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Abstract

The aims of this study is to present a new simple accurate equation to determine the
punching shear strength of normal and high strength reinforced concrete flat slabs. The
punching shear strength prediction of the proposed equation is compared with the
experimental data collected from 58 experimental cases. The proposed equation takes into
account some effects such as concrete compressive strength, slab depth, slab tension
reinforcement ratio at the critical section, shape and dimension of column, and the position
of critical section. The proposed equation gives a better agreement with experimental data
than AS3600, CEB-FIP MC-90, ECP, ACI-318, and BS-8110. It is noticed that the tension
reinforcement ratio has an effect on the punching shear strength where increasing the
tension reinforcement ratio from (0.6%) to (2.2%) increase the strength of punching shear
strength by (17%).
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Introduction

The reinforced concrete flat slab is an economical and popular structural system. Its
framework is very simple. It consists of a two-way slab of a uniform thickness cast
monolithically with columns. In flat slabs the load transfer between the slab and the column
induces high stresses near to this last that incite to cracking and even failure. The punching
shear failure is associated to the formation of a cone-shaped element® (see Figure(1)). This
shape is a result of the interaction between the shear effects and flexion in a region close to
the column. Now, there is a considerable attention to use the high-strength concrete (HSC)
technique. Therefore, the study of punching shear phenomena of HSC flat slabs must be done
as well as for normal-strength concrete (NSC) flat slabs. Marzouk and Hussein (1991) tested
17 square specimens to investigate the punching shear behavior of high-strength concrete
slabs. The structural behavior with regard to the deformation and strength characteristic of
high-strength concrete slabs of various thicknesses and different reinforcement ratios (0.49-
2.33%) were studied. Tomaszewicz (1993) tested 19 square flat slabs with orthogonal,
equally spaced flexural reinforcement and without shear reinforcement. Slabs were supported
along the edges and loaded at mid-span by a concentrated load to failure in punching. The
variables in the test series were concrete strength (64-112 MPa), slab thickness (120, 240 and
320 mm) and reinforcement ratio. Parameters were chosen such that punching shear failure
proceeded flexural failure.

Column p—i—+
N Failure surface

I

1+t

Figure(1): Punching failure surfaces of flat
slab®

Ramdane (1996) experimented 18 circular slabs of 125 mm thickness and 1700 mm in
diameter. They were divided into three groups in terms of main steel ratio with different
concrete cylinder strengths varying from 32 to 102 MPa. The slabs were equally reinforced in
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orthogonal directions and were without shear reinforcement. The punching load was applied
upward by a 550 kN hydraulic jack through a thick steel disk with a diameter of 150 mm
situated in the center beneath the slab. The reactions were provided by 12 high tensile steel
rods equally spaced around a circle with a diameter of 1372 mm. Hallgren and
Kinnunen(1996) tested 10 circular HSC slabs, supported on circular concrete column stubs.
The total diameter of the slabs was 2540 mm and the diameter of the circle along which the
load was uniformly distributed was 2400 mm. The slabs had a nominal thickness of 240 mm
with an effective depth of 200 mm. The compressive strengths of HSC specimens were
between 85 and 108 MPa. All slabs were provided with two-way flexural reinforcement
consisting of deformed bars with a mean flexural reinforcement ratio of 0.003 to 0.012. Three
slabs had shear reinforcement. Ngo (2001) compared the results from 4 research studies with
AS3600 and CEB-FIP MC 90 codes for punching shear failure of slabs. In AS3600 the
punching shear strength was expressed as proportional to f:'2. However in CEB-FIP MC 90
punching shear strength was assumed to be proportional to f3. It was shown that the
provisions in AS3600 were applicable up to 100 MPa. Taha, et.al. (2006) presented an
alternative approach for predicting the punching shear strength of interior slab-column
connections using fuzzy logic (FL). A total of 176 data points were used in the training and
testing of the fuzzy system. The model predictions were compared to current strength models
most widely used in design practice such as CEB-FIP MC 90, Eurocode 2, and ACI 318
codes. It was found that a significant enhancement in the prediction of the punching shear
strength of interior slab-column connections can be achieved by means of the fuzzy system.
Metwally, et.al. (2008) studied the punching shear strength of normal and high strength
reinforced concrete flat slabs. The tension steel reinforcement ratio, concrete compressive
strength and the slab thickness were investigated by testing a 55 reinforced concrete flat slabs
and the results were compared with the ECP-203, ACI-318, and BS-8110 code's provisions.
This paper proposes a new equation to determine the punching shear strength of reinforced
concrete flat slabs. The punching shear strength predictions of the proposed equation are
compared with the experimental data collected from review, the Egyptian code equation, the
ACI Code equation, the British Standard equation, equation of Standards Association of
Australia (AS3600), and CEB-FIP code equation.

