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Preface

The purpose of this book is to provide a presentation of the shallow foundation design steps
without complication in the form of simplified examples.

For more expansion in the analysis and design of foundations, especially if the previous
conditions are not met, refer to our program “ELPLA” for analysis and design of foundations
by the finite element method.
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Summary of general requirements used in the design of shallow foundations

A thin plain concrete of thickness 0.15 [m] is chosen under all foundations and is not
considered in any calculation.

Design of section for all foundations is carried out only for the moment and punching shear
other checks are not required.

Minimum footing thickness is t = 0.3 [m] and must be not less than the smallest side of the
column. For more safety, footing thickness may be taken as t = 0.5 [m].

Minimum foundation level from the ground surface is D, = 0.8 [m].

Minimum area of steel per meter is A,.,= 0.15 [%]x concrete section = 0.0015xtx100
[cmz/m].

Maximum area of steel per meter is A...= 1.25 [%]x concrete section = 0.0125%tx100
[cmz/m].

Minimum diameter of steel bars used in foundation is @13 [mm]
Minimum No. of steel bars is 5
Concrete cover + 1/2 bar diameter ¢ =5 [cm].

Design of section for moment is carried out according to ECP, working stress method using
the following equations:

- The depth of singly reinforced section d [m] =k, %nlw\l]m]

M [MN.m]

k, xd[m]

- whereb is section width, M is moment about section. Coefficients ki and k> are given
in Table 1 and Table 2, while As can be chosen from Table 3.

~ The area of tensile steel reinforcement A [m?]=

All foundations are supposed to have material of concrete grade C250 and steel grade 36/52,
where coefficients k, =0.766 and k, =172

Allowable concrete punching strength is g,.. = 0.9 [MN/mz].

Vi
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Table 1: Coefficients k1 and k> for design of singly reinforced rectangular
sections according to ECP working stress method (f, =140-180 [MN/m?])
; f, =140 [MN/m?] f. = 160 [MN/m{] f,= 180 [MN/m?]
[MN/m] k. k. £ K, k. £ K, k. £
2.0 2.454 132 0.176 2.586 152 0.158 2.711 171 0.143
2.5 2.018 130 0.211 2.121 150 0.190 2.219 170 0.172
3.0 1.727 129 0.243 1.810 148 0.220 1.890 168 0.200
3.5 1.518 127 0.273 1.588 147 0.247 1.654 166 0.226
4.0 1.361 126 0.300 1.420 145 0.273 1.477 165 0.250
4.5 1.238 125 0.325 1.289 144 0.297 1.339 164 0.273
5.0 1.139 124 0.349 1.184 143 0.319 1.228 162 0.294
5.5 1.058 123 0.371 1.098 142 0.340 1.137 161 0.314
6.0 0990 122 0.391 1.026 141  0.360 1.061 160 0.333
6.5 0.932 121 0.411 0.964 140 0.379 0.996 159 0.351
7.0 0.882 120  0.429 0911 139  0.396 0940 158  0.368
7.5 0.838 119 0.446 0.865 138 0.413 0.892 157 0.385
8.0 0.800 118  0.462 0825 137  0.429 0.849 156  0.400
8.5 0.766 118 0.477 0.789 136 0.443 0.811 155 0.415
9.0 0.736 117 0.491 0.757 136 0.458 0.778 154 0.429
9.5 0.708 116 0.504 0.728 135 0.471 0.747 153 0.442
10.0 0.684 116 0.517 0.702 134 0.484 0.720 153 0.455
10.5 0.661 115  0.529 0.678 134  0.496 0.695 152  0.467
11.0 0.640 115 0.541 0.657 133 0.508 0.673 151 0.478
115 0.621 114 0.552 0.637 132 0.519 0.652 151 0.489
12.0 0.604 114 0.563 0.618 132 0.529 0.632 150 0.500

Units in [MN] and [m]. To convert from [MN/m] to [kg/cmz], multiply by 10

vii
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Table 2: Coefficients ki and k. for design of singly reinforced rectangular
sections according to ECP working stress method (f, =200-240 [MN/m?])
£ f, =200 [MN/m?] f, =220 [MN/m?] f, =240 [MN/m?]
MNimT 1 |k | e k. k. £ K, k. £
2.0 2831 191 0.130 2.946 211 0.120 3.057 231 0.111
2.5 2313 189 0.158 2.403 209 0.146 2.490 229 0.135
3.0 1966 188 0.184 2.040 208 0.170 2.111 227 0.158
3.5 1.718 186 0.208 1.780 206 0.193 1.840 226 0.179
4.0 1532 185 0.231 1.585 204 0.214 1.637 224 0.200
4.5 1.387 183 0.252 1.433 203 0.235 1.478 222 0.220
5.0 1.270 182 0.273 1.311 201 0.254 1.351 221 0.238
5.5 1175 181 0.292 1.211 200 0.273 1.247 220 0.256
6.0 1.095 179 0.310 1.127 199 0.290 1.160 218 0.273
6.5 1.027 178 0.328 1.057 197 0.307 1.086 217 0.289
7.0 0.968 177 0.344 0.996 196 0.323 1.022 216 0.304
7.5 0917 176 0.360 0943 195  0.338 0967 214  0.319
8.0 0873 175 0.375 0896 194  0.353 0919 213  0.333
8.5 0.833 174 0.389 0.855 193 0.367 0.876 212 0.347
9.0 0.798 173  0.403 0818 192  0.380 0.838 211  0.360
9.5 0.766 172  0.416 0.785 191 0.393 0.803 210 0.373
10.0 0.738 171 0.429 0.755 190 0.405 0.772 209 0.385
10.5 0.712 171 0441 0.728 189 0.417 0.744 208 0.396
11.0 0.688 170 0.452 0.704 189 0.429 0.719 207 0.407
11.5 0.666 169  0.463 0.681 188  0.439 0.695 207  0.418
12.0 0.646 168 0.474 0.660 187 0.450 0.674 206 0.429

Units in [MN] and [m]. To convert from [MN/m] to [kg/cmz], multiply by 10

viii
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Table 3: Steel bars used in the foundation design
o Area of cross-section in [cm?]

[mml |1 | 2 3 4 5 6 7 8 9 10
16 201 | 4.02 6.03 8.04 10.10 | 12.10 | 14.10 | 16.10 | 18.10 | 20.10
19 2.84 | 5.67 8.50 11.30 | 14.20 | 17.00 | 19.90 | 22.70 | 25.50 | 28.40
22 3.80 | 760 | 11.40 | 15.20 | 19.00 | 22.80 | 26.60 | 30.40 | 34.20 | 38.00
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1- Bearing Capacity of the Soil
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Example 1: Determining the allowable bearing capacity of a strip footing

A long strip footing of B = 2.8 [m] wide is placed at a depth of Ds = 1.2 [m] in a soil of unit weight y
= 18.5 [KN/m?], cohesion ¢ = 5 [KN/m?] and angle of shearing resistance ¢ = 28 [°]. Determine the

allowable bearing capacity of the footing for a factor of safety Fy =

2.5 [-], Figure 1.

Ground surface
0\ AN/ a /a7 a\7a

v = 18.5[kN/m?]

D= 1.2 [m]

c= 5[kN/m?]
¢ =28[°]

B=28[m]
Figure 1: Strip footing

Bearing capacity factors Ng, Ncand Ny

Bearing capacity factors can be determined form:

q

N =ge"™tan? (45 + %)

q

N =e"®28tan? [45+ %) =14.72

N, = (N, —1) cot ¢
N, =(14.72-1) cot 28=25.8

N, =(N, -1) tan ¢

q"

N, =(14.72-1) tan28=7.3

v =

Ultimate bearing capacity qui

The ultimate bearing capacity of the soil for a strip footing is given by:

g, = CN, +v, D; Nq +7v, BNy

Oy = 9%x25.8+18.5x1.2x14.72+18.5x2.8x7.3

q,, = 833.92 [kN/m?]
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Allowable bearing capacity qan

The allowable bearing capacity of the soil is:

q,, =2 83392 _ 333 57 kn/m?]
F, 25
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Example 2: Determining the allowable bearing capacity of a square footing

A square footing of L = 2.5 [m] side is placed at a depth of D = 1.25 [m] in a sand of unit weight y =
18 [KN/m?®] and angle of shearing resistance ¢ = 35 [°]. Determine the allowable bearing capacity of
the footing for a factor of safety F, = 2.5 [-], Figure 2.

