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Abstract

This study is concerned with investigating the punching shear provisions of ACI 318-08
with emphasis on Equation (11-32) of this code. For reinforced concrete slabs and footings,
shear force resisted by concrete is taken as the smallest value evaluated from ACI Equations
(11-31), (11-32) and (11-33). Based on the experience of the author in designing isolated
footings, it is noticed that Equatton (11-32) has never yiclded the smallest shear capacity in
isolated footing design, thus making this equation redundant in terms of punching shear
design. In this work, Equatton (11-32} is to be investigated theoretically and parametrically
to prove its redundancy in terms of practical design of isolated footings.

Keywords: Punching shear; Isolated footing; Column dimensions; Column location

1- Introduction

ACI  318-08 [01] «code design as the flexural

provisions relate the punching shear

parameters  such
reinforcement ratio p.

strength to the effective depth of the slab
d, the perimeter of critical section for
shear b,of a cntical section located at
distance 472 from the faces of the column,
the square root of the compressive strength
Jr’ , ratio of fong to short side of column
and column Jocation. Other codes, such as
Eurocode 2 [02], include additional

Guandalini et al. [03] showed that the
formulation of ACI 318-08 can lead to less
conservative ecstimates of the punching
shear strength for thick slabs and for low
flexural reinforcement ratios. On the other
hand, for slabs with large reinforcement
ratios failing in punching, they stated that
the predictions given by ACI 318-08 are,
in general, conservative. Their tests have
also confirmed that, due to the size effect,
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the punching shear strength decreases with
increasing thickness. Furthermore, for
thick slabs with low reinforcement ratios
they concluded that ACI 318-08 is less
conservative than their teat results.

Hegger et al. [04] carried out
experimental punching fests on reinforced
concrete footings supported on soil. The
results indicated that the angle of the shear
failure plane is steeper than observed in
punching tests on flat slabs and the shear
slenderness seems to affect the punching
shear capacity significantly. Furthermore,
the punching loads predicted by different
codes tend to be conservative for slender
footings. Nevertheless, the authors stated
that the codes tend to overestimate the
punching resistance for compact footings
with small shear slenderness.

Muttoni [05] stated that punching shear
provisions present in design codes are
generally based on experimental results
performed on isolated slab elements
representing the part of the slab close to
the column. Most tests have been
performed on relatively thin slabs,
typically 0.1 to 0.2 m thick. The test
results are  nonetheless  commonly
extrapolated to design flat slabs with a
thickness typically 2 to 3 times larger, and
even for foundation mats with thicknesses
10 to 20 times larger.

Experiments carried out by Lovrovich
and McClean [06] showed that punching
shear strength for loading through
rectangular areas with respect ratios
greater than 2 is less than that for loading
through square areas.

Sdlna et al. [07] stated that the main
factors influencing the punching shear
strength are concrete strength and the size
of critical perimeter. Furthermore, they
claimed that the punching cone angle
depends on concrete strength, the amount
of flexural reinforcement, the effective
depth of slab and column dimensions.

Ozden et al. [08] showed that the
location of the critical perimeter for
punching is not dependent on the
parameters investigated in the
experimental program, i.., concrete
strength, reinforcement ratio, presence of
steel fiber reinforcement and eccentricity
of loading. They found out that concrete
strength has a direct influence on the
punching behavior and punching capacity
of concrete slabs. Also, they concluded
that increasing the plate flexural
reinforcement ratio results in an increase in
the punching and residual strengths.

Albrecht [09] revealed considerable
differences among seven  different
European and North American codes with
respect to the punching shear capacity, the
amount and distribution of shear
reinforcement and integrity reinforcement
in reinforced concrete slabs. He stated that
in all codes punching shear capacity
calculations are based on a critical
perimeter, which is located between 0.54
and 24 from the face of the column.

Except in the North American codes, the
punching shear capacity depends on the
flexural reinforcement ratio. However, the
effect of flexural reinforcement is quite
different in each code.

Moehle et al. [10] claims that the ratio
of critical punching perimeter to the
effective slab depth has an effect on the
punching shear strength. For typical small
values of this ratio, the most stressed
region of the plate-to-column connection is
well confined by in-plane stresses. For
large ratios, the confinement of the
punching zone is likely to be reduced,
resulting in a decrease in shear strength.

Based on Section 11.11.2.1 of ACI 318-
08 [01] for reinforced concrete slabs and
footings, ¥, is the smallest value obtained
from the following three equations:

V=017 f;(l+%}lb,d (1)
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Vcto.mﬁ[“_;vfn]uod (2)
Vew033 /0 Ab, d (3)

Equation (3) was first introduced in AC}
318-1963 [11] where punching shear
capacity is dependent on concrete
compressive strength, perimeter of critical
section for shear and effective depth of
concrete section, Later on, Equation (1)
appeared for the first time in ACI 318-
1977 Code [12] to take into consideration
the loaded area aspect ratio which provides
a transition between two-way shear
v, =033/, and beam shear as the loaded

area becomes more elongated [13].
Finally, test results have indicated a
decrease in shear strength as the ratio of
the perimeter b, to the effective depth d
increases [14), which lead to the
introduction of Equation (2) in ACI 318-
1989 [15]) to account for a decrease in
shear strength affected by the ratio of the
critical perimeter 5, to the effective depth
d.

Most of the available literature covers
two major areas; experimental tests on
isolated slabs and footings and
comparisons with other codes of practice.
In this study, Equations (1), (2) and (3)
correspond to ACI Equations (11-31), (11-
32) and (11-33), respectively. The current
study aims at investigating punching shear
provisions for isolated footings according
to ACI 318-08 [01]. Emphasis will be
stressed on Equation 11-32 to prove ifs
redundancy, when used with other code
provisions, especially those associated
with bar development requirements.

Y. Determining Effective Depths, for
which  Equation (2) Controls
Punching Shear Design

2-1 Interior Columus
Two cases arc considered based on the
ratio of long to short side of column g |, as

shown in Figure (1).

Ci

- B

L
Figure (1): Interior column

2-1-1 Cotumns being nearly square, in
cross section (8 <2)

For ratios of long to short sides of
columng <2z, shear evaluated from
Equation (3) is to be set equal to shear
evaluated from Equation (2), or

a.2 4)
b, a,
but,

by=2C; +2C,+4d and a, =40
Substituting b, and «, values in Equation
(4), one obtains Equation (5).

g2 (’g”) &)

For 4 values smaller than those
evaluated from the above-given equation,
Equation (2) controls punching shear
design.

2-1-2 Columns being rectangular, in
cross section (3 = 2)

For ratios of long to short sides of
column g 322, shear evaluated from
Equation (1) is to be set equal to shear
evaluated from Equation (2), or

d 4
S: - B e, (6)
Substituting b, and @, values in

Equation (6), one gets Equation (7) for
determination of 4

Co{B+1)
N ) Q)
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For 4 values smaller than those evaluated

from the above-given equation, Equation
(2) controls punching shear design.

2-2  Side Columns

Ci

-

L
Figure (2-a): First column orientation

Two cases are considered based on the
ratio of long to short side of column g , as
shown in Figure (2).

2-2-1 ¢, Parallel to L
2-2-1-1 Columns being nearly square, in
cross section (4 s2)

Substituting 5, = ¢, + 2¢;+2d and ¢, = 30
in Equation (4), one gets Equation (8) for
detenn(}i@nati)on ofd, or

‘Cz +2
d=—rmr (8)

For d wvalues smaller than those
evaluated from the above-given equation,
Equation (2) controls punching shear
design.

2-2-1-2 Columns being rectangular, in
cross section { § 22)

Substituting  b,=C;+2C,+2d  and
a, =30 in Equation (6), one gets Equation
(9) for determination of 4, or

Cy20+4

S ©)

For d wvalues smaller than those
evaluated from the above-given equation,
Equation (2) controls punching shear
design.

2-2-2 ¢, Parallel to 5

Ca

1

o -
Figure (2-b): Second column orientation

2-2-2-1 Columns being nearly square, in
cross section (8 <2)

Substituting b,=Cy +2C;+2dand
a, =3¢ in Equation (4), one gets Equation
(10) for determination of 4, or
d=——‘32(2!f”) (10)

For d wvalues smaller than those
evaluated from the above-given equation,
Equation (2) controls punching shear
design.

2-2-2-2 Columns being rectangular, in
cross section (g 22)

Substituting b, = C; +2C; +2dand
a, =3¢ in Equation (6), one gets Equation
{11) for determination of d, or
4252 (¢8+2)

1559 an

For d wvalues smaller than those
evaluated from the above-given equation,
Equation (2) controls punching shear
design.

2-3 Corner Columns
Two cases are considered based on the
ratio of long to short side of column g , as

shown in Figure (3).
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Ci

C2

L
Figure (3): Corner column
2-3-1 Columns being nearly square, in
cross section (4 <2)

Substituting 6, = C; +C, + dand «, =20
in Equation (4), one gets Equation (12) for
determination of 4,

For d wvalues smaller than those
evaluated from the above-given equation,
Equation (2) controls punching shear
design.

2-3-2 Columns being rectangular, in
cross section (g 22)

Substituting », = ¢; +C; + dand a, =20
in Equation (6), one gets Equation (13) for
determination of &,

C,(B+1)
TR (13)
For d wvalues smaller than those
evaluated from the above-given equation,
Equation (2) controls punching shear
design.

3- Minimum Effective Depths d to
Satisfy Punching Shear Equations

In this section equations are developed
to evaluate the minimum effective depths d
required for satisfying punching shear
equations (1) through (3) for the stated
three column locations.
3-1 Interior Columns

The punching shear force is given by
Equation (14)
Vu=qyldy-(Cr+d) (€2 +d))] (14)

Using Equation (3) and setting v, =@v_,
Equation (15) can be used to determine &

g+ 1320 J77) a2+ 0660 [T (C,+Cy) d +
w(Ci+C)d -qlds-c,C)=0  (15)
Similarly, using (1) and setting v, =@y,

Equation (16) can be used to determine d

[q,,+ 0.66@,]};'1 f+~;—ﬁ a4 asm,{rcln-;- Cr+C)d +

7. (C1+C3)d -q, 4, -C,Cr)=0 (16)
Similarly, using Equation (2) and setting
v,=®V,, Equation (17) can be used to
determine d
(g, + 3960 J77) a2 + 0330 T (C, +C3) d +
7 (Cr+C)d -ql4,-CiC)=0  (17)

3-2 Side Columns
3-2-1 ¢, Parallel to ¢

The punching shear force is given by
Equation (18)
Ve=au A -(Crea)(co+dr2) - (18)

Using Equation (3) and setting v, =ov,,
Equation (19) can be used to determine 4
(qu /2+0.66®@ f;)d" +0330 [ (C;+2C)d +

0 (Cr72+4Cy)d -q,l4, -C,Cy)=0 (19)
Using Equation (1) and setting v, =@V,
Equation (20) can be used to determine d

[q,f‘2+ o.ast;;' ;+%n a7+ o,;m‘f;",‘ n%](c,ucﬂd "

g (Cr/2+Co)d —q, U -CiCl=0 (20)

Using Equation (2) and setting v, =o¥,,
Equation (21) can be used to determine d
0,72+ 2890 [T Va2 + 0170 JF7(C; +2C5)d +

Ju (C!/2+C2)d-‘?u{’4f—cfc2)=o @1

3-2-2 ¢, Parallel to B
Using Equation (3) and setting ¥, =@v.,
, Equation (22) can be used to determine d
(g /240660 [77)a? + 0330 JFrlc, + 2¢,)d +
4 (Cr+Cy72)d -q,l4,-C)Cy)=0 (22)
Using Equation (1) and setting v, =0V, ,
Equation (23) can be used to determine d
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[q,, 124035077 “% ‘] e amn,f,r;' f+%](c, +2C.)d +

qu (C+Ca72)d - q,l4, - C1C3)=0 (23)
Using Equation (2) and setting v, =ov,,
Equation (24) can be used to determine d

(qu /2+ 2.89® Jf)d2 0170 (1. (Co+2C, ) d+

Fu (C‘.- +C2 /Z)d _qu(Af_Cf Cz)=0 (24)
3-3 Corner Columns
Using Equation (3) and setting

v,=oV,., Equation (25} can be used to
determine d
(qu/4+0,33<1) fc')d2+0.33@,,f'C(C;+C2)d+

Using Equation (1) and setting v, =@v,,
Equation (26) can be used to determine &

(q,fu 0.7 0 f;[.u-%]] d’+ a.;wﬁ(n%}{c,w,)a +

9,(C1/24Co/ 2)d —q,l4, -C,C)=0  (26)

Using Equation (2) and setting ¥, =@ v,
Equation (27) can be used to determine o

(q,, /4+ 187 @ fc’)d” + 0170 [ (Ci+Cy) a+

q.{C172+C,72)d ~q, 4, -C C,)=0 @7

4- Minimum Effective Depth of
Footing Based on Bar Development
Requirements

Based on ACI 12.3.1 and 2.3.2, the
development length of deformed bars in
compression is given by Equation (28):

0.244
o= ;:fy 20.043dy /, (28)

c

For a bar diameter of 10 mm,
reinforcement yield stress of 420 mpa and

concrete compressive strength of 30 apa,
I is evaluated as 184 mm.

Based on ACI 12.3.1, the development
length of deformed bars in compression is
not to be less than 20 cm. For a flexural
reinforcement of 10 mm in the footing pad
the smallest possible effective depth d
equals 21 cm.

5- Parametric Study

A parametric study is carried out for
isolated footings with three column
locations, long-to-short footing aspect
ratios of 1.0 and 2.0 and ratios of long to
short sides of column of 1.0, 2.0 and 3.0
are used. Five factored soil pressures ¢,
are considered; 0.1, 0.2, 0.3, 0.4 and 0.5
MPa. Concrete compressive strength s,
of 30 MPa is considered for columns and
footings while yield steel of steel
reinforcement f, is taken as 420 MPa.

Substituting 4 = 21 cm, the minimum
dimension required to satisfy Equation
(28), in Equations (5), (7), (8), (9), (10),
(11), (12) and (13), minimum values of
shorter column side ¢, for which
Equation (11-32) controls punching shear
design are evaluated. Column’s longer side
¢, is evaluated for each value of g.
Column axial factored load capacities are
calculated, based on article 10.3.6.1 of
ACI 318-08 for each set of ¢, and ¢, ,
assuming a reinforcement ratio of 1 %.
Based on column loads P, and factored
soil “pressures g, , footing dimensions L
and B are evaluated for each ¢, value.

Finally, Equations (15), (16), (17), (19),
(20), (21), (22), (23), (24), (25), (26) and
(27) are used to evaluate d values required
to satisfy punching shear requirements, as
per Equations (1) through (3).

6- Results and Discussion
For the three column locations

considered in the parametric study, 9
values d,, d, and d; corresponding to
Equations (1), (2) and (3), respectively, are
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presented in Tables (1) through (3). It can
be easily seen that Equation (2), which
corresponds to Equation (11-32) of ACI
318-08, requires the smallest effective
depths 4 to satisfy punching shear
requirements. This means that v, values

evaluated from ACI Equation (11-32) are

C.73

the highest. Thus this equation doesn't
control punching shear design in practical
design of isolated footings.

Table (1): Required effective footing depths for interior columns

Column’s

—_—

LB ﬂ Drmensions :;‘:] d MPa) g
G| G T
mum mm mim Q.10 020 .30 0.40 0.50
dl NA NA NA NA NA
100 | 840 | 840 | 10796 | 42 | 7328 | 7332 714 705.6 | 696.6
g3 | 10212 | 9996 | 9789 | 960.1 | w07
df 179457 | 9289 | 9151 | 8873 874
1.0 200 | 1120 | 560 | 9596 | 42 | 686.6 680 674.7 | 6604 | 654.9
d3 | 9452 | 9289 | 9i5.t | 8873 874
dl | 15067 | 1470.6 | 1444.6 | 1402.9 | (5459
3.00 | 2048 | 683 | 21381 ["42 | 1003 | 9894 981 963.7 | 1017.7
di NA NA NA NA NA
dl NA NA NA NA NA
100 | 840 | 840 | 10796 | 42 | 7324 | 7236 | 7154 | 1107 | 6996
43 (16205 [ 10003 | 9812 [ 9683 | 9453
di | 9488 | 9253 | 9058 | 899.7 | 8696
0 200 1120 | 560 | 9596 | 47 | 686.6 580 6747 | 6604 | 6349
d3 | 9488 | 9253 ] 9058 | 899.7 | 8696
dl | 15444 [1515.8 | (4793 | 1446 | 1412.1
13,00 2048 | 683 | 21380 | 42 | 10167 [[1007.9 | 994.2 | 981.7 | 9683
L d3 | NA | NA | NA | NA | Na |

Table (2-a): Required effective footing depths for side columns, C{ parallel to L

Column's
L8 d Dimensions :;'3 4 (MPe) gy J
G| G [
mm | mm mm 0.10 0.20 0.30 0.40 0.50
d! NA NA NA NA NA
100 | 210 o 12670 d2 956.7 947.4 93[.8 925.3 914.4
a3 1543 [~ 1513 1471.8 | 1448.3 | 14179 |
df 1659.5 | 1625.4 | 15925 1369 | 13313
LO | 200 | 1365 | 683 | 14254 [ g7 | 10162 | 10053 | 994.6 9884 | 9744
43 | 1659.5 | 16254 | 15925 1569 | 1531.3
df | 28542 | 27894 | 2724.0 | 26731 | 26018
3.00 | 2583 ¢ B6L | 34027 | 42 | 15663 | 15499 [ 15322 | 15204 1499
d3 MNA NA NA NA NA
a3 NA Na NA NA MA
i NA MNA MA NA NA
100 | 210 | 910 | 12670 | o2 957.9 | 966.1 9327 9266 | 9229
43 | 15454 | 15106 | 1473.5 [ 14512 | 1431.9
i 1659.5 | 16344 | 1601.7 | 15725 | 1540.7
29 200 ) 1365 | 683 | 14254 | 42 | 10162 1010 93 990.3 9793
d3 i659.5 | 16344 | 16017 | 15725 | 15407
dF | 28553 | 27982 | 27333 | 2678.2 | 2613.7
3.00 | 2583 | 361 34027 d? 1656.8 1554 1536.5 | 15229 | 15038
d3 NA NA NA NA NA
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Table {2-b). Required effective footing depths for side columns, C1 paralle! to B
Column's
Lig A Dimensions :}l d (MPe)
G| &
mm mm mm | (.10 0.20 0.30 0.40 Q.50
al NA NA NA NA NA
1.00 | 910 | 910 | 12670 [ 42 | 9567 | 947.4 | 931.8 | 9253 | 9144
d3 1543 15134 | I1471.8 | 1448.8 | 14179
dl | 12325 | 12041 1189 | 1160.8 | 1138.2
Lo 200 | 1365 | 683 | 14254 | 42 | 7964 7864 | 783.1 7725 | 7646
a3 | 1232.5 | 1204.1 1189 | 1160.8 | 1138.2
al | 1831.7 | 17879 | 1746.7 | 16929 | 1648.8
3.00 | 2583 | 861 | 34027 | 42 | 10858 | 1073.9 | 1062.4 | 1044.1 | 1029.8
43 NA NA NA NA NA
al NA NA NA NA NA
1.00 | 910 910 | 12670 | 42 | 9579 | %46.1 932.7 | 9266 | 9229
di | (5454 | 15106 | 1473.5 | 14512 | 1434
di | 1231.8 | 1213.6 | 1178.6 | 1163.6 | 11433
10 200 | 1365 | 683 14254 | d2 796 T791.4 777.6 774 767.3
d3 | 1231.8 | 1213.6 | 1178.6 | 1163.6 | 1143.3
dl | 1836.1 | 1783.6 | 17424 | 17102 | 1665
3.00 | 2583 | 861 | 34027 | 42 | 10879 | 1071.8 | 1060.3 | 1052.7 | 1038
o3 MA NA HA NA NA
Table (3): Required effective footing depths for comer columns
Column's
L18 A Dimensions P d (MPa) 4,
kN
G| G
mm | mm mm | 0.10 0.20 0.30 0.40 0.50
di NA NA NA NA NA
100 | 945 945 13663 | 42 | 1249.1 1215 | 1224.1 | 1213.2 | 1205.9
d3 | 22978 | 2260.2 | 2202.6 | 2160.3 | 21269
di 2133 | 20833 | 2053.6 | 2015.1 | 19664
200 | 1260 | 630 |} 12145 | 42 1175 | 1161.2 | 1155.8 | 1146.] 1131
10 d3_| 2133 | 20833 | 2053.6 | 2015.1 | 19664
dl | 3322.8 | 3247.6 | 3168.3 | 3104 | 30223
300 ) 2205 | 735 | 24796 | 42 | 1663.7 | 1648.6 | 16306 | 1618 1597
d3 NA NA NA NA NA
di NA NA NA NA NA
1.00 | 945 945 13663 | 42 | 1253.5 | 12371 | 1231.7 | 1217.6 | 12014
d3 | 2307.6 | 2250.6 | 2219.3 | 21698 | 2117.2
di | 2128.1 | 21008 | 20379 | 1997.9 [ 1966.2
200 | 1260 | 630 | 12145 | 42 | 11728 | 1169.1 | 1148.7 | 1138.1 1131
2.0 d3 | 2128.1 | 2100.8 | 2037.9 | 19979 | 1966.2
dl’| 3328 | 32563 | 3178.5 | 3114.6 | 30349
300 | 2205 | 735 | 24796 | d2 | 1665.8 | 16522 | 1635 | 1622.5 | 16024
d3 NA | NA NA NA NA

7- Conclusion:

From the developed equations and the
parametric study carried out in this
research, it is proven that Equation (11-32)
of ACI 318-08 does not influence
punching shear design of footings, when
associated with other code requirements,
making this equation useless and
redundant in most of practical design
situations. On the other hand, when used
column dimensions are very much larger
than those required by design, only then

equation (11-32) may control punching
shear design.
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Notation:

A, = base area of footing footings, mm?2
8= smaller footing dimension, in plan,
mam

b,= perimeter of critical section for shear
in footings, mm

C;= larger column dimension, in pian,
mm

C,= smaller column dimension, in pian,
mm

4= distance from extreme compression
fiber to centroid of longitudinal
reinforcement, mm

d, = bar diameter, mm

Jo= specifted compressive strength of
concrete, MPa

Jy= specified yield strength of
reinforcement, MPa

»= overall thickness of member, mm

lie= development length of deformed bars
in compression, mm
L= larger footing dimension, in plan, mm
fu= factored axial load of column, kN
v.= nominal shear strength provided by
concrete, kN

, = nominal shear strength, kN

9u= factored soil pressure, MPa
@= strength reduction factor for shear =
0.75, 0.65 for tied columns
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a,= column location factor; 40 for interior
columns, 30 for edge columns and 20 for
corner columns '

£ = ratio of long to short sides of column
2= modification factor reflecting the
reduced mechanical properties of light-
weight concrete; equals unity for normal-
weight concrete

o= reinforcement ratio