Methods of Punching Shear Strength

1-The Egyptian Code of Practice (ECP-203)

The critical perimeter is located at 0.5d away from the column face, and v is the smallest of

the following:
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In which @ = 0.4 for interior column, a/b=1, for circular column, and ¥, = 1.0 (material

safety factor). In calculation, the code limit for concrete strength is ignored.

2-The American Building Code (ACI- 318)

The critical perimeter is assumed at 0.5d from the perimeter of the loaded area, and v, is the

smallest of the following:

v =1/6 [1 + .E‘_] Jr. (N/mm?) (4)
v, =1/12 [“‘bﬁ + 2] JF. (N/mm?) ()
v, =1/3JF. (N/mm?) (6)

where 5, =long side/short side of the column and should be taken greater than or equal to
2 (B, =2).
f'.= concrete cylinder compressive strength = 0.85f.,, for cube strength.
a, = 40 for interior columns.
The requirement of the ACI code that f'. is not exceed 68MPa was disregarded in

computations.
3-The British Standard (BS —811)

The critical section was adopted by the British Standard at 1.5d from the column face, and v,

was calculated as follow:

v, = 0.79(100p)/? (“:%”)m (‘;f—;)m (N/mm?) @)

Where:

£ Is the effective flexural reinforcement ratio for the critical section.
fo =40 MPa, p = 3% and 400/d = 1,
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4- Concrete Structures Standard. Standards Association of Australia, 1994
(AS3600):

In AS3600 (CI. 9.2.3) the punching shear strength is expressed as proportional IO\/TC'.f’c is

limited to 50 MPa in this code. The square-root formula in AS3600 is adopted from the ACI
code. ACI provisions for punching shear are derived from Moe’s work on low strength
concrete. The ultimate shear strength for slabs without prestress is givenby v = ud (f_ ).

cv

where:
u= length of the critical perimeter, taken at a distance of d/2 from the column (mm).
fev = punching shear strength (MPa).

f, =0.17 [1+ LJ\/T < 0.34\/7; (N/mm?) 8)

B.

.= ratio of longest column dimension to shorter column dimension.
5-CEB-FIP Model Code 1990:

In this study, CEB-FIP MC-90 model code is also considered for comparison. In MC-90 the

punching shear resistance, Fsq is expressed as proportional to (f_)s, Where fe is the

characteristic compressive strength of concrete. The highest concrete grade considered in
MC90 is C80, which corresponds to f« equal to 80 MPa. Influences of reinforcement and slab
depth are also considered in this design code.

1

F., =0.12£(100 pf, )su,d 9)

sd

where:

E=1+ /ﬂ is a size-effect coefficient.
d

u; = the length of the control perimeter at 2d from the column.

pP=4/P.P,
In the ultimate limit state the partial safety factor is 1.5. For the calculation of

punching load capacity Fsq is multiplied by 1.5, which gives the following equation.

1

F, =0.185(100 pf_ )su,d (10)

sd
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6-Proposed Equation

The proposed equation for the punching shear strength of reinforced concrete flat slabs takes
into account several effects such as the depth of slab at the critical section, diameter of
column, if its circular section or the longest dimension, if its rectangular section, tension
reinforcement ratio of slab at the critical section, and compressive strength of concrete. The
critical perimeter is located at 0.5d away from the column face. The proposed equation takes
the following form:

ve=a (fe)’ o d (N) (10)

where:
y=05 for f'.< 80MPa
y=071-0.0028 f', for f'.=80MPa buty = 0.45

@ =08 [w + 0.425]

a = Dc= for ci?cular column.

a = He= for rectangular column.

f. = Concrete cylindrical compressive strength.
d = Effective depth of slab.

p = Tension reinforcement ratio of slab at the critical section.
Po =The critical section perimeter.

Dc=Column diameter (circular column).

Hc=The longest dimension of rectangular column section.

Numerical Examples

A total of 58 test results from six research studies conducted by Ramdane, Hallgren and
Kinnunen, Marzouk and Hussein, Tomaszewicz, Metwally et.al., and Abdel Hafez were
compared to values of punching strength calculated using the proposed equation. In all cases,
tests were conducted on square or circular slabs supported by column stubs or loading plates. A
considerable variety of concrete strengths, slab reinforcement ratios and slab depths are
represented in the various studies.

Table (1) shows the variables used for each study, and the comparison of the experimental

ultimate loads (Pexp) of the slabs to the values predicted by AS3600, CEB-FIP MC-90, and
the proposed equation are shown in Table (2) and Figure(2). In these expressions, the limits
with respect to the concrete strength have been ignored. The capacity reduction factor is
assumed to be equal to (1). The compressive strength is used from 68MPa to 108.8MPa and

52



Journal of Engineering and Development, Vol. 16, No.4, Dec. 2012 ISSN 1813- 7822

the tension reinforcement ratio from (0.6-2.49)% , and tow shapes of column (circular and
square).

Table (1): Geometrical and material properties of experimental
concrete slabs tested by Hallgren and Kinnunen, Marzouk and
Hussein, and Tomaszewicz.

a S D or | Stab
& . diameter .
g_: Specimen Type or width col. width Depth Slab p; |fe (MPa)
= (mm) (mm) (mm)
=~ — | HSCo | Circular 2400 250 240 0.8 90.3
S = 2| HSC2 | Circular 2400 250 240 0.8 85.7
= =% | Hsc4 | Circutar 2400 250 240 1.2 01.6
2 = | Hscé | Circular 2400 250 240 0.6 108.8
= HS2 Square 1500 150 120 0.84 70.2
N HS7 Square 1500 150 120 1.19 73.8
= HS3 Square 1500 150 120 1.47 69.1
o HS3 Square 1500 150 150 0.64 68.1
= HS13 Square 1500 150 90 2 68
= HS14 Square 1500 220 120 1.47 72
o HS15 Square 1500 300 120 1.47 71
nd63-1-1 | Square 2500 200 320 1.42 64.3
nd93-1-1 | Square 2500 200 320 1.42 £3.7
. nd115-1-1| Square 2500 200 320 1.42 112
5 nd63-2-1 | Square 2200 150 240 1.66 70.2
5 nd95-2-1 | Square 2200 150 240 1.66 §8.2
= nd93-2-3 | Square 2200 150 240 2.49 £0.5
= nd115-2-1| Square 2200 150 240 1.66 119
nd115-2-3| Square 2200 150 240 2.49 108.1
nd93-3-1 | Square 1100 100 120 1.72 £5.1
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Table (2): The comparison of the proposed method, AS3600, and
CEB-FIP equations with experimental data for the specimens

=
= Pu(exp)/Pu(pred
& . AS3600 |CEB-FIP (exp)/Pulpred)
= Specimen | Exp. (KN) (kN) (kN) Proposed
E AS3600 | CEB-FIP |Proposed
= o HSCO 965 9135 9751 10378 1.06 0.99 0929852
E = q:: HSC2 889 851.7 9154 10731 1.04 0.97 0.628441
E = a HSC4 1041 9201 1120 1060.3 113 0.93 09861798
8 - HSCo 960 1010 950 2 8736 0.95 1.01 1.088901
= HS2 249 2652 2887 308 14 094 0.86 0.808074
N HS7 356 2719 3292 325 52 1.31 1.08 1.093635
= HS3 356 263.1 345.4 32313 1.35 1.03 1.101724
g HS5 365 261.2 261.3 413.05 1.4 1.4 0.88367
= HS513 267 1727 2537 281.42 1.55 1.05 0.94876
E HS514 498 3453 404.8 523.9 1.44 1.23 0.950563
G HS13 560 430 4651 649 42 1.3 12 0. 862308
nd635-1-1 2050 15327 18631 1931.1 1.34 1.1 1.061571
nd935-1-1 2250 1748.7 2032.5 1978 1.29 1.11 1.137513
= ndl13-1-1 2450 20228 22376 | 201318 1.21 1.09 1.21698
E nd65-2-1 1200 861.4 1163.5 11499 1.39 1.03 1.043569
Z nd95-2-1 1100 965.6 12546 | 109226 1.14 0.88 1.007086
%. nd95-2-3 1250 921.3 1390 4 11375 1.36 09 1.098901
= ndl15-2-1 1400 11216 1384.9 1179 1.25 1.01 1.187447
ndl15-2-3 1550 1069 15338 | 118716 1.45 1.01 1.305637
nd935-3-1 330 228.8 340.9 320.3 1.44 0.97 1.030284
Mean 1.267 1.0425 |1.028836
1.8
- 4 AS3600
16 — & CcEBFIP
T ¢ Prop
= + + +
= 1.4 — + -
S NI +
= - ++ + *
o
< o+ N
L 1.2 — L *
a o
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Fig. (2): Ratios of experimental and predicted punching shear strengths for all
the specimens
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From Table(2) and Figure(2)can be noticed that the mean of the proposed equation to
experimental punching strength about 1.028 closer than other equations were introduced. The
largest difference between the proposed value and the experimental data is about 23.75%
((lexp — prop|/prop) = 100) which is for the HS2 specimen where the Puexp)/Pu(pred) equal
to 0.808 for the same specimen. While the smallest difference between the proposed value
and the experimental data is about 0.703% which is for the nd95-2-1 specimen where the
Pu(exp)/Pu(pred) equal to 1.007 for the same specimen.

Table (3) shows the variables used for each specimen, and the comparison of the experimental
ultimate loads (Pexp) of the slabs to the values predicted by ECP, ACI-318, BS-8110, and the
proposed equation are shown in Table (4) and Figures (3 and 4). Very good agreement can
be noted between the proposed equation and experimental results rather than other equations.
If the specimen (HS1) is excluded, the largest difference between the proposed value and the
experimental data is about 35.03% which is for the slab2 specimen where the Puexp)/Pu(pred)
equal to 0.74 for the same specimen. While the smallest difference between the proposed
value and the experimental data is about 0.187% which is for the HS-19 specimen where the
Puexp)/Pupredy equal to 1.0018 for the same specimen. The mean value of the
experimental/prediction punching strength was 0.996 for the proposed equation while its
equal to 1.089 for the BS-8110 equation, 1.442 for the ACI-318 equation, and 1.362 for the
ECP equation.

Parametric Study

. Effect of Concrete Compressive Strength on the Punching Strength of Reinforced
Concrete Slab

A reinforced concrete flat slab with 100mm depth and supported on circular column
(diameter=150mm) was analyzed with compressive strength for slab varies from 20 MPa to
120 MPa for five slab tensile reinforcement ratio (0.6%, 1%, 1.4%, 1.8%, and 2.2%).

Table (5) and Figure (5) show the calculated punching shear strength for the reinforced
concrete slab with various value of concrete compressive strength for each value of tensile
reinforcement ratio(0.6%, 1%, 1.4%, 1.8%, and 2.2%)
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Table (3): Geometrical and material properties of experimental
concrete slabs tested by Metwally et.al., Ramdane, Hallgren and
Kinnunen, Abdel Hafez, and Marzouk and Hussein

D S0 mnDia | stab
& . diameter .
o Specimen Type ) Or width Depth Slab pt |few (MPa)
a or width
z (mm) (mm) (mm)
N10-1 Square 1100 circular 140 100 0.714 2080
N10-2 Square 1100 circular 140 100 1.36 2089
% N13-1 Square 1100 circular 140 150 0.5395 2080
= N13-2 Square 1100 circular 140 150 1.6 2089
f HI10-1 Square 1100 circular 140 100 0.714 66.6
; Hi0-2 Square 1100 circular 140 100 1.36 66.6
Hi3-1 Square 1100 circular 140 150 0.393 66.6
H15-2 Square 1100 | circular 140 150 1.6 66.6
Slab2 Circular 1372 circular 150 125 0.58 66.07
Slab12 Circular 1372 circular 150 125 1.28 71.06
& Slabl4 Circular 1372 circular 150 125 1.28 71.53
?-J- Slabla Circular 1372 circular 150 125 1.28 116.7
@ Slah22 Circular 1372 circular 150 125 1.28 0906
Slab3 Circular 1372 circular 150 125 1.28 66.35
§ o g | HSC1 Circular 2400 circular 250 240 0.8 007
2273| HSCS | Circular | 2400 |circular250| 240 0.8 128
N5-3 Square 340 Square 100 60 231 Em|
N5-4 Square 340 Square 100 60 1.27 31l
N85 Square 340 Square 100 60 1.72 il
N5-7 Square 340 Square 100 60 1.27 30
= N5-0 Square 340 Square 100 60 1.72 332
§ N5-10 Square 340 Square 100 60 1.72 323
§ NS-11 Square 340 Square 100 60 231 323
::EH N5-12 Square 340 Square 100 60 2.81 332
NS5-15 Square 340 Square 100 60 4.24 332
HS-16 Square 340 Square 100 60 1.72 791
HS-17 Square 340 Square 100 60 2.81 791
HS-18 Square 340 Square 100 60 2.81 82
HS-19 Square 540 Square 100 60 424 52
Na2 Square 1500 Square 150 150 0.94 353
§ H51 Square 1500 Square 150 120 0.49 788
E H54 Square 1500 Square 150 120 2.37 813
= HS6 Square 1500 Square 150 150 0.94 823
§ HS8 Square 1500 Square 150 150 1.11 811
T H59 Square 1500 Square 150 150 1.61 87
o H510 Square 1500 Square 150 150 2.33 041
s HS11 Square 1500 Square 150 a0 0.95 823
H512 Square 1500 Square 150 a0 1.52 8382
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Table (4): The comparison of the proposed method, ECP,
ACI-318, and BS-8100 equations with experimental data for
the specimens

& Pu(exp)/Pu(pred)
g Specimen | Exp. (kM)
= ece | Aclats |Bs-e110| prop
N10-1 128 106 100 114 1.012605
N102 | 145 111 115 008 1004225
= Nis-1 | 237 1 103 121 0076072
= Ni1s2 | 288 122 125 107  1.008733
= H10-1 106 : 105 103 0063145
a HI0-2 | 258 133 128 100 1196439
H15-1 388 11 114 119 1.069961
H152 | 410 116 121 001 1047361
Siab2 212 0.76 0.79 00 0740585
sab12 | 319 111 115 102 1.014534
2 Sabl4 | 314 1.09 113 1 0095372
2 Sabls | 262 0.08 102 008 1226661
2 sab22 | 405 119 124 115 1222037
Slabs 341 123 127 111 1122338
T o 2| HSC1 | 1021 087 0.01 115 004537
=22>&| Hscs 044 0.83 0.86 108 0847321
Ns3 | e75 17 18 005 1089935
NS-4 73 15 159 103 0.006905
NS-3 78 16 17 000 1025641
NS-7 80 154 164 105  1.112502
> NS-0 70 147 156 002 0890812
g NS-10 82 176 186 11 1.058065
- NS-11 77 165 174 003 004109
: Ns-12 | 9025 105 206 103 1.061388
Ns-15 | 105 235 2 48 100 1.033261
HS-16 | 1205 | 177 178 128 1.067689
HS-17 | 158 215 218 132 1174721
HS-18 | 126 103 105 110 0.079122
HS-19 | 160 227 2 29 122 1001879
NS2 306 058 17 137 1124521
= HS1 178 0.68 0.7 081 0480691
5 HS4 418 174 178 122 0.000756
=3 HS6 489 132 135 125  0.000344
] HSS 436 118 122 106  0.808156
T HSO 543 142 1.47 115  0.030034
7 HS10 545 162 166 117 1017045
z HS11 106 111 115 106 0749751
HS12 258 1.41 145 117 0910856
Mean 1 361570 1441570 1088684 0095008
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Figure (3): Ratios of experimental and predicted punching shear strengths
for the specimens (slab5, slab12, slab 14, slab 16, and slab 22)
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Figure (4): Ratios of experimental and predicted punching shear strengths
for the specimens (HS-1, HS-4, HS-6, HS-8, HS-9, HS-10, HS-11, and HS-12)
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Table (5): Calculated punching shear strength value (kN) using proposed
equation for reinforced concrete flat slab with various value of tensile

reinforcement ratio and concrete compressive strength

cnmpressm.a Slab tensile reinforcement ratio
strength fc
(mPa) p=06% | p=1.0% | p=14% | p=18% | p=2.2%

20 1249 12935 134 4 140 146_2
30 153 156 4 164.6 171.5 179
40 17667 1829 190 198 206.8
50 197 51 204 5 2125 221.35 2312
&0 216.4 224 23274 2425 2533
70 230 240 250 262 2735
80 235 243 252 264 2755
80 236.5 244 8 2535 266 2774
100 238.5 247 2555 2678 279
110 240 2481 257 2689 2807
120 241 2495 2585 270 282

The ultimate punching shear strength is increased as the concrete compressive strength was
increased but the rate of increasing in punching strength is decreases with increasing the
compressive strength. For the five values of tension reinforcement ratio shown in table (5),
the punching shear strength is increased by about (85%) when the compressive strength
increase from (20 MPa) to (70 MPa) and (7%) when the compressive strength increase from
(70 MPa) to (120 MPa).

300

Punchii
strengtl
g g
al I 1 I 1 I 1 I 1 I 1 I 1 I 1

-
=

[
=]

T ension Reinfor cement Ratio

=3
=

p=0.6%

Pund

180
p=10%

160

p=14%

140 p=18%

p=2.2%

47T 7T T T T T T T T T T T

20 30 40 S0 60 70 80 20 100 110 120

Compressive strength (MPa).

Figure (5): The relation between the calculated punching shear strength
(using proposed equation) and the concrete compressive strength for
(0.6%, 1%, 1.4%, 1.8%, and 2.2%) slab tensile reinforcement ratio.
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b. Effect of The Slab Tension Steel Reinforcement Ratio on The Punching Strength of
Reinforced Concrete Slab
To study the effect of slab tension reinforcement ratio on punching strength of reinforced
concrete flat slab, Table (5) and Figure (5) can be redraw as shown in Table (6) and Figure
(6). From this study, it can be noticed that the general trend of the relation between the
tension reinforcement ratio and the ultimate punching shear strength is the increasing in the
first one cause increasing in the second one. When increasing the tension reinforcement ratio
from 0.6% to 2.2% cause increasing in punching shear strength about 17% for all values of

concrete compressive strength.

c. Effect of The Slab Thickness on The Punching Strength of Reinforced Concrete Slab
Two flat slabs with properties shown in Table (7) are analyzed to study the effect of the slab
thickness on the punching strength of reinforced concrete flat slab. Table (8) and Figures (7
and 8) show the calculated punching shear strength of slabs (SS1 and SC1) with three values
of tension steel reinforcement ratio of slab (0.01, 0.02, and 0.03) and with slab thickness
varies from (75mm) to (300mm). From this study, it’s can be noticed that the slab thickness
increase the punching strength increase. The increasing in punching strength for slab (SS1)
are about (700%) with tension reinforcement ratio (1% and 2%) and (660%) with tension
reinforcement ratio (3%) when the slab thickness increase from (75mm) to (300mm). The
increasing in punching strength for slab (SC1) are about (660%) with tension reinforcement
ratio (1%) and (600%) with tension reinforcement ratio (2% and 3%) when the slab thickness

increase from (75mm) to (300mm).

d. Effect of The Column Shape on The Punching Strength of Reinforced Concrete Slab:
Curves in Figures (7 and 8) are redrawn together in one figure as shown in Figure (9) to
study the effect of column section shape on the punching shear strength of flat slabs (SS1 and
SC1). Note that the square column which support slab (SS1) and the circular column which
support slab (SC1) have the same circumference. From this study, it’s can be noticed that slab
supported on square column (SS1) give punching shear strength greater than the slab
supported on circular column (SC1) for the same value of slab thickness and tension
reinforcement ratio. For reinforcement ratio (1%) and slab thickness (75mm), the slab (SS1)
give punching shear strength greater than punching shear strength of slab (SC1) by about
(12%) and this difference reach (16%) for slab thickness (300mm). For reinforcement ratio

(2%) and slab thickness (75mm), the slab (SS1) give punching shear strength greater than
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punching shear strength of slab (SC1) by about (3%) and this difference reach (14%) for slab
thickness (300mm). For reinforcement ratio (3%) and slab thickness (75mm), the slab (SS1)

give punching shear strength greater than punching shear strength of slab (SC1) by about

(0.6%) and this difference reach (11%) for slab thickness (300mm).

Table (6): Calculated punching shear strength value (kN) using proposed
equation for reinforced concrete flat slab with various value of tensile
reinforcement ratio and concrete compressive strength.

fc' (mPa) pil 30 0 50 6l 70 80 90 100 110 120
o ; p=06% | 1249 | 153 | 17667 [ 197H1 | 2164 | 230 235 | 365 | 25| M 41
25 ofp=10%([ 12935 | 1584 | 1829 | 2045 | 2 40 R A
= g Elp=14% | 1344 | 1646 | 190 | 2125 | 23274 | A0 202 | B35 | %55 | AT | 2463
e | o=te% | W0 | ME [ 198 | 2135 [ M5 | 82 264 266 | 2678 | 2669 | 210
TOE | p=22% | 1462 | 179 | 2068 | 2312 | 2833 | 2735 | 255 | 74 | WY | W07 | 282

For any value of slab thickness shown in table (8), the rate of increasing in punching strength

of slab (SS1) with respect to punching strength of slab (SC1) is decreases with increasing the

tension reinforcement ratio. For any value of tension reinforcement ratio shown in table (8),

the rate of increasing in punching strength of slab (SS1) with respect to punching strength of

slab (SC1) is increases with increasing the slab thickness.

300

Punching shear strength (kN)

fc'=120 mPa
fc'=110 mPa

- fc'=100 mPa

fc'=90 mPa
fc'=80 mPa
fc'=70 mPa
fc'=60 mPa

- fc'=50 mPa

fc'=40 mPa

- fc'=30 mPa

fc'=20 mPa

0.5

Figure(6): The relation between the calculated punching shear strength

1.0

. 2.0
Slab tensile reinforcement ratio (%)

and the slab tensile reinforcement ratio for various
concrete compressive strength values.
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Table (7): Properties of slabs (SS1 and SC1).

Slab (SS1) Slab (SC1)
Concrete compressive
20 20
strength of slab (MPa)
Tension reinforcement ratio
1 2 3 1 2 3
for slab (%)
Varies Varies Varies Varies Varies Varies
Slab thickness (mm) from75mm | from75mm | from75mm | from75mm | from75mm | from75mm
to 300mm | to 300mm | to 300mm | to 300mm | to 300mm | to 300mm
Type and dimension of Square Circular
column h=b=117.81mm Diameter=150mm

Table (8): Calculated punching shear strength value (kN) using proposed
equation for reinforced concrete flat slabs (SS1 and SC1).

Slab Slab (S51) Slab (SC1)
thickness | Slab tension reinforcement ratio (%) | Slab tension reinforcement ratio (%)

(mm) 1 2 3 1 2 3
75 95.8 101.8 1121 85.05 98.5 1114
100 14027 161 164.7 129 35 143 160.5
125 194.5 2078 225 176.61 193.75 2154
1560 25B.A 272 293 229 84 2504 276.5
175 3255 344 368 289.05 313 3435
200 402 423.7 451 354 25 381.6 416.5
250 578.75 6055 540 5025 536.75 5805
300 785.75 818 559 674 5 716.75 768

800

Tension reinforcement ratio
700 —
] —4— 00 -
600 4 —9— p=0.02
1 —e— o003
£ 500 —
'%; J
555’ 400 =
g 300 o
200 —
100
0 T T T T T T T

50

150

200

Thickness of slab

250

300

Figure (7): The relation between the calculated punching shear strength
and the slab thickness for slab (SS1) with three values of
tensile reinforcement ratio (0.01, 0.02, and 0.03).
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900

Tension reinforcement ratio
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4 —+— p=001

00 1 —e— =002

60 o —®— =003

500 =

400 =

Punching Shear

300 =

200 —

100 =

(kN).
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50 100 150 200 250 300
Thickness of slab  (mm).

Figure (8): The relation between the calculated punching shear strength
and the slab thickness for slab (SC1) with three values
of tensile reinforcement ratio (0.01, 0.02, and 0.03)
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Figure (9): The relation between the calculated punching shear strength
and the slab thickness for slabs (SS1 and SC1) with three values
of tensile reinforcement ratio (0.01, 0.02, and 0.03).
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Conclusions

Based on the analysis and discussion of the experimental and analytical results given above,
the following conclusions can be drawn:

1.

The proposed equation is a simple and accurate equation which can be used for
calculation of normal and high strength concrete punching strength.

The increasing in concrete compressive strength cause increasing the concrete punching
strength. But the rate of increasing in punching strength is decreases with increasing the
compressive strength.

Increasing the slab tension reinforcement ratio has significant effects on increasing the
punching shear capacity. The increase in tension reinforcement ratio from 0.6% to 2.2%
cause increasing in punching shear strength about 17% for all values of concrete
compressive strength.

The increasing in slab thickness cause increasing in punching strength for slab. The
increasing in punching strength for slab are about (600%-700%) when the slab thickness
increase from (75mm) to (300mm).

The punching shear strength of slab supported on square column is greater than punching
shear strength of slab supported on circular column have same circumference of the
square column by a ratio varies from (0.6%) to (16%) based on slab thickness and slab
tension reinforcement ratio.

The rate of increasing in punching shear strength of slab supported on square column with
respect to that for slab supported on circular column is decreases with increasing the
tension reinforcement ratio of slab.

The rate of increasing in punching shear strength of slab supported on square column with
respect to that for slab supported on circular column is increases with increasing the slab
thickness.
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