Ground surface

NN Y B\ YA YA 8 A %A
E
9 v =18 [kN/m?]
— ¢=35["]
1
a)
L=25][m]

Figure 2: Square footing
Bearing capacity factors Nq and Ny

Bearing capacity factors for the square footing are:

q

N, =e™™ tan® (45 + gj

N =e™35tan? (45 + 3—25j =333

q

N, =(N

Y

a —1) tang
N, =(33.3-1) tan35=22.61
Shape factors Aq and Ay
Shape factors for the square footing are:
Ag =13
A =07
Ultimate bearing capacity qui

The ultimate bearing capacity for sand is given by:
Oue = Y1 Dy NgAg+v, BN A,
0, = 18x1.25x33.3x1.3+18x2.5x22.61x0.7

q,, = 1686 [KN/m?]
-5-
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Allowable bearing capacity qan

The allowable bearing capacity of the soil is:

q,, = 1080 _ 670 nienim?]
F, 25
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Example 3: Determining the allowable bearing capacity of a rectangular footing

Find the allowable bearing capacity of a rectangular footing having sides L = 2.8 [m] and B = 2.1
[m], Figure 3. The footing is placed at a depth of Df =1.2 [m] in a soil of cohesion ¢ =2 [kN/m?] and
angle of shearing resistance ¢ = 25 [°]. Unit weights of the soil above and under the foundation level
are y1 = 18.5 [KN/m?] and y2 = 8.69 [KN/m?®], respectively. The factor of safety is F, = 2.5 [-].

Ground surface

‘ 0 7 Y4 A\ Nl
B y1 = 18.5 [KN/m?]
~ ¢ =2 [KN/m?]

:! ¢ =25[°]

o, | _____ GW___

L=2.8[m] 2 = 8.69 [KN/m?]
E
—
: B
]
m
Figure 3: Rectangular footing
Shape factors Ac, Aq and Ay

Shape factors for the rectangular footing are:

A=A, =1+0.3 E:1+O.3 E:1.225
4 2.8
B 2.1

A,=1-03 —=1-03 —=0.775
L 2.8

Bearing capacity factors Ng, Ncand Ny

Bearing capacity factors for the rectangular footing are:

N =e™"°tan? (45 + %)

q
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q

N =g ™ tgn? [45 + %) =10.66

N, =(N, —1) cot @

c q

N, =(10.66 1) cot 25 = 20.72

N, =(N, -1) tan

y q
N, =(10.66-1) tan 25=4.5
Ultimate bearing capacity qui
The ultimate bearing capacity of the soil is given by:
Que = CN A, +v, D Nq xq +v,B Ny xy
Quie = 2x20.72x1.225+18.5x1.2x10.66x1.225+8.69x2.1x4.5x0.775

Oy = 404.31 [KN/m?]

Allowable bearing capacity qa

The allowable bearing capacity of the soil is:

— G _ 40431161 75 kN/m?]

R 25




Solved Examples

Example 4: Determining the allowable bearing capacity for rectangular footing

A rectangular footing of L = 2.5 [m] and B = 2.0 [m] is placed at depth Ds = 2.0 [m]in a soil of
cohesion ¢ = 7 [KN/m?] and angle of shearing resistance ¢ = 20 [°]. The ground water level lies at
depth h = 1.75 [m] under the ground surface as shown in Figure 4. Unit weight of the soil above the
water table is y1 = 18.5 [kKN/m?], while that under the water table is y, = 8.69 [KN/m°]. Find the
allowable bearing capacity. The factor of safety is F, = 2.5 [-].

Ground surface

K/ A% \/a /A "7 T
N
£ y1 = 18.5 [KN/m?] E
12 ¢ = 7[kN/m?] o
" 9=20["] N
—(ﬂ_—d-:— ————————————————— é_
v2=8.69 [kN/m*] |
L=25[m]

Figure 4: Bearing capacity for medium sand layer

Shape factors Ac, Aq and Ay

Shape factors for the rectangular footing are:

Soil weight until the foundation level is:

n
Y, Dy ZZYsi hi=yqyh+y,h,

i=1
v, D, =18.5x1.75+8.69x 0.25
v, D, =34.55[KN/m?]

Bearing capacity factors Ng, Ncand Ny

Bearing capacity factors can be determined form:

q

N =e"™™*tan? (45 + gj
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q

N =e"™20tgn? (45 + 2—20j =6.4

N, =(N

c

1) cot ¢

a4

N, =(6.4-1) cot 20 =14.84

N, =(N

Y

q —1) tang
N, =(6.4-1) tan20=1.97
Ultimate bearing capacity
The ultimate bearing capacity of the soil is given by:
Gue = CNg Ao +v, Dy N &g +7, BN A
Que = 7%x14.84x1.24+34.55x6.4x1.24+8.69x2.0x1.97x0.76
Q. = 429.02 [kN/m?]

Qe 429.02

=171.61[kN/m?]

-10 -
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Example 5: Determining the allowable bearing capacity of a circular footing

A circular footing of D = 2.8 [m] diameter is placed at a depth of Dr = 1.2 [m] in a soil of unit weight
y1 = 18.5 [KN/m?], cohesion ¢ = 15 [KN/m?] and angle of shearing resistance ¢ = 20 [°]. The ground
water level lies at the foundation level as shown in Figure 5. Unite weight of the soil under the
ground level is v, = 8.69 [KN/m?]. Determine the allowable bearing capacity of the footing for a
factor of safety Fp = 2.5 [-].

Ground surface
- 0\ \AXZaN7a /a7 a7

11 = 18.5 [KN/m?]
¢ =15 [kN/m?]
¢=20["]

v2 = 8.69 [KN/m?]

D=28[m]
Figure 5: Circular footing

Bearing capacity factors Ng, Ncand Ny

Bearing capacity factors for the circular footing are:

N =ge"®tan? (45 + %)

q

q

N =e"®20tgn? (45+?j =6.4

N, =(N

c

a —1) cot ¢

N, =(6.4-1) cot 20=14.84
N, =(N, -1) tan ¢

N, =(6.4-1) tan 20=1.97

Shape factors Ay, Ac and Aq

Shape factors for the rectangular footing are:
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Ultimate bearing capacity quit

The ultimate bearing capacity of the soil is given by:
Oue = CN A+, Dy Ny A, +7v, BN, A,
0, = 15%x14.84x1.3+18.5x1.2x6.4x1.3+8.69x2.8x1.97x0.7

Q. = 507.64 [KN/m?]
Allowable bearing capacity qan

The allowable bearing capacity of the soil is:

s % =203.06 [kN/m?]

Qan F,

-12-
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Example 6: Determining the diameter of a circular footing

Find the diameter of a circular footing D having a load of P = 650 [kN]. The footing is placed at a
depth of Df = 2.0 [m] in a clay layer of cohesion ¢ = 45 [kN/m?] and unit weight y = 18.5 [kN/m?],

Figure 6. The factor of safety is F, = 2.5 [-].

P = 650 [kN]
B Clay
S v = 18 5[kN/m?]
N
N
O+
L4 D »

Figure 6: Circular footing
Bearing capacity factors N¢, Ngand Ny
Bearing capacity factors can for the clay are:
N¢ = 5.0, Ng = 1.0 and N, = 0.0
Shape factors Ac and Aq

Shape factors for the circular footing are:

Allowable bearing capacity of the soil qan

The allowable bearing capacity of the soil is given by:

P 650 _827.61
A, =nD? D?
4

qall =

Ultimate bearing capacity qui

The ultimate bearing capacity may be determined from:

827.61 2069.01
Oyt =Qan Fy =——— 2.9=

D? - D?

But the ultimate bearing capacity equation for the clay is given by:
Oue = CNc A +7v, Dy Ny A
Que = 45%x5.0x1.3+18.5x2.0x1.0x1.3

-13 -

Ground surface
0\ AN\ a7 a4

c=45 [kN/m?]

(1)
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Oy, = 340.6 [KN/m?] )

Equating the above two equations 1 and 2 gives:

20692.01 — 340.6
D
Then, the diameter of the footing is:
D =2.47 [m]

-14 -
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Example 7: Determining the allowable load of a square footing due to eccentric load

Find the allowable load Pai of a square footing having a side L = 2.5 [m] with eccentricity of ex =
0.25 [m]. The footing is placed at a depth of D= 2.0 [m] in a layer of cohesion ¢ = 10 [KN/m?], angle
of shearing resistance ¢ = 22 [°] and unit weight of y = 17.5 [kN/m?], Figure 7. The factor of safety is
Fb=25[-].

Pai Ground surface
000004

E v =17.5 [KN/m?]
2 c =10 [KN/m?]
I ¢=22[°]
O +

E

Lo

N

1

om

- |

+—t
ex=0.25 [m]

L'=L-2e=20[m]
Figure 7: Square footing subjected to an eccentric load

Bearing capacity factors N¢, Nqgand Ny

Bearing capacity factors for the soil can be determined form:

N =e™@° tan? (45 + gj

q

N =e"®2?tgn? (45 + %j =7.82

q

N, =(N

C

1) cot ¢

-

N, =(7.82-1) cot 22=16.88
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N, =(N, —1) tan¢

¥ g
N, =(7.82-1) tan22=2.76
Shape factors Ac, Aqgand Ay

Shape factors for the square footing subjected to an eccentric load are:

A=A, =1+03 L
B

c q

A =, =1+0.320 1 24
“ 2.5

A, =1-03 £:1—0.3 QzO.?G
B 2.5

Y

Ultimate bearing capacity quit

The ultimate bearing capacity of the soil is given by:
Oue = SN Ac+v, Dy Ny A +v, LN, A
0, = 10x16.88x1.24+17.5x2.0x7.82x1.24+17.5x2.0x2.76x0.76

Qy, = 622.12 [kN/m?]

Allowable bearing capacity of the soil qai

The allowable bearing capacity of the soil is given by:

q, = 02212 o8 85 [kN/M?]
F, 25

Allowable load Pa of the footing
The load Pay of the footing is given by:

Pat =0, X A, =0, xBxL =248.85x2.5x2.0=1244.24 [kN]

-16 -
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Example 8: Check the allowable bearing capacity due to a horizontal load

Check the allowable bearing capacity of a square footing having a side L=2.0 [m] and carrying a
horizontal load of H = 100 [kN] and vertical load of V = 500 [kN]. The footing is placed at a depth of
Dr = 1.6 [m] in a soil layer of cohesion ¢ = 30 [KN/m?], angle of shearing resistance ¢ = 10 [°] and
unit weight of y = 17.5 [kN/m®], Figure 8. The factor of safety is Fp = 2.5 [-].

v=500 [kN] _ Ground surface
B\ e\ \r/g

E y =175 [kN/m?]
© H|= 100 [kN ¢ =30 [KN/m?]
1 ¢=101[°]
O

L=B=2.0[m]

Figure 8: Square footing subjected to horizontal load
Horizontal and vertical ultimate bearing capacities Hp, Vb:
The horizontal and vertical ultimate bearing capacities are given by:
Hb = Fo H = 2.5 x 100 = 250 [kN]
Vb =Fp V=25 x 500 =1250 [kN]
Allowable bearing capacity Qi

The allowable bearing capacity of the soil is given by:

0y = =299 _125 [kN/m?]
A 20 "

Bearing capacity factors Ngq, Ncand Ny

Bearing capacity factors for the soil can be determined form:

q

N, =™ tan’ (45+ gj

q

N =e"®tan? (45+%j =2.47

N

c (Nq —1) cot ¢

N, =(2.47-1) cot10=8.34

c =

N, =(N, 1) tang

g

-17 -
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N, =(2.47-1) tan10=0.26

Inclination factors iq and ic

The inclination factors for the soil can be determined from:

3
i,=|1-0.7 H,
K V, + A, ccot ¢

3
i, =[1-0.7 230 =0.75
1250+ 4.0x30x cot 10

H 3
i, =[1- £
! V, + A, ccot ¢

3
i, =1- 250 =0.66
1250+ 4.0x30xcot 10
1-i
i =i, — d
N, -1
i, =0.75— 1-075 _ 58
2.47 —
Shape factors Ac, Aq and Ay
Shape factors for the square footing are:
A, =%y =13
A =07

Ultimate bearing capacity qui

The ultimate bearing capacity of the soil is given by:
Quie = ¢ Nc 7"(: ic +7; Df Nq }\‘q iq +7v, B NY 7\'“/ iy
0, =30x8.34x1.3x0.58+17.5x1.6x2.47x1.3x0.75+17.5x2.0x0.26x0.7 x 0.66

Gy = 260.29 [KN/m?]

-18-
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Allowable bearing capacity qan

The allowable bearing capacity of the soil is:

_ Gy _ 26029 :
= = =104.11 [KN/m 2
qall Fb 25 [ ] ( )

Comparing the bearing capacities obtained from Equations 1 and 2 shows that the footing
dimensions are unsafe. The footing size must be increased.

-19 -
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Example 9: Determining the side of a square footing having an eccentric load

Find the side of a square footing L having an allowable load of P = 620 [kN] with eccentricity of ex
= 0.25 [m]. The footing is placed at a depth of Df = 2.0 [m] in a clay layer of cohesion ¢ = 43
[KN/m?] and unit weight y = 17.5 [kN/m®], Figure 9. The factor of safety is Fp = 2.5 [-].

Pan = 620 [kN] Ground surface
A\ \“a\“a e v\ g
E Clay
2 v =17.5[kN/m?]
I ¢ = 43 [kN/m?]
o4
h L T

|
+—

ex=0.25 [m]
L=L-05
Figure 9: Square footing subjected to an eccentric load

Bearing capacity factors N¢, Ngand Ny
Bearing capacity factors for the clay can be determined from:

Nc =5.0,Ng=1.0and N, = 0.0
Shape factors Ac and Aq

Shape factors for the square footing subjected to an eccentric load are:

A=A, =1+03 L
B

c q

A =2q 1403570545 015
L L
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Allowable bearing capacity of the soil qan

The allowable bearing capacity of the soil is given by:

P, 620 620 620

Ultimate bearing capacity quit

The ultimate bearing capacity may be determined from:

620 1550
=q.F=—-——25=—"""—
Qe Zhan To =12 7051 L*>-05L

But the ultimate bearing capacity equation for the clay is given by:

Que = SN, A, +v, D; Nq xq

Qe = 43x5.0x [1.3—0'—E5j +17.5x2.0 xl.Ox(l.B—O'—E'Sj

Gy = zsox(l.s_Ej
L
Equating the above two equations gives:

0 250><(1.3—%)
L2-05L L

or

1.3 L -0.8 L-6.125=0.0

Solving the above equation leads to:

L =25[m]
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Example 10: Determining the eccentricity of a square footing

Find the allowable eccentricity ex for a square footing of a side L = 2.5 [m] and an allowable load of
Pan = 620 [KN]. The footing is placed at depth of Dr = 2.0 [m] in a clay layer of cohesion ¢ = 43
[KN/m?] and unit weight y = 17.5 [kN/m®], Figure 10. The factor of safety is Fp = 2.5 [-].

Pan = 620 [kN] Ground surface
) \a\“a\"a e\ ¢
E Clay
2 v =17.5[kN/m?]
1 ¢ = 43 [KN/m?]
Q-
E
& = X
]
m
- |

e

L =25-2¢e
Figure 10: Footing subjected to an eccentric load

Bearing capacity factors N¢, Ngand Ny
Bearing capacity factors for the clay can be determined from:

Nc =5.0,Ng=1.0and N, = 0.0
Shape factors Ac and Aq

Shape factors for the square footing subjected to an eccentric load are:

A=A, =1+03 L
B

c q

c

A=A =1+o.3L =1+0.12L
a 2.5
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Allowable bearing capacity of the soil qan

The allowable bearing capacity of the soil is given by:

620 248

P
Qan A, 25L L

Ultimate bearing capacity quit

The ultimate bearing capacity may be determined from:

248 620
Ouie =Yan Fo :T 2-5:T

But the ultimate bearing capacity equation for the clay is given by:

qult =cC Nc 7\‘c +Y1 Df Nq )Lq
0, = 43x5x(1+0.12L)+17.5x2.0x1.0x(1+0.12L)

Q= 250x(1+0.12L) )

Equating the above two equations 1 and 2 gives:

% = 250x(1+0.12L)

or
0.12 L®+ L —2.48=0.0 )
Solving the above equation leads to:
L =2.0[m]
but
L=L-2e,
20=25-2¢,
ex=0.25 [m]
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Example 11: Determining the allowable horizontal force

Find the allowable horizontal force H that can be carried by a square footing of a side L = 2.5 [m].
The footing carries a vertical load of V = 442 [kN] and rests on a clay layer having cohesion of ¢ =
40 [KN/m?] and unit weight of y = 18 [kN/m®]. Foundation depth is D = 2.0 [m] from the ground
surface, Figure 11. The factor of safety is F, = 2.5 [-].

V =442 [kN] Ground surface

NN
£, Clay
S H y =18 [KN/m?]
T c= 40[kN/m2]
ag
L=25[m]

Figure 11: Square footing subjected to horizontal load
Ultimate bearing capacity Vb, Hp and quit:
The vertical ultimate bearing capacity is given by:
Vb= Fp V = 2.5 x 442 = 1105 [kN]

While the ultimate bearing capacity of the soil is given by:

vV, 1105 )
== =176.8 [KN/m
qult Af 2.52 [ ]
Inclination factors ic and iq
The inclination factors for the clay are:
iq =1.0
i =05+05 [1- H,
c A
i,=05+05 1—%
40x2.5

The inclination factor ic can be rewritten in relation to Hy as:

i —054+05 [1-o (1)
250

Bearing capacity factors N¢, Ngand Ny

Bearing capacity factors for the clay can be determined from:
-24 -
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N¢ = 50, Nq =1.0 and Ny =0.0
Shape factors Ac and Aq

Shape factors for the square footing are:

Ultimate bearing capacity quit

The ultimate bearing capacity of the soil is given by:
qun =C Nc 7\'c ic +YI Df Nq }\'q iq
Qye = 40x5.0x1.3 i, +18x2.0x1.0x1.3x1.0

or
Gy =260 i, +46.8 ()

Horizontal forces Hy and H

Substituting Eq. (1) in Eq. (2), gives:

176.8 =260| 0.5+0.5 | 1—i +46.8
250

Solving the above equation, gives the horizontal ultimate bearing capacity as:
Hb = 250 [kN]
The allowable horizontal force is given by:

H= Mo _250 500 [kN]
F, 25

b
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Example 12: Determining the side of a square footing carrying an inclined load

Find the side L of a square footing carrying a vertical load of V = 442 [kN] and a horizontal load of H
=100 [kN]. The footing rests on a clay layer having cohesion of ¢ = 40 [KN/m?] and unit weight of y
= 18 [KN/m?]. Foundation depth is D = 2.0 [m] from the ground surface, Figure 12. The factor of
safety is Fp = 2.5 [-].

V =442 [kN] Ground surface

0\ AN A A g
€ B Clay
S H|= 100 [kN] v = 18 [kN/m?]
N ¢ = 40[KN/m?]
Q-
L hd

Figure 12: Square footing subjected to an inclined load
Ultimate bearing capacity Hy, Vb and quit:

The horizontal and vertical ultimate bearing capacities are given by:
Hb = Fp H = 2.5 x 100 = 250 [kN]
Vb =FpV=25x442 = 1105 [kN]

while the ultimate bearing capacity of the soil is given by:

_V, 1105
Quit _A_ = A
f f (1)
Inclination factors iq and ic
The inclination factors for the clay are:
iq =1.0

I,=05+05 |1- H,
\/ c A

i,=05+05 [1- 250
40x A,

The inclination factor ic can be rewritten in relation to As as:

i —05+05 |1-22° ©)
Af

-26 -
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Bearing capacity factors N¢, Ngand Ny

Bearing capacity factors for the clay can be determined from:
Ne=5.0, Ng=1.0and N, =0.0
Shape factors Ac and Aq

Shape factors for the square footing are:

Ultimate bearing capacity quit

The ultimate bearing capacity of the soil is given by:
Gue = CNg A i +7;, Dy Ny A, i
Qe = 40x5.0x1.3 i, +18x2.0x1.0x1.3x1.0
or

q,, = 260i, +46.8 3)

Footing area As and side L

Substituting Eqg. (1) and (2) in Eq. (3), gives:

105 _260{05+05 [1-922 |1 468
Af Af

Rearranging the equation, leads to:

A?-19.85A, +85=0

Solving the equation, gives:

A= 6.25[m?] and L = 2.5 [m]
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Example 13: Determining the allowable bearing capacity for layered subsoil

A rectangular footing of L = 2.5 [m] and B = 2.0 [m] is placed at depth of Ds = 2.0 [m] in layered
subsoil as shown in Figure 13. Find the allowable bearing capacity for a factor of safety F, = 2.5 [-].

(0.00) Ground surface
¥ (0.50) - 11 = 18 [KN/m?]
Medium Sand
v2 = 18.5 [KN/m?]
ewyo  p—L L 4
F.L y (2.00) T I3 4 4 0 ¥ ¥ ¥y ys=11[kN/m?
¢=30["]
L=2.5[m]
v (3.50)
Clay, Sand
va =12 [KN/m?]
¢=25["]
¢ = 5[kN/m?]

Figure 13: capacity for medium sand layer
1. Bearing capacity for medium sand layer

Assume all layers under the footing are replaced by equivalent medium sand layer.

Soil weight until the foundation level is given by:

n
Ya Dy =2Yi hy =7, h +7v,h, +y, hs

i=1

v, D; =18x0.5+185x1.1+11x0.4

v, D; =33.75[KN/m?]
Shape factors Aqand Ay

Shape factors for the rectangular footing are:

A, =1+0.3 E:1+0.3 Q:1.24
L 2.5
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Bearing capacity factors Ng, Nc and Ny for medium sand layer
Bearing capacity factors can be determined form:

N, =e™™* tan’ (45 - %)

q

N =e"®30tgn? (45 + 3—20J =18.4

q

N, =(N

Y

a —1) tan @

N, =(18.4-1) tan30=10.05

Ultimate bearing capacity for medium sand quit1
The ultimate bearing capacity of the soil is given by:

qultl = Ya Df Nq j‘q T4 B Nv XY
Oy =33.75x18.4x1.24+11x2.0x10.05x0.76
Quey = 938.07 [KN/m?]

g, = Ju _ 93807 _ 575 93 knim?] (1)
F 25

2. Bearing capacity for medium sand layer
New footing dimensions

B=3.5[m],L =4[m]

Shape factors Ac, Aq and Ay

Shape factors for the rectangular footing are:

A, =X, =1+0.3 E:l+0.3 £:1.2625
K L 4.0

A, =1-0.3 221—0.3 £20.7375
L 4.0
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i (0.00) Ground surface
0.7\ 2\ 4 A\

y (0.50) ~ 1 = 18 [KN/m?]
Medium Sand
2 = 18.5 [KN/m?]
_GWY(160) | —
FL y(00) EEEEEEREE v = 11 [kN/m?]
/ \ ¢ =30[°]
/ \
J/1:2 12
/ \
/ g1 \
IS EEEEEEEEEEEEY
. L=L+hs=4.0[m] , Clay, Sand
v " ya =12 [kN/m?]
¢=25["]
c=5 [kN/m?

Figure 14: Bearing capacity for clay, sand layer

Assume all layers under the clay, sand layer are replaced by equivalent clay, sand layer as shown in
Figure 14.

Soil weight until the foundation level is given by:
Ya Dy :ZYi hi=y,h+y,h+y,hy+v,h,
i=1
v, D; =18x0.5+18.5x1.1+11x0.4+11x1.5

v, D, =50.25[kN/m?]

Bearing capacity factors Ng, Nc and Ny for clay, sand layer
Bearing capacity factors can be determined from:

q

N =e™™°tan? (45 + g)

q

N =e"®2tgn? [45 + %) =10.66
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N

¢ (Nq —1) cot ¢

N, =(10.66—1) cot 25=20.72

N, = (N

Y

a —1) tan @

N, =(10.66-1) tan 25 =4.5

Ultimate bearing capacity for clay, sand quit 2
The ultimate bearing capacity of the soil is given by:

quItZ =C Nc )\‘c +Ya Df Nq )\‘q +Y4 B Ny }\'y
Qo =9%20.72x1.2625+50.25x10.66 x1.2625+12x3.5x4.5x0.7375

Uuiy = 946.46 [kN/m?]

a, _Oup 94646 _ 000 g [KN/m?]
F, 25
But
A
qo = qlxz
then

_ g (B+h(L+h)
o} 1 BL

(2+1.5)(2.5+1.5)
2x2.5

q, =378.58

g, = 1060.04 [KN/m?] 2)

By comparing equations (1) and (2) the allowable bearing capacity for the two layers (Medium sand
and clay, sand) is the smallest value of qo, then the allowable bearing capacity value is go = 375.227
[KN/ m2] and the ultimate bearing capacity value is quit = 938.068 [KN/ m2].
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Example 14: Determining the allowable vertical load

A rectangular footing of L = 3.0 [m] and B = 2.5 [m] and carrying a horizontal load of H = 100 [kN]
and vertical load V. The footing is placed at depth of Dr = 2.0 [m] in layered subsoil as shown in
Figure 15. Determine the allowable bearing capacity for a factor of safety Fn = 2.5 [-].

(0.00) Ground surface

y (0.50) — v1 = 18.0 [KN/m?]
v2 = 18.5 [kN/m?]

H =[100 [kN]
_Gw ¢80 | o I
F.L y (2.00) T VT V4 0 8 0¥ ys=11[kN/m
0=25[]
L=3.0[m] L e=5 [kN/m7]

T

Figure 15: Rectangular footing subjected to an inclined load

Horizontal and vertical ultimate bearing capacities Hp, Vb:
The horizontal ultimate bearing capacity is given by:
Hb = Fp H = 2.5 x 100 = 250 [kN]
Average soil weight until the foundation level
Average soil weight until the foundation level is given by:
n
Ya Dy Zg% h =y, h+y,h,+v3h

v, D; =18x0.5+18.5x1.1+11x0.4

v, D; =33.75[KN/m’]
Shape factors Aq and 2,
Shape factors for the rectangular footing are:

A. =2, =1+03 E:1+0.3 E:1.25
L 3.0

c q

A, =1-0.3 E:1—0.3 E:0.75
L 3.0

Y
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Bearing capacity factors Ng, Nc and N,
Bearing capacity factors can be determined form:

q

N =g tan? (45 + gj

q

N =e"®%tgn? (45+%] =10.66

N, = (N

c

1) cot ¢

-
N, =(10.66—1) cot 25 = 20.72

N, =(N, -1) tang

.

N, =(10.66 1) tan 25=4.5

v =

Inclination factors iq and ic

The inclination factors for the soil can be determined from:

3
i, =11-0.7 H,
V, +A; ccot o

3
i, =|1-07 250 = 0.66
1250 +3.0x 2.5x5x cot 25

H 3
i, =|1- >
! V, + A, ccot o

3
i=|1- 250 =0.54
! 1250 +3.0x 2.5x5xcot 25

1-i
i =i, — a
N, -1
i, =0.66— 17066 _ 63
10.66 -1
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Ultimate bearing capacity quit
The ultimate bearing capacity of the soil is given by:

Quie = ¢ Nc )\’c ic tYa Df Nq 7\.q iq +7v, B Ny }\'Y iY
0, =5%20.72x1.25x0.63+33.75x10.66x1.25x0.66 +11x 2.5x 4.5x 0.75x 0.54

0y, = 428.52 [kN/m’]

Allowable bearing capacity qan

The allowable bearing capacity of the soil is given by:

g = 42852 _ 194 41 [kN/M?]
F, 25
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2- Design of Strip Footings
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Example 15: Design of a strip footing to support a brick wall

Design a strip footing to support a brick wall of thickness b = 0.4 [m], carrying a load of p = 450
[KN/m]. The allowable soil pressure is gan = 175 [KN/m?] at a depth of Df = 1.25 [m], Figure 17.
Average unit weight of the soil and concrete is ya = 20 [KN/m?].

Brick wall p=0.45 [MN/m]
b= 0.4 [m]

Ground surface

v B\ 2\ X A A X
= / 2
E A Gat = 175 [kN/m?]
0 % 7a=20  [KN/M]
n
a

Figure 17: Strip footing to support a brick wall
1. Determining footing dimensions
Take 1.0 [m] strip, then
P = px1.0 = 450 x1= 450[kN]

Total load at the foundation level is given by:

)

I

! [1_ Ya Df j

Qanr
P = 450 =525 [kN]
1- 20x1.25
175
:iz%zglo [mZ]
f Qai 175

take B = 3.0 [m] strip footing

2. Computing the contact pressure under the footing o

q =2 =99 _ 615 (MN/m]
B 30

3. Determining the depth required to resist the moment dm

The maximum bending moment for the strip footing to support a brick wall lies at a distance b/4 =
0.1 [m] from the face of the brick wall as shown in Figure 18.
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B=3.0[m]

-
-

Critical
moment
section

—e

0.1 [m]—

c=14[m]
Figure 18: Critical section of moment for a strip footing to support a brick wall

M =q

[0}

N

1.4°

M =0.15 = =0147 [MN.m]

From Table 2 for fc = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient ko [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k, = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

/M
dm = kl E
d_=0.766 /% =0.294 [m]

Take d = 0.45 [m] >dm = 0.294 [m], then the section is designed as singly reinforced section.

The corresponding ki for d = 0.45 [m] is given by:

k, =0.45 ‘/i =1.174
0.147

From Table 2 at ky = 1.175, fc = 5.5 [MN/m?] and k, = 181
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4. Computing the area of steel reinforcement

The required area of steel reinforcement per meter As is:

M
&_@d
A = 0147 _ 4 001805 [m?/m]
181x0.45

A =18.05 [cm?*/m]
Chosen steel 9916/m = 18.1 [cm?/m]

5. Check of shear
The critical shear section lies a distance d = 0.45 [m] from the face of the wall as shown in Figure 19.

P = 0.45 [MN/m]

Critical shear |
section
i _
T : E
i 11 ©
¥ ™, T
.c.“”o.cc.-."-.-c Ee]
4 { do = 0.15 [MN/m]
1
—
1 =0.85 [m]
Figure 19: Critical section for shear
Stresses
Soil pressure under the footing 0o = 0.15 [MN/m?]
Allowable shear strength for concrete C 250 Qsan = 0.9 [MN/m?]

Check for section capacity

The shear force Qs is
Qs=0qol

Qs = 0.15x0.85 = 0.1275 [MN]

The shear stress gs is given by:

Q,
Bd

g =

- 38 -
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Q. = 01275 _ 5 583 [MN/n?]
1.0x0.45

gsan = 0.9 [MN/m?] >gs = 0.283 [MN/m?], the section is safe for shear.

Figure 20 shows the footing dimensions and reinforcement.

%*0.4 [m]
1013 %

[ 90 16/m ] 0.5 [m]
Section I-I B %o° 0 ° 3 f\DI°' 2ec°s o0 %° 0.15 [m]
5CD13/mA
0.15 3.0 [m] 0.15
| 9P 16/m |

5®13/m

9d16/m

SUVANMANNNNN

Plan 0.15 3.00 [m] 0.15

Figure 20: Footing dimensions and reinforcement
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Example 16: Design of a strip footing to support a concrete wall

Design a strip footing to support a concrete wall of thickness b = 0.25 [m] and reinforced by 5®13/m
in both directions, carrying a load of P = 400 [KN/m]. The allowable soil pressure is gan = 185
[KN/m?] at a depth of Df = 1.5 [m], Figure 21. Average unit weight of the soil and concrete is ya = 20
[KN/m?3].

Concrete wall P=0.4 [MN/m]
b=0.25[m]
NN Ground surface
8\ Y YA\ a7 e\
- Qan = 185 [KN/m?]
. va = 20[KN/m?]
11

D¢

Figure 21: Strip footing to support a concrete wall

The design is conducted in steps as follows:
1. Determining footing dimensions

Take 1.0 [m] strip, then
P = px1.0=400x1=400[kN]

Total load at the foundation level is given by:
_P
(1_ Ya Df j
qall
400
(1_ 20><1.5j
185

P 47742
Qan 185

P =

P = =477.42 [kN]

=2.58 [m?]

f

take B = 2.6 [m] strip footing

2. Computing the contact pressure under the footing Qo

= 0'6 =0.154 [MN/m]

=40 -

~

0o =

w| o
>
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3. Determining the depth required to resist the moment dm

The maximum bending moment lies at the wall face as shown in Figure 22.
B=2.6[m]
!

¢
T T

Critical
moment
section

c=1175[m]
Figure 22: Critical section of moment for a strip footing to support a concrete wall

2
M =0.154 1.175

=0.106 [MN.m]

From Table 2 for fc = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient ko [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k, = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

M
dm = kl E
d, =0.766 /% —0.249 [m]

Take d = 0.45 [m] >dm = 0.249 [m], then the section is designed as singly reinforced section.

The corresponding ki for d = 0.45 [m] is given by:

k=045 |20 138
0.106
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From Table 2 at k; = 1.387, fc = 4.5 [MN/m?] and k; = 183
4. Computing the area of steel reinforcement

The required area of steel reinforcement per meter As is:

M
&_@d
A = _ 0108 _ 001287 [m?/m]
183x0.45

A =12.87 [cm?*/m]

Chosen steel 7®16/m = 14.1 [cm?/m]
5. Check of shear

The critical shear section lies a distance d = 0.45 [m] from the face of the wall as shown in Figure 23.

J P = 0.45 [MN/m]

Critical shear

section
1
i
! E
i ., 11 =
[ <
cald."’;io.on;'%oooo ﬁ
A ! e
! o = 0.154[MN/m]
i
1 =0.725[m]

Figure 23: Critical section for shear

Stresses
Soil pressure under the footing o = 0.154 [MN/m?]
Allowable shear strength for concrete C 250 Qsan = 0.9[MN/m?]

Check for section capacity
The shear force Qs is

Qs=0ol
Qs = 0.154x0.725 = 0.112 [MN]

The shear stress gs is given by:

=42 -
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_Q
qs - B d
q, _ 0112 4509 MN/mE]
1.0x0.45

gsan = 0.9 [MN/m?] >gs = 0.249 [MN/m?], the section is safe for shear.

Figure 24 shows the footing dimensions and reinforcement.

-43-



Solved Examples

i
5013/m—| |
I 11.0.25 [m]
1013 i
[ 7d16/m ] 0.5 [m]
Section I-l PB%oen o8 Ag[e" Zes°t 2 p%° °-° 0.15 [m]
5d13/m
0.15 2.6 [m] 0.15
Td16/m
v | P
5013/m_—11
- s \E
| 4 b e |
- b e
Lo
7016/m |] |
/l
%
—+ +—t
Plan 0.15 2.60 [m] 0.15

Figure 24: Footing dimensions and reinforcement
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3- Design of Isolated Footings
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Example 17: Design of a square isolated footing of column 0.50x0.50 [m?]

Design a square isolated footing of column 0.50%0.50 [m?] reinforced by 4®19, carrying a load of P
= 1125 [kN]. The allowable soil pressure is gan = 198 [KN/m?] at a depth of Ds = 1.5 [m] and average
unit weight of the soil and concrete is ya = 20 [KN/m?], Figure 25.

Column P =1.125 [MN]
0.5 [m]x%0.5 [m]

Ground surface

NN B\ AN\ AN N7
£ Qan = 198 [kN/mZ]
ﬂ va = 20 [KN/m?]

D: =

Figure 25: Square isolated footing
The design is conducted in steps as follows:
1. Determining footing dimensions

P
[1_ Ya Df j
Qan

po_ 2 1308 kN]

! (1_ 20><1.5j
198

Area of footing At is obtained from:

P =

_ P 1326

= ——=6.70
f Qi 198 m ]

take A = 2.6 x 2.6 = 6.76 [m?] square footing

2. Computing the contact pressure under the footing go

g = =112 4166 (Mnm]
A, 6.76

3. Determining the depth required to resist the moment dm

The maximum bending moment lies at the column face as shown in Figure 26.
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L=2.6[m]

-
-

Critical moment
section

2.6[m]

B=

I

—t
c=1.05[m]
Figure 26: Critical section of moment

For two way footing slab, moment may be reduced by 85%, then the critical moment is:
2

M =0.85q, B -
2

2
M =0.85x0.166x 2.6 105

=0.202 [MN.m]

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k., [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k2 = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

M
dm = kl E
d_=0.766 /% =0.214 [m]

Take d = 0.45 [m] >dm = 0.214 [m], then the section is designed as singly reinforced section.
The corresponding ki for d = 0.45 [m] is given by:

K =045 |25 _161
0.202

From Table 2 at ky = 1.532, fc = 4.0 [MN/m?] and k, = 185
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4. Computing the area of steel reinforcement

The required area of steel reinforcement per meter As is:

A =222 _ 4000426 [m?/26m]
185x0.45

A =24.26 [cm?/2.6 m] =9.33[cm*/m]

Chosen steel 5®16/m = 10.1 [cm?/m] in both directions

5. Check for punching shear
The critical punching shear section lies on a perimeter at a distance d/2 = 0.225 [m] from the face of
the column as shown in Figure 27.

P = 1.125[MN]
12,' “\“ I @
= LhRRLLEEEF U

Go = 0.166[MN/m7]

A,= 0.9025 [m?]

Te)
N
N
E|lw|®
ol s, bo= 3.8 [m]
= N ¥
S fi
0.5
—
0225  0.225
0.95 [m]

Figure 27: Critical section for punching shear

Geometry (Figure 27)

Effective depth of the section

Column side
Area of critical punching shear section

d = 0.45 [m]
a=b=0.5[m]
Ap = (a + d)? = 0.9025 [m?]
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Perimeter of critical punching shear section bo=4(a+d)=3.8[m]

Loads and stresses

Column load P =1.125 [MN]
Soil pressure under the column 0o = 0.166[MN/m?]
Main value of shear strength for concrete C 250  qcp = 0.9 [MN/m?]

Check for section capacity

The punching shear force Qp is:
Qo=P-0oAp

Qp = 1.125 - 0.166x0.9025 = 0.98 [MN]

The punching shear stress qp is given by:

_Q
RLI
0.98
=" 0573 [MN/n?
% 3.8x0.45 [ ]

The allowable concrete punching strength gpain [MN/m?] is given by:

a
qpall = (05+Bj qcp < qcp

05
Gpa =(0'5+Ej 0.9<0.9

Gpan = 0.9 [MN/nY]

Opail = 0.9 [MN/m?] >qp = 0.573 [MN/m?], the section is safe for punching shear.

Figure 28 shows the footing dimensions and reinforcement.
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.
1016
[ 5®16/m ] 0.5 [M]
P00 08 Ap[e" Zec°t S g o° 0.15 [m]
5016/m—
0.15 2.6 [m] 0.15
a)Section I-1
| 5d®16/m |
L()-ﬂ-
—
O. L o
- 0.5 £
- Ne)
g S - 4019 g
5d16/m
LO-O—
—
o+
+—t +—t
b) Plan 0.15 2.60 [m] 0.15

Figure 28: Footing dimensions and reinforcement
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Example 18: Design of a square isolated footing of column 0.30x0.60 [m?]

Design a square isolated footing of column 0.30x0.60 [m?] reinforced by 6®19, carrying a load of p
= 1260 [kN]. The allowable soil pressure is gar = 165 [KN/m?] at a depth of Ds = 1.25 [m] and
average unit weight of the soil and concrete is ya = 20 [kN/m®], Figure 29.

Column P=1.26 [MN]
0.3 [m]x0.6 [m]

\ Ground surface
B\ 4 AN\ a /a7

% Ganl = 165 [KN/m?]
N va = 20 [kN/m?]
—i

1

é_ T

Figure 29: Square isolated footing
The design is conducted in steps as follows:

1. Determining footing dimensions

P
P =
! (1_ Ya Df j
qall
1260
P =—————=1485 [kN
T (1_ 20><1.25j (k]
165
Area of footing At is obtained from:
A, _ B 188 4 [m?]
Qui 165

take As = 3.0 x 3.0 = 9.0 [m?] square footing

2. Computing the contact pressure under the footing o

g =+ =22 _ 014 (MNmY]
A 90

3. Determining the depth required to resist the moment dm

The maximum bending moment lies at the column face in y-direction as shown in Figure 30.
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L =3.0 [m]

-
.

Critical moment
section in y-direction

.

3.0[m]

B=

- -

Figure 30: Critical section of moment in y-direction

For two way footing slab, moment may be reduced by 85%, then the critical moment is:

2

_ G
M, =0.85g, L =

1.35°

M, =0.85x0.14x3.0 =0.325 [MN.m]

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k., [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is ko = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

M
d, =k, ||~
L
d, =0.766 /% =0.252 [m]

Take d = 0.45 [m] >dm = 0.252 [m], then the section is designed as singly reinforced section.
The corresponding ki for d = 0.45 [m] is given by:

k=045 |9 _137
0.325

From Table 2 at k; = 1.387, fc = 4.5 [MN/m?] and k, = 183
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4. Computing the area of steel reinforcement

The required area of steel reinforcement per meter Asy in y- direction is:

Ay = ™,
Yk, d
0.325 2
=22 _0.003947 [m*/3.0m
N =183x045 [ :

A, =39.47 [cm?/3.0m] =13.16 [cm?/m]
Chosen steel 5019/m = 14.2 [cm?/m]

The critical section of moment in x-direction is shown in Figure 31. The maximum moment in x-
direction is given by:

CZ
M, =0.850,8 -

1.2°

M, =0.85x0.14x3.0 > =0.257 [MN.m]

L =3.0 [m]

Critical moment

section in
x-direction
E L
o
o
X N
m

K

S Ee—
c2=1.2[m]

Figure 31: Critical section of moment in x-direction

The required area of steel reinforcement per meter Asx in x- direction is:
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M X
&x - k2 d
A, = —0'257 =0.003121 [m2/3.0 m]
183x0.45

A, =31.21 [cm?/3.0 m] =10.40 [cm?/m]

Chosen steel 5019/m = 14.2 [cm?/m]
5. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.225 [m] from the face of
the column as shown inFigure 32.

P = 1.26[MN]

NENYEEYEN]

Go = 0.14[MN/m?]

0.45 [m]

d

Ap=0.79 [m?]

0.225 0.225

0.225 0.225

s

Figure 32: Critical section for punching shear

Geometry (Figure 32)

Effective depth of the section d =0.45[m]
Column width a=0.3[m]
Column length b=0.6[m]
Area of critical punching shear section Ap = (a+d)(b+d)=0.79 [m?]
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Perimeter of critical punching shear section bo=2(@+d+2d)=3.6[m]

Loads and stresses

Column load P =1.26 [MN]
Soil pressure under the column 0o = 0.14 [MN/m?]
Main value of shear strength for concrete C 250  qcp = 0.9 [MN/m?]

Check for section capacity

The punching shear force Qp is:
Qo=P-0oAp

Qp=1.26-0.14x0.79 = 1.15 [MN]

The punching shear stress qp is given by:

_Q
RLI
1.15
—_— 7" _0.71 [MN/m?
% 3.6x0.45 [ ]

The allowable concrete punching strength gpain [MN/m?] is given by:

a
qpall = (05+Bj qcp < qcp

0.3
Qpa =[0-5+@) 0.9<0.9

Gpan = 0.9 [MN/nY]

Qpall = 0.9 [MN/m?] >qp = 0.71 [MN/m?], the section is safe for punching shear.

Figure 33 shows the footing dimensions and reinforcement.
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1019
[ 5®19/m ] 0.5 [M]
B0 03 Nafe’ 2es°t Spe o° 0.15 [m]
5D19/m—
] |
0.15 3.0 [m] 0.15
a)Section I-1
| 5019/m |
m-o—
—
CS-u—
0.6
| |
= Loy £
S S
C"’S v
5®19/m
o+
|
o- -
+—t +—t
b) Plan 0.15 3.0 [m] 0.15

Figure 33: Footing dimensions and reinforcement
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Example 19: Design of a rectangular isolated footing

Design a rectangular isolated footing of column 0.30x0.90 [m?] reinforced by 8®19, carrying a load
of P = 1500 [kN]. The allowable soil pressure is gai = 190 [KN/m?] at a depth of D; = 1.6 [m] and
average unit weight of the soil and concrete is ya = 20 [kN/m®], Figure 34.

Column P=15[MN]
0.3 [m]x0.9 [m]
\ Ground surface
VNV v VNV
N

E _ 2
— Qan = 190 [KN/m?]
o Ya = 20 [kN/m?]
1
)

Figure 34: Rectangular isolated footing
The design is conducted in steps as follows:
1. Determining footing dimensions

P
(1_ Ya Df j

Qan
1500

[1_ 20><1.6)
190

P =

P, = =1804 [kN]

Area of footing At is obtained from:

A, =i=@:9.49 [m?]
Qi 190

take Ars = 3.4 x 2.8 = 9.52 [m?] rectangular footing
The area is chosen to be a rectangular with an offset of ¢ = 1.25 [m] in both sides.

2. Computing the contact pressure under the footing qo

6= =29 _ 0158 (MN/m]
A, 952

-57-



Solved Examples

3. Determining the depth required to resist the moment dm

The maximum bending moment lies at the column face in y-direction as shown in Figure 35.
L =3.4[m]

Critical moment
section in y-direction

2.8[m]

B =

c1=1.25[m]

-Figuré-35: Critical section of moment in y-direction
For two way footing slab, moment may be reduced by 85%, then the critical moment is:

CZ

M, =085q, L =

2
M, =085x0.158x3.4 2>

=0.357 [MN.m]

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k. [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k2 = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

M
d, =k, |-~
L
d —0766 |27 _0.25 [m]
3.4

Take d = 0.45 [m] >dm = 0.25 [m], then the section is designed as singly reinforced section.
The corresponding ki1 for d = 0.45 [m] is given by:

k=045 | > _139
0.357
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From Table 2 at k; = 1.387, fc = 4.5 [MN/m?] and k; = 183
4. Computing the area of steel reinforcement

The required area of steel reinforcement per meter Asy in y- direction is:

A, = v,
'k, d
0.357 2
=" —0.004335 [m?/3.4m
A = 183045 [ :

A, =43.35 [cm?/3.4 m] =12.75[cm?/m]

Chosen steel 5019/m = 14.2 [cm?/m]

The critical section of moment in x-direction is shown in Figure 36. The maximum moment in x-
direction is given by:

c 2
M, =0.85q, B -2~
2
1.25°
M, =0.85x0.158x2.8 =0.294 [MN.m]
L =3.4[m]

Critical moment
section in

/ x-direction

2.8[m]

B=

C2 = 1.25 [m]

Figure 36: Critical section of moment in x-direction

The required area of steel reinforcement per meter Asx in x- direction is:
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MX
A%X - k2 d
A, = ﬂ =0.003570 [m2/2.8 m]
183x0.45

A, =35.70 [cm?/2.8 m] =12.75[cm?/m)]

Chosen steel 5019/m = 14.2 [cm?/m]
5. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.225 [m] from the face of
the column as shown inFigure 37.

P = 1.5[MN]

127

—
= 0.45 [m]

NYEYNINNYNNEY

o = 0.158[MN/m?]
Ap=1.01 [m?]
E| o<
Rl 4w
e N
S
1.35 [m]
Figure 37: Critical section for punching shear
Geometry (Figure 37)
Effective depth of the section d =0.45 [m]
Column width a=0.3[m]
Column length b=0.9[m]
Area of critical punching shear section Ap = (a+d)(b+d)=1.01[m?]
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Perimeter of critical punching shear section bo=2(@+d+2d)=4.2[m]

Loads and stresses

Column load P=1.5[MN]
Soil pressure under the column 0o = 0.158 [MN/m?]
Main value of shear strength for concrete C 250  qcp = 0.9 [MN/m?]

Check for section capacity

The punching shear force Qp is:
Qo=P-0oAp

Qp =1.5-0.158x1.01 = 1.34 [MN]

The punching shear stress qp is given by:

_Q
RLI
1.34
=27 _0.71 [MN/n?
% 4.2%0.45 [ ]

The allowable concrete punching strength gpain [MN/m?] is given by:

a
qpall = (05+Bj qcp < qcp

0.3
Qpan = (o.5+@) 0.9<0.9

Upan = 0.75 [MN/m’]

Qpail = 0.75 [MN/m?] >qp = 0.71 [MN/m?], the section is safe for punching shear.

Figure 38 shows the footing dimensions and reinforcement.
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4
1d19
[ 5019/m ] 0.5 [m]
- (] (] [} [ ] ? [} = ST (] (] (] (3
[QeB s o3 dg]o 2ecot S aw 5B 0.15 [m]
5019/m
0.15 3.4 [m] 0.15
a)Section I-1
| 5019/m |
m-‘r-
—
c>'-0-
=, 0.9 -
E © = |
: I
~ 8D19 2
5019/m

To) -~
—
d -

—t +—t

0.15 3.4 [m] 0.15

b) Plan

Figure 38: Footing dimensions and reinforcement
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Example 20: Design of a footing subjected to an axial load and moment

Design a square isolated footing of column 0.50%0.50 [m?] reinforced by 4®19, carrying a load of P
= 1500 [kN] and moment of M = 750 [kN.m],Figure 39.

P= 1500 [kN]

- 0.5x0.5 [m]

M= 750 [kN.m]

-9
-
-

2.0 [m] 1.0

1.5[m]

| 1.5[m]

-

Figure 39: Footing subjected to an axial load and moment

The design is conducted in steps as follows:
1. Computing the contact pressure under the footing Qo

Total moment about y-axis is given by (Figure 40):

Mi=P xe—-M=1500 x 0.5-750 =0.0 [KN.m]
A total moment M; =0.0 [kKN.m] leads to a uniform contact pressure at the base of the footing.

The contact pressure at the base of the footing is

150

- =2 =0.167 [MN/n?
o 9.0 [ 1

_.>|'U
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P=1.5 [MN]

M= 750 [kN.m]

AEARAARA AR RARD A
Go = 0.167[MN/m?]

1.5 [m]

1.5 [m]

l

-o-

.

1.5[m] 1.5 [m]
Figure 40: Contact pressure under the base of the footing

2. Determining the depth required to resist the moment dn

The critical section of moment in x-direction is shown in Figure 41. For two way footing slab,
moment may be reduced by 85%. The maximum moment in x-direction is given by:

CZ
M, =085q, B -

1.752

M, =0.85x0.167x3.0 =0.652 [MN.m]
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L =3.0 [m]

-
-

Critical
moment
section in
x-direction

3.0[m]

B =

I
d 'y

c1=1.75 [m]
Figure 41: Critical section of moment in x-direction

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k. [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k2 = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

I\/IX
B

d, =0.766 /% =0.36 [m]

Take d = 0.45 [m] >dm = 0.36 [m], then the section is designed as singly reinforced section.
The corresponding ki for d = 0.45 [m] is given by:

k=045 |9 _0.965
0.652

From Table 2 at k; = 0.965, fc = 7.0 [MN/m?] and k = 177

d, =k

3. Computing the area of steel reinforcement

The required area of steel reinforcement per meter Asx in x- direction is:
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0.652

A= 177045

=0.008186 [M?%/3.0m]

A, =81.86 [cm?/3.0m] = 27.29[cm?/m]
Chosen steel 10019/m = 28.4 [cm?/m]
The maximum bending moment lies at the column face in y-direction as shown in Figure 42.

L =3.0 [m]

-
-

Critical moment
section in y-direction

3.0[m]

B =

- b-

Figure 42: Critical section of moment in y-direction

CZ
M, =085, L =2

1.25°

M, =0.85x0.167x3.0 =0.333 [MN.m]

The required area of steel reinforcement per meter Agy in y- direction is:

A, = s
Yk, d
0.333
=—""" =0.004181 [m?/3.0m
Ay 177 x0.45 [ ]

A, =41.81 [cm*/3.0m] =13.94[cm?/m]

Chosen steel 5®19/m = 14.2 [cm?/m]
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4. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.225 [m] from the face of
the column as shown in Figure 43.

P = 1.5[MN]

. .
.

| 125

TYRINNTEN

Qo = 0.167[MN/m?]

—
= 0.45 [m]

d

bo= 3.8 [m]
Ap= 0.9025 [m?]

d

~
~ o.
El
w| o
< o)
o N
N
o
0.5
0.225 0.225
—
0.95m

Figure 43: Critical section for punching shear

Geometry (Figure 43)

Effective depth of the section d =0.45 [m]

Column side a=b=05[m]

Area of critical punching shear section Ap = (a+ d)?=0.9025 [m?]
Perimeter of critical punching shear section bo=4(a+d)=38[m]

Loads and stresses

Column load P=1.5[MN]

Soil pressure under the column 0o = 0.167 [MN/m?]
Main value of shear strength for concrete C 250  qcp = 0.9 [MN/m?]
Check for section capacity

The punching shear force Qp is:
Qp=P-qQAp
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Qp =1.5-0.167x0.9025 = 1.35 [MN]

The punching shear stress qp is given by:

_Q
RLI
1.35
=2 _0.79 [MN/n?
% 3.8x0.45 [ ]

The allowable concrete punching strength gpain [MN/m?] is given by:

a
qpall = (05+Bj qcp < qcp

05
Gpa =(0'5+Ej 0.9<0.9

Gpan = 0.9 [MN/nY]

Qpall = 0.9 [MN/m?] >, = 0.79 [MN/m?], the section is safe for punching shear.

Figure 44 shows the footing dimensions and reinforcement.
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/]/
1@19\
['16213'1'9755 """""" T ] 0.5 [m]
0.0000°33\DI0'205°:<§D.0° °.-° 0.15 [m]
5019/m——
0.15 3.0 [m] 0.15
a)Section I-1
| 10019/m |
a-ﬂ-
d -
0.5 E
E| ! u{ [] = |
o —
% e
10019/m
Toha o
—
O.-lb—
+—4 +—
b) Plan 0.15 3.0 [m] 0.15

Figure 44: Footing dimensions and
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Example 21: Design of a circular footing for a circular column

Design a circular footing for a column 0.6 [m] in diameter, reinforced by 16®16 and carrying a load
of 1500 [kN] as shown in Figure 45. The allowable soil pressure gan = 185 [KN/m?] at a depth of Ds =
1.75 [m] and average unit weight of the soil and concrete is ya = 20 [KN/m?®].

P = 1500 [kN]

—_ Ground surface
ET WYY | B S\
2 | Oail = 185 [KN/m?]
7 | va = 20 [KN/m®]
é‘ "

|

$

3.6 [m]

D=

Figure 45: Circular footing for a circular column
The design is conducted in steps as follows:

1. Determining the footing diameter D

P

El_ ’Ya X Df j
qall

p o 100 _ie5omkN]

([, 20x175
185

Area of footing Ar is obtained from:

P =
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L T Y
Qo 185

take D = 3.60 [m], As = (n/4) x (3.60)? = 10.179 [m?]
2. Computing the contact pressure under the footing qo

The contact pressure per meter square under the base of the footing will be uniform, it's given by:

15 _p147 [MN/m?]

q =
°T A, 10179

3. Determining the maximum bending moment

The maximum bending moment acting on the footing occurs at the side face of the column in y-y
direction due to the shaded area shown in Figure 46.

Area of the shaded part:

nD? nd?
&h:OZS( Y j
n3.6° n0.6° :
A, =0.25 Y =2.474[m"]
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[ P =15 [MN]

t=0.55 [m]I

a) Section a-a

PETTTTeeees

10o = 0.147 [MN/m?] |

[
i
[
[
[
| l
[
[
[
i

I N

I
I
I
I
—t—-—
1
I
I
I
I

S = 0.806 [m]

|

’ |

1.5[m]

b) Plan I
Figure 46: Load and bending moment acting on the footing

Distance of the centroid of the shaded area from the face of the column is given by:

2 2
S =0.3(L+de—0.5d
D+d

2 2
S:0_3(3.6 +0.62+3.6x0.6

—0.5%0.6=0.806 [m]
3.6+0.6

Load acting on the shaded area is given by:
Q = QoAsn
Q =0.147 x 2.47 = 0.364 [MN]
The maximum bending moment Mmax iS given by:

Mmax = QS
- 72 -



Solved Examples

Mmax = 0.364 x 0.806 = 0.293 [MN.m]
Equivalent breadth of the shaded area may be taken as the average shaded circularly perimeter from
the column and the footing.

B=o.5(ﬂ+ﬂj
4 4

nt 36 = 0.6
+

B:O.S( j=1.649[m]

4. Determining the depth required to resist the moment dm

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k., [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k, = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d —0.766 %25 _0.323 [m]
1.649

Take d = 0.45 [m] >dmn = 0.323 [m] and t = 0.5 [m].
5. Check for punching shear

The critical punching shear section lies on a perimeter at a distance dr/2 = 0.225 [m] from the face of
the column as shown in Figure 47.

Geometry (Figure 47)

Effective depth of the section df = 0.45 [m]

Column diameter d=0.6 [m]

Area of critical punching shear section Ap = (d + dr)? /4 = 0.866 [m?]
Perimeter of critical punching shear section bo=m (d + df) =3.3 [m]

Loads and stresses

Column load P=15[MN]
Soil pressure under the column 0o = 0.147 [MN/m?]
Main value of shear strength for concrete C 250  qcp = 0.9 [MN/m?]
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P=15[MN]

|
—r‘—‘—‘—‘—““‘ﬁﬁ‘n“"—‘—‘—‘—‘—'r?—

0o = 0.147 [MN/m?]

d=0.5 [m]I / \

Section i-i

Figure 47: Critical section for punching shear

Check for section capacity

The punching shear force Qp is:
Qo=P-0oAp

Qp = 1.5 - 0.147x0.866 = 1.373 [MN]

The punching shear stress qp is given by:

d, = %
P bodf
1.373
=" _0.924 [MN/n?
% 3.3x0.45 [ ]

The allowable concrete punching strength gpan [MN/m?] is given by:
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a
Upan = (0'5"'6) Qep = Uep

qpall = (05+1) 0.9<0.9

Gpan =0.9 [MN/n?]
Qpall = 0.9 [MN/m?] ~qp = 0.924 [MN/m?], the section is safe for punching shear.

Determining the depth required to resist punching shear dp

d, = 1378 _ o .462[mi]
3.3x0.9

Take d = 0.5 [m] >dm = 0.462 [m] and t = 0.55 [m], then the section is designed as singly reinforced
section.
The corresponding ki for d = 0. 5 [m] is given by:

k=05 | =049 _11q
0.293

From Table 2 at k; = 1.19, f; = 6.0 [MN/m?] and k. = 179

6. Computing the area of steel reