressed flat slab sys-
tems are very efficient, since it provide
improve crack and deflection control,
and allow relatively large slab span-to-
thickness ratios, on the order of 35 to 45
which allow increasing spans with re-
ducing slab thickness. However, pre-
stressed concrete and reinforced con-
crete flat slabs are susceptible to failure
by punching shear.

Punching shear is undesirable mode of
failures which occur without warning
and can lead to progressive collapse of
large areas of slab, or even of complete
structures. Punching shear always oc-
curs in regions of large moment, and
flexural cracks are observed around the
periphery of the loaded area or support.

2. ANALYTICAL MODEL
2.1 Punching Failure Mechanism

Punching is very complex failure mode
and was for decades subject of many
discussions and attempt of explications,
the main point of its development are at
present established [22] Fig. (1).
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Fig. (1): Punching failure mechanism

Fig.(2): Punching shear capacity

- Formation of a roughly circular crack
around the column periphery on the
tension surface of the slab and its
propagation into the compression zone
of the concrete.
- Formation of a new lateral and di-
agonal flexural crack.
- Initiation of an inclined shear crack
near mid-depth of the slab, observed at
about 1/2 to 2/3 of the ultimate load.
- With increasing loads the inclined
cracks develop towards the compres-
sion zone, at failure, the punching
crack has reached the corner of the
slab-column intersection. Thus the
punching strength is influenced by
several material and geometrical pa-
rameters.
It is well known that the punching is con-
trolled by cross section column size, slab
depth and concrete strength as proposed
by design codes [2, 9 & 10]. The influence
of the percentage of flexural reinforce-
ment (rebar ps and pre-stressed pp ) are

contribute as a factor of increasing tensile
strength of concrete. While, from the ex-
amination of the punching failure mechan-
1sm, once of tensile stress around crack,
the dowel action of used bonded rein-
forcement ( F'dows ) and the contribution
of inclined shear crack has developed, the
applied load is resisted by the vertical
component pre-stressing steel (F'pres ).
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The proposed prediction equation for the
punching shear strength of pre-stressed
concrete flat slab-column connections, by
extending the punching equation of rein-
forced concrete flat slab predicted by Me-
netrey[22].

Two parameters of concrete tensile strength
and dowels contribution, but for contribution
of pre-stressed both vertical components and
initial decompression of concrete, these by
extending of Gardner[13].

2.2 Proposed Model

By extending the analytical model de-
veloped by Menetrey[22]to compute the
punching load of reinforced concrete slab,
these model was based on the observation
that the punching load is influenced by the
tensile stress in concrete along the inclined
punching crack. Consequently, the
punching load is predicted by integration
the vertical components of the tensile
stress around the punching crack.
According to various codes of practices
there are minimum bonded reinforcement
positioned over column and bottom at
mid-span i.e., in negative and positive
moment areas, and then these supplemen-
tary bonded reinforcement contribute in
resisting punching shear failure by dowels
effect by taking summation of vertical
components of the tensile forces of all
bars crossing the punching cracks as illu-
strated in Fig. (2). The pre-stressing ten-
dons passing through the punching cracks
zone increasing punching shear strength
of pre-stressed concrete flat slab.

Thus the total punching load of the pre-
stressed concrete flat slab is obtained by:
Fpun = Fct + Fdows + Fpress (1)
Fct: The vertical component of the con-
crete tensile force calculates by integrating
the vertical components of the tensile
stress of concrete.
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Fdows: The dowel force which is the ver-
tical component of the tensile forces of all
bars crossing the punching cracks.

Fpress: 1t is the initial decompression of
concrete plus the vertical component.

2.2.1 Concrete Tensile Force (Fct)

The punching crack is assumed to be a
truncated cone in shape developed be-
tween two lengths L1 and L2 as shown in

fig.2 with:

L1= 1l + _d and
2 10 tan a

=y d )
2 tan «

C: is the side dimension of the square col-
umn but for the circular and rectangular as
square column in the same area.
C: is the side dimension of the square col-
umn but for the circular and rectangular as
square column in the same area.

;i the punching crack inclination,
which is varying between 30degree and
60degree depending to the column cross-
section and the slab depth of non pre-
stressed reinforcement(ds).

The inclination length S of crack side is:

s=ysp(2—I)+5¢(0%) )

Assuming a constant tensile stress distribu-
tion around the punching crack, the analyti-
cal expression to compute the vertical com-
ponent of the concrete tensile force is con-
sequently expressed as follows:

Fet= 2(C1+02)+ 2|50y )
tan o

Fet=|2(C1+02)+ 224 Sugni/@ )
tan « ve

Where: fcu; is the concrete compressive
strength, factored to represent the tensile
strength of concrete.

& ; is the factor taking into account the
influence of the percentage of non pre-
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stressed reinforcement S  determined

numerically.
£ =—0.1ps* + 0.46ps + 0.35 > 0.50 (6)

where pPS in
and 0 < ps <2

M - is the size effect law obtained nu-
merically by Shehata [22]

n o= 1_6(1.+ fii
da

percent,

)? > 0.50with(d > da) (7)

da: is the aggregate size and ds is the
slab depth of non pre-stressed rein-
forcement.
Thus by increasing da (or by decreasing
ds) the crack propagation through the
slab thickness is limited and the con-
crete tensile force is increased.
In addition the size effect is influenced
by the ratio of column side to slab depth,
this phenomenon was reproduced nu-
merically and analytically expressed as
Menetrey[22].

C C c

n = O'I(E)Z —05( )+ 12580 < () 2.5

, = 0.625&(20—h)22.5 (8)

The concrete tensile force depends up
on the geometrical parameters, namely
slab depth, column sides, compressive
strength of concrete, percentages of steel
reinforcement and the aggregates size.

2.2.2 Dowel Effect (Fdows)

Pre-stressed concrete flat slabs generally
required to have supplementary bonded
reinforcement for many purpose as tem-
perature, shrinkage and even contribu-
tion as reinforcement in tension zones.

The uses of non pre-stressed steel over
columns improve the behaviors of the

slab-column connections and crack dis-
tribution.

In addition, the steel dowels effect inter-
prets the amount of shear force that can
be transferred by reinforcing bars cross-
ing the punching crack.

Fdows = % %gpsz\ | fefs1—¢*)sina~ (9)

where:
bars

%Z . is the summation of all bars
1

crossing the punching crack.
@ S : is the diameter of non pre-

stressed bars.

A parabolic interaction is assumed be-
tween the axial force and the dowel
force in the reinforcing bar which is ex-

pressed with the term (1 — ¢*) where

os and os and fs is the axial
fs

tensile and yield stress in the non pre-
stressed steel bars.

For pre-stressed concrete flat slab with a
realistic percentage of flexural rein-
forcement less than one percentage and
without shear reinforcement, the punch-
ing of slab occurred without yielding of
the steel and tensile stress estimated to
be 0.45 to 0.60 times the ultimate tensile
strength.

The dowel contribution is reduced with
term sin « to take into account of the
angle between the steel bar and the
punching crack, the factor 1/2 gives the
best approximation for horizontal steel
bar which not crossing the punching
crack at right angle.

Then the dowel force can be:

¢ =

bars

Fdows = %Z ©05°~/0.6 fcufys sin a (10)
1
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2.2.3 Pre-stressed Effect (Fprss)

For pre-stressed concrete flat slabs, the
ratio of pre-stressed steel was calculated
from the initial pre-compression at the

foc*h

fse*dp

The shear force Fprss, appropriate to the
decompression moment was calculated:

column, i.e. pp =

Fprss = 2wppdpfps(dp — %) (11)

where:

h : is the slab thickness in mm

dp: is the effective depth of slab for pre-
stressed steel in mm.

fpc: the pre-compression strength in con-
crete calculated at cetroide of slab, MPa .
fps: the stress in pre-stressing steel at
ultimate loads (assumed 1.1 fse), MPa
fse: the stress in pre-stress steel after all
losses, MPa (developed from the yield
line expression) for punching shear.
Fyield = 27 M ; M is the yield moment

per unit width [28] this avoids the problem
of determining the inclination of the pre-
stressing tendons crossing the failure sur-
face required to calculate the wvertical
component of the pre-stressing force.

3. PUNCHING SHEAR OF
PRE-STRESED CONCRETE
FLAT SLAB

Punching shear has a position of
special importance in the design of flat
slabs, which are practically always under-
reinforced against flexural, exhibit pro-
nounced ductile bending failure.

In beams, due to the usual present shear
reinforcement, a ductile failure is usual
assured in shear also, since slabs by con-
trast, are provided with punching shear
reinforcement is avoided of at all possible
for practical reasons. Punching shear is
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associated with a brittle failure of the con-
crete. In practical discussion how the pre-
stress can be taken into account in the ex-
isting design specification which have
usual been developed for ordinary rein-
forced flat slabs.

In the last years, many design formula
have been developed, which where obtain
from empirical investigations and a few
practical cases, by model representation.
Many codes have developed empirical
relationships for punching shear capaci-
ties. This based on the concrete strength
and critical section perimeter located at a
specific distance from column face.

3.1 Egyptian Code of Practices [11]

The Egyptian Code of Practice (ECP-203)
(11) introduced an equation to calculate
the punching shear capacity of two-way
pre-stressed concrete flat slab:

Qeup=5p \/@ +0.1fpoc +fpv NVnm? (12)
¥

where :

B p = least value of =0.275

0.8 ab_

0.15+

fpcc = average of concrete strength at the

perimeter of the critical section
(after pre-stressing losses) at the middle of
thickness of the slab.

Opv = shear strength due the vertical com-

ponent of the pre-stressing force The last
equation is used only for interior column,
while the specified concrete cylinder
strength taken not is greater than 40 MPa
and the average value of the pre-
compression for two directions at the cen-
troid of concrete shall not be less than 0.9
MPa or greater than 3.5 MPa.
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Fig. (3): Critical sections for punching (ECP-203) [10]

3.2 American Code Institute ACI-
318[1 & 2]

ACI-318-2008 [1] specifies that the shear
capacity should be calculated on the min-
imum perimeter located at a distance d/2
from the periphery of the column or the
concentrated load. These provisions fol-
low from the work of ACI-ASCE Com-
mittee 423 [3].

The punching shear strength around the
interior columns of two-way pre-stressed
concrete flat slab can be predicted by:

vV =(Op feu +0.3f, b0+, (13)

where :

b0 = m(c + d ) for circular loaded

areas, mm.
b0 = (4b + d) for square loaded areas, mm

d = effective slab depth to reinforce-
ment. Mm.

¢ = diameter for circular loaded area, mm
However, d need not be taken as less than
0.8h for pre-stressed concrete flat slab.

For rectangular columns a critical section
with four straight sides can be used.

f.« = the specified concrete cylinder
strength, MPa. (not be taken more than 35
MPa.)

V,, =nominal shear strength, N.

as = 3.30 for interior column, 2.50 for
edge column, 1.67 for corner column.

Pp = the smaller of 0.29 or (asb+ 0.13)
bo

frc = the average value of the pre-
compression for two directions at the
centroide of slab, 1t shall not be less
than 0.9 MPa or greater than 3.5 MPa
for each direction.

Vp = the vertical component of all effec-
tive pre-stressing forces crossing the
Critical section.

h = overall slab thickness.

3.3 BS8110-97 [6]

The British Code [6] used a rectangular
control perimeter at 1.5d from the loaded
area for both circular and rectangular
loaded areas. For reinforced concrete flat
slabs the available shear force can be cal-
culated from:

V 1/3 114
L, =%—?9(100p§—§] (?J O3/, <30 MPa
0 L]

where:

Ym = partial safety factor for strength

of material (1.25).

fou = the specified concrete cube
strength(taken as 1.25 fy) Mpa.

bo =4(c+3d) for circular loaded areas, mm.
b, = 4(c+3d) for square loaded areas, mm
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P =(Px+ Py)2 calculated for a

width equal to (c+3d) or (b+3d).
Px = ratios of reinforcement in the X

direction.
Py = ratios of reinforcement in the y

direction
BS811-97(6]

The handbook of the British standard
[6] suggests that the punching shear ca-
pacity of slabs with bonded tendons can
be calculated as for an ordinary reinforced
concrete flat slab using the actual area of
tendons, and to add the decompression
load; the load required to annul the pre-
stress in the extreme fibers put into ten-
sion by the applied loading. For unbonded
tendons the punching shear resistance
would be 10 percent less. This method
was first developed by Regan [20] for
one-way bonded pre-stressed concrete
slabs, and was extended to two-way slabs.
For corner columns and edge columns
with bending about an axis parallel to the
free edge, the punching shears resistance
1s taken by:
Ve = 1.25V, (15)

Vol.14, No. 1
3.4 Euro Code 2[9 & 10]

According to Euro Code2 [9 & 10]
the principals, rules and design model for
checking punching shear failure at the
ultimate limit state are shown in Fig. 4.
The shear resistance shall be checked
along a defined critical perimeter. In slabs
subjected to punching shear an enhance-
ment of shear resistance should not be
carried out. If the thickness of a slab is not
sufficient to ensure adequate punching
shear resistance, shear reinforcement, col-
umn heads or other types of shear connec-
tor shall be provided. These rules also ap-
ply to waffle slabs with a solid section
around the loaded area provided that the
solid area extended at least 1.5d beyond
the critical perimeter.

The amount of longitudinal tensile rein-
forcement in two perpendicular directions,
x and y should be greater than 0.5 percent,
calculating allowing for any differences in
effective depth in the two directions. The
force component parallel to Vgq due to

inclined pre-stressed tendons placed inside
the critical area may be taken into account
[8 & 9].

Criticalarea  , Critical perimeter
H

] [ 2
]

1.5d 1.54d Critical section

L possible position of

# arctan (2/3)=33.7

Loaded area—

L5d 15d

}/.J |//%|

L//

15d-.,(

15d’ %

Namenarael RN

punching shear rienforcement
Design model for punching shear at the ultimate limit state — ", £6d FERF

Critical penme'tcr round loaded areas located away fmm an unsupported edge

—eed _— 2 |'il
8 £
liéd—bw
b
\

28d
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Z 7
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7
;1)—4 wrb bﬁ

Non-standard Cases

forl,> | ; replace
L Ly VT,

|/ ‘ E i, A
|\_%J ) -opening

154
Critical perimeter near an opening

Fig.(4): Principals and design model for punching shear (8 & 9)
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The shear resistance per unit length 7zg4 of
pre-stressed slab is given by:
Vid1 = Trg K(1.2+40 O 4 )d (16)

where 7grq IS given in . Euro code 2-section
43.2.

k =_‘(l,6—d )> 1,5‘ (d in meters)

- (17)
p = |p p +—2<0.015
1 Ix ty f
yd

P Lxand O ly relate to the tension in X

and y direction respectively.

d=(dx + dy)/2

dyand d, are the effective depths of the slab
at the points of intersection between the de-
sign failure surface and the

longitudinal reinforcement in x and y direc-
tions respectively.

o =N /A

cpo pd c
f,a = design yield stress of the rein-
forcement .

Npa = pre-stressing force corresponding to
the initial value without losses. If the pre-
stressing force is differed in the two direc-

tions, then the average value is used. Ny
should be calculated with ' =0.9.

3.5 Gardner Method [14]

Gardner [14] proposed an equation for
predicting the punching shear strength of
interior slab-column connection of rein-
forced and pre-stressed concrete flat slabs,
by extending the work of Shehata and
Regan [27] and Shehata[26]. Gard-
ner(14) examined the dependence of the
punching shear strength to the concrete
strength and the strength for reinforced
and pre-stressed concrete slabs using con-
trol perimeter at the periphery of the
loaded area and Shehat [26] type strength
enhancement expression.

Columns with circular or rectangular cross
sections were analyzed as square columns

of the same cross sectional area. A sensi-
tivity analysis, using the coefficient of
variation of the equation which is the cri-
terion of goodness, was used to confirm
that the one-third power of concrete
strength and steel forces was close to op-
timal. For unbonded post-tensioned slabs,
the pre-stressed reinforcement ratio was
calculated from the initial pre-
compression at the column. 1ie.,
P p=Foch/fedy

The shear force Vd,appropriate to the de-
compression moment, was calculated by;
Vo= 2 TP drfps(dp-h/3) (developed

from the yield line expression for punch-
ing shear; Vyieg=27T M; M is the yield
moment per unite width [32] . This avoids
the problem of determining the inclination
of pre-stressing tendons crossing the fail-
ure surface required to calculate the ver-
tical component of the pre-stressing force.
For design purpose the decompression
shear force is multiplied by 0.75 to
represent the lower 95 percent bound.

B e

05
{14_(@) } = size effect term.,

V. =0350d,,

(18)

h

0.5
(ﬂ) = strength enhancement factor

4c

¢ = dimension of square column of same
cross sectional area as the actual column,
mm

d = effective slab depth to reinforcement,
mm.

d, = effective slab depth to pre-stressed
reinforcement, mm.

deff
=(d d*+pf d*)/(Sf d+pf d )
y p e p y p = p
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fck = specified concrete cylinder strength'
MPa.

fse = effective stress in pre-stressed rein-
forcement after

foc = pre-compression in concrete calculated
at the centroid of the slab, MPa.

fos = stress in pre-stressed reinforcement at
ultimate load. (assumed =1.1fse).

fy = yield strength of flexural
reinforcement, in MPa.

h = slab thickness, mm.

A =1 for normal density concrete. 0.85 for
light weight concrete.

U = perimeter of equivalent square column
attached to slab, mm.

L = ratio of flexural tensile reinforcement

calculated over a width ¢ + 6d
P p = ratio of per-stressed steel calculated

from pp=1fpch/fsedp

4. COMPARISON OF
PREDICTION METHODS:

This section compares the capacities pre-
dicted by ECP-203 [11], ACI-318 [1], BS-
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8110 [6], EC2 [10], Gardner [14] pro-
posed equation and the proposed equation
explained at analytical model with the
measured capacities obtained from expe-
rimental studies reported in the next tables
shown below.

Because code expressions are written in
terms of specified strength, and experi-
mental  investigations  report mean
strength, the code calculated values were
calculated wusing a factored concrete
strength (0.8fcu). The pre-stress strength
(fps) at punching failure was measured to
be 110 percent of the effective pre-stress
stress (fse). The comparisons are pre-
sented using slab depth (d) equal 0.8 the
slab thickness (h) with a rectangular shear
perimeter and taking into consideration
the effect of vertical pre-stress component.

4.1 Interior Column-Slab Connec-
tions With Supplementary
Bonded Reinforcement:

Table (1, 2, 3 and 4) gives the experimen-
tal data and result punching failure force
for previous studies.

Table (1): Data and results of experimental studies by Frrankline/Long [13],
Smith/Burns [31], Burns [7], Koust [19], Razi [23], Scordel/Lin [30], and

Gerber/Burns [15]
. fcu fse fpc h d d Col- Vtest
Specimen MPa p Mféa pPp MPa MFI)Da mm | mm mgw e | KN
percent percent
Frrankline/Long(13) 38 0.72 | 517 | 0.33 | 1020 | 243 60 44 44 | 170 | 128
Smith/Burns(31) S2 29 0.63 | 400 | 038 | 759 | 2.24 70 | 544 | 544 | 203 | 1215
Smith/Burns(30) 52 32 0.94 | 400 | 0.38 | 759 | 2.4 70 | 56.4 | 544 | 203 | 1353
Burns(7) SI 5 34 046 | 400 | 0.36 | 768 | 2.24 70 | 461 | 58.3 | 203 | 1286
Burns(7) SI 6 34 046 | 400 | 0.36 | 768 | 2.4 70 | 60.2 | 58.3 | 203 | 1526
Burns(7) SI 7 34 046 | 400 | 0.36 | 768 | 2.24 70 | 60.2 | 58.3 | 203 | 157
Burns(7) SI 9 34 046 | 400 | 0.36 | 768 | 2.24 70 | 60.2 | 58.3 | 203 | 1624
Burns(7) SI 10 34 046 | 400 | 0.36 | 768 | 2.24 70 | 60.2 | 58.3 | 203 | 125
Burns(7) SII 10 33 056 | 400 | 0.09 | 1220 | 0.93 70 | 60.2 | 59.1 | 203 | 99.2
Koust(19) S3-5 27 0.60 | 420 | 0.16 | 936 | 1.24 70 | 60.2 | 59.2 | 203 | 120
Razi(23) 9 29 045 | 490 | 0.26 | 1040 | 222 | 165 | 138 | 138 | 300 | 564
Razi(23) 10 29 045 | 490 | 0.5 | 1040 | 1.28 | 165 | 138 | 138 | 300 | 416
Razi(23) 4 29 0.06 | 490 | 0.12 | 1040 | 061 | 200 | 169 | 100 | 300 | 634
Scordel/Lin(30) 41 0.07 | 450 | 0.12 | 1054 | 1.05 76 | 635 | 635 | 229 | 120
Gerber/Burns(15) C2 32 040 | 430 | 030 | 986 | 2.35 | 178 | 140 | 140 | 300 | 857
Gerber/Burns(15) C3 34 040 | 590 | 0.30 | 986 | 2.35 | 178 | 140 | 140 | 300 | 901
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Table (2): Data and results of experimental studies by Silva [28]

Speci- fcu p fy pp fse fpc h d dp Column Vtest
men MPa percen MPa MPa MPa mm mm mm size KN
) pertcen
Al 37.8 0.62 553 0.45 1009 3.31 125 109 91 100sq 380.0
A2 37.8 0.47 553 0.28 1009 2.14 127 113 97 100sq 315.6
A3 37.8 0.62 553 0.47 1009 3.16 128 109 86 100sq 352.7
A4 37.8 0.51 553 0.29 1009 1.98 129 104 86 100sq 321.0
Bl 40.1 0.6 553 0.43 1009 3.39 124 114 98 200sq 582.5
B2 40.1 0.48 553 0.29 1009 2.23 124 110 94 200sq 488.0
B3 40.1 0.63 553 0.43 1009 3.12 124 108 90 200sq 519.8
B4 40.1 .50 553 0.30 1009 2.16 124 106 89 200sq 458.8
C1 41.6 0.61 525 0.44 1009 3.33 126 111 94 300sq 720.0
Cc2 41.6 .50 525 0.31 1009 2.26 122 105 89 300sq 556.1
C3 41.6 0.64 525 0.48 1009 3.48 124 106 90 300sq 636.6
C4 41.6 0.52 525 0.33 1009 2.31 123 102 85 300sq 497.1
D1 44.1 0.68 540 0.50 1009 3.34 124 100 83 200sq 497.1
D2 44.1 0.50 540 0.30 1009 2.23 123 106 90 200sq 385.2
D3 44.1 0.51 540 0.31 1009 2.27 125 103 90 200sq 395.2
D4 44.1 0.48 540 0.29 1009 2.22 125 111 95 200sq 561.5

Table (3): Data and results of experimental studies by Correa [8], Kordina and
Nolting [18], Hassavzadah [16], Shehata [25], and Melges [21]

Specimen ,\;C;a IO Mfga pp I\IISF?a I\jI?DCa mhm mdm n??n Czlil;? " V}?:\lSt
percent percent
correa(8)LP2 52.4 1.17 550 0.43 900 2.19 130 105 65 150sq. 355
correa(8)LP3 526 | 117 550 | 0.85 900 | 428 | 130 | 105 65 | 150sq. | 415
correa(8)LP4 50.7 1.17 550 0.13 900 0.80 130 105 81 150sq. 390
correa(8)LP5 50.7 1.17 550 0.20 900 1.33 130 105 81 150sq. 475
correa(8)LP6 51.4 1.17 550 0.28 900 1.76 130 105 81 150sq. 437
Koofrilg‘z‘las';‘gl'\‘o't' 336 | 062 | 500 | 022 | 920 | 170 | 150 | 128 | 1135 | 200cir. | 450
Koofrigf(ilag’)‘\‘jz'\‘o't' 360 | 0.90 500 0.22 920 | 166 | 150 | 126 | 1135 | 200cir. | 525
Koodinaand Nolt- | 565 | 6o | 500 | 041 | 920 | 309 | 150 | 128 | 1135 | 200cir. | 570
ing(18)VV3
KOO?ABE%')‘%NO"' 312 | 062 500 0.23 920 | 177 | 150 | 128 | 1135 | 200cir. | 475
Koofri]gaas')‘\‘js'\lo't' 352 | 062 500 0.26 920 | 177 | 150 | 128 | 1135 | 200cir. | 518
Hassavzadah(16)A1 | 310 | 018 | 460 | 0.33 950 | 279 | 180 | 150 | 151 | 250cir. | 668
Hassavzadah(16)A2 | 287 | 018 | 460 | 0.34 950 | 274 | 180 | 150 | 144 | 250cir. | 564
Hassavzadah(16)B2 | 438 | 029 | 460 | 0.25 950 | 242 | 220 | 190 | 110 | 250cir. | 827
Hassavzadah(16)B3 | 411 | 029 | 460 | 0.26 950 | 221 | 220 | 190 | 191 | 250cir. | 1113
Hassavzadah(16)B4 | 432 | 029 | 460 | 0.23 950 | 1.99 | 220 | 190 | 190 | 250cir. | 952
Shehata(25)SP1 365 | 027 53 | 051 918 | 394 | 175 | 157 | 135 | 150sq. | 988
Shehata(25)SP4 417 | 027 53 | 062 918 | 481 | 175 | 157 | 135 | 150sq. | 884
Shehata(25)SP5 409 | 027 530 0.43 918 | 328 | 175 | 157 | 135 | 150sq. | 780
Shehata(25)SP6 425 | 027 53 | 0.45 918 | 350 | 175 | 157 | 135 | 150sq. | 728
Melges(21)M4 51.9 | 092 550 | 0.6 925 | 195 | 160 | 134 | 120 | 180sq. | 773
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Table (4): Data and results of experimental studies by A. Mousa [4], and
A. Pinho Romas [5]

fcu P fy pPp fse | fpc | h d | dp Col- | Vtes
Specimen MP percen MP | percen | MP [ MP [ m | m [ m umn t

a ¢ a t a a m| m|m size KN

A.MousaPFS1(4) | 34.7 0.77 500 0.29 800 | 2.17 | 80 64 64 180sq. 124
A.MousaPFS2(4) | 37.8 0.77 500 0.29 800 | 2.17 | 80 64 64 180sq. 110
A.MousaPFS3(4) | 33.1 0.77 500 0.29 800 | 2.17 | 80 64 64 180sq. 115
A.MousaPFSs4(4) | 37.2 0.77 500 0.29 800 | 2.17 | 80 64 64 180sq. 120
A.MousaPFs6(4) | 38.6 0.77 500 0.29 800 2.9 80 64 64 180sq. 134
A.MousaPFS9(4) | 33.7 0.77 500 0.38 800 | 2.17 | 80 64 64 180sq. 146
A PinhoomasARS(5) 52 0.59 450 0.34 900 | 2.70 | 100 | 80 80 200sq. 308
APinhoomasAR105) | 51.8 0.59 450 0.34 900 | 2.70 | 100 | 80 80 200sq. 315
APinhoomasAR11(5) | 47.5 0.59 450 0.34 900 | 2.70 | 100 | 80 80 200sq. 302
APinhoomasAR12(5) | 39.1 0.59 450 0.34 900 | 2.70 | 100 | 80 80 200sq. 280
APinhoortesARISE | 39.6 | 059 | 450 | 0.34 | 900 | 2.70 | 100 | 80 | 80 | 200sq. | 262

Table (5): Comparison of prediction methods for experimental studise by
Frrankline/Long [13], Smith/Burns [31], Burns [7], Koust [19], Razi [23],
Scordel/Lin [30], and Gerber/Burns [15]

Specimen Vitest/Vecrs | VtestVact | Viest/Vessiio | Vitest/Vcardner | Viest/Vproposed
Frrankline/Long(13) 1.50 1.28 1.22 1.18 0.91
Smith/Burns(31) S2 1.15 0.98 0.89 0.93 0.95
Smith/Burns(31) S2 1.24 1.06 0.91 0.96 0.98

Burns(7) SI 5 1.16 0.99 1.51 0.91 1.02
Burns(7) SI 6 1.35 1.17 1.05 1.09 1.13
Burns(7) SI 7 14 1.20 1.08 1.12 1.16
Burns(7) SI 9 1.45 1.24 1.12 1.16 1.20
Burns(7) SI 10 1.12 0.96 0.86 0.89 0.93
Burns(7) Sl 10 1.11 0.95 0.87 0.88 0.87
Koust(19) S3-5 1.35 1.17 0.96 0.99 1.00

Razi(21) 9 1.35 1.16 1.07 1.07 1.30

Razi(23) 10 1.17 1.00 0.97 0.97 0.98

Razi(23) 4 1.60 1.35 1.50 1.48 1.30

Scordel/Lin(30) 0.90 0.77 1.05 0.95 0.97
Gerber/Burns(15) C2 1.70 1.50 151 151 1.27
Gerber/Burns(15) C3 1.80 1.55 1.57 1.52 1.29
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Table (6): Comparison of prediction methods for test results of experimental
studies by Silva [28]

Specimen Vtest/Vecr203 | Vtest/VAci ViesttVec2 | Vitest/Vproposed
Al 1.86 1.54 1.09 1.05
A2 162 135 0.99 101
A3 181 151 113 1.08
A4 192 1.60 1.25 1.18
BL 167 1.39 1.20 1.29
B2 165 il 126 133
B3 173 1.44 1.26 115
B4 173 144 128 1.20
C1 162 135 129 114
c2 1.49 1.04 1.28 1.5
c3 1,55 129 1.8 116
Cc4 14 118 1.20 113
D1 1.67 1.39 1.26 1.17
D2 139 116 1.05 10
D3 15 125 115 1.04
D4 1.30 1.08 113 1.06

Table (7): Comparison of prediction methods for results of experimental studies by

Ccorrea [8], Kordina and Nolting [18], Hassavzadah [16], Shehata [25],

and Melges [21]

Specimen Vtest/\VECP203 Vtest/Vacl Vtest/VEc? Vtest/Vproposed
correa(8)LP2 1.70 141 0.92 0.98
correa(8)LP3 1.70 141 0.97 1.04
correa(8)LP4 2.15 1.80 1.05 1.12
correa(8)LP5 2.40 2.0 121 1.30
correa(8)LP6 2.10 1.76 1.06 1.17

Koodina and Nolt- 156 1.30 0.93 1.02
ing(18)V1
Koodina and Nolt- 1.85 1.54 1.02 1.13
ing(18)\vV2
Koodina and Nolt- 1.90 158 0.96 1.06
ing(18)V3
Koodina and Nolt- 1.67 1.39 0.99 1.08
ing(8)V7
Koodina and Nolt- 1.74 1.45 1.04 1.08
ing(18)VV8
Hassavzadah(16)A1 1.58 1.32 1.25 1.08
Hassavzadah(16)A2 1.58 1.29 1.28 0.97
Hassavzadah(16)B2 1.74 1.45 1.30 1.25
Hassavzadah(16)B3 1.97 1.64 1.29 1.25
Hassavzadah(16)B4 1.88 157 1.29 1.10
Shehata(25)SP1 2.40 2.00 1.66 1.50
Shehata(25)SP4 2.10 1.78 1.38 1.18
Shehata(25)SP5 2.00 1.68 1.58 0.97
Shehata(25)SP6 1.83 1.53 1.38 1.16
Melges(21)M4 2.34 1.95 131 1.40
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Table (8): Comparison of prediction methods for results of experimental studies
by A. Mousa [4], and A. Pinho Romas [5]

Vtest/Vecr2 Viest/\Vess1 | Vtest/VGard
Specimen Vtest/Vaci e | viest/v Proposed
03 10 r

A.Mousa PFS1(4) 1.50 1.26 1.18 1.21 0.97

A.Mousa PFS2(4) 1.28 1.07 1.02 1.01 0.90

A.Mousa PFS3(4) 1.56 1.30 1.20 1.15 1.03

A.Mousa PFS4(4) 1.44 1.20 1.15 1.10 1.08

A.Mousa PFS6(4) 1.76 1.47 141 1.35 1.12

A.Mousa PFS9(4) 1.60 1.29 1.23 1.26 1.20

A.Pinho omasAR8(5) 2.00 1.48 1.40 1.35 1.06
A.Pinho oma-

SAR10(5) 1.74 1.45 1.35 1.30 1.08
A.Pinho oma-

SAR11(5) 1.80 1.50 141 1.25 1.06
A.Pinho oma-

SAR12(5) 1.60 1.40 1.31 1.18 1.03

Tables (5, 6, 7 and 8) give the Compari-
son of results of experimental studies
reported in tables (1, 2, 3 and 4).

Table (9) summarizes the average per-
centages of the test load by the code
provisions load of the ECP 203-07, ACI

318-05, BS 8110-94, EC2-92, Gardner
1998, and the proposed equation for the
interior pre-stressed concrete flat slab-
column connections.

Table (9): Comparison of the averages of the ECP 203-07, ACI 318-05, BS 8110-
97, EC2-92, Gardner1998, and the proposed equation

Code ECP203-07 | ACI 318-05

EC2-92

BS 8110-97 | Gardner | proposed

Average 1.65 1.37

1.15 1.14 1.12

The proposed equation is the less conserv-
ative to prediction the punching shear re-
sistance of the pre-stressed concrete flat
slab where it simulate the connection
equilibrium under summation of the ver-
tical forces.

The forces which contributed in the resis-
tance of punching shear from the proposed
equation taking into consideration approx-
imately the all factors affecting on the
punching shear failure.

The tensile concrete forces which contri-
bute by approximately 65 percent in the
resistance of punching shear, which is the
function of column side and slab depth as
code provisions critical perimeter, the ag-

gregate maximum nominal size and col-
umn slab thickness ratio also affected the
tensile force of concrete, the percentage of
non pre-stressed reinforcement contribut-
ing in increasing the concrete tensile force
which is affected the concrete ductility.

The dowels of non pre-stressed rein-
forcement which crossing the punching
crack contributing by 11 percent in resist-
ing punching shear strength, whereas the
pre-stressed reinforcement contribute by
24 percent to resist the punching shear as
pre-compression of concrete and vertical
component of pre-stressing crossing the
punching crack, but calculating by the
yield line formula presented previously.
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4.2 Exterior and Corner Slab
Column Connections With
Supplementary Bonded
Reinforcement

All the prediction equations are sensitive to
the pre-compression at the critical section.
For the exterior slab-column connections
the pre-compression, depth to the tendons,
and the pre-compression shear are differ-
ent on the various sides of the connection.
For edge columns, punching shear failure
usually initiates on the inside face of the
connection, and hence, the pre-
compression and the depth to the steel on
the interior face control the failure.

For exterior and corner columns, this
gives pre-compression values considera-
bly larger than those reported in the origi-
nal literature and probably larger than ex-
isted in the tested slabs. Estimating the
depth to the tendons at the inside faces of
a column, which would be less than the
depth at the anchor due to tendon drape, is
subjected to uncertainty.

The tables shown below are summarized
the result data and the comparisons of
code provisions and the proposed equation
with decreasing the concrete tensile force
to half for exterior connections and quarter
for corner connections.

Table (10): Data and results of experimental studies by Long [20],
Burnes [7], and Kousut [19]

Specimen fcu IO fy ,0p fps fpc h d dp Col_umn Vtest
MPa MPa MPa MPa mm mm mm size KN
percent percent
Long20)EL | 39 | 100 517 0.78 880 | 440 | 508 | 44 | 254 | 163sq | 467
Long20)E2 | 397 | 067 517 0.98 | 990990 | 7.00 | 508 | 44 | 254 | 163sq | 49.8
Long(20)E3 | 394 | 067 517 159 990 | 106 | 508 | 44 | 254 | 163sq | 56
Long(20E4 | 396 | 067 517 0.49 990 | 35 | 508 | 44 | 254 | 163sq | 40.9
Long(20)E5 | 36.06 | 0.67 517 0.71 990 | 7.00 | 508 | 44 | 33 1635 | 53
Burnsli 2(7) | 32.75 | 06 400 031 | 1220 | 190 | 70 | 602 | 349 | 203sq | 307
Koeu(slg)S?" 272 | 06 420 287 936 | 134 | 70 |[602| 349 | 1785q 50
K°8”(51;)S3' 272 | o6 420 1.00 936 | 465 | 70 |602| 349 | 2035q 75
Kozu(slg)se" 272 | 06 420 152 936 | 700 | 70 |[602| 349 | 203sq | 729

Table (11) Comparison of prediction methods for results of experimental studies
by Long [20], Burnes [7], and Kousut [19].

Specimen Vtest/\Vaci Vtest/Vessiio | Viest/Vcardner | Vtest/Vproposed
Long(20) E1 131 1.10 0.98 1.02
Long(20)E2 1.24 111 1.01 1.04
Long(20)E3 113 1.04 1.00 1.03
Long(20)E4 1.30 113 0.98 0.99
Long(20)E5 112 0.90 0.90 113
Burnsll 2(7) 0.73 0.65 057 0.52
Koust 53-6(19) 0.62 0.55 0.57 0.63
Koust 53-8(19) 147 132 1.20 1.05
Koust 53-2(19) 1.19 1.09 1.03 1.04
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From the proposed equation of resisting
punching shear is 60 percent contribu-
tion by concrete tensile force, 32 per-
cent contribution by pre-stressing force,
and 8 percent contribution by non pre-
stressed reinforcement dowel forces.

7. CONCLUSIONS

From analytical model of proposed equ-
ations, the following is concluded that:

1. The tensile concrete forces which

contribute by approximately 61.7

percent in the resistance of

punching shear, which is the func-

tion of column side and slab depth

as code provisions critical perime-

ter, the aggregate maximum no-

minal size and column slab thick-

ness ratio, the percentage of non

pre-stressed reinforcement contri-

Vol.14, No. 1

butes in increasing the concrete
tensile force which is affected the
concrete ductility.

2. The dowels of non pre-stressed
reinforcement crossing the punch-
ing crack contribute by 11. 7 per-
cent in resisting punching shear
strength.

3. The pre-stressed reinforcement
contribute by 28.23 percent in
resisting the punching shear, it is
the summation of the pre-
compression of concrete and ver-
tical component of pre-stressing
steel crossing the punching crack.

For the exterior and corner connections
the resisting forces are 60, 8, and 32
percent for concrete tensile force, dowel
force and pre-stressing force.

Table (12): Comparison of the averages of the ECP 203-2007, ACI 318-2008, BS
8110-97, EC2-92, Gardner 1998, and the proposed equation

Code ECP203 | ACI318 | EC2 | BS8110 | Gardner proposed
Average Interior 1.65 1.37 1.19 1.15 1.14 1.12
Average Ext& | 4 og 112 | 107 | 099 0.92 0.96
Corner
1. Table (12) which represents the com- 9rd
parison of the averages results ob- Fet=2(C1+C2) -I—— Sufr)
tained from codes

ECP 203-07,
ACI 318-05, BS 8110-97, EC2-92,
Gardner 1998, and the proposed equ-
ation for interior, exterior and corner
pre-stressed concrete flat slab.

2. The proposed equation is the main
conclusion of the present work is:
Fpun = Fct + Fdows + Fpress

bars

Fdows = %ngsﬂ/Oﬁfcufys sina»
1

Fpress = 2wppdpfps(dp — %)
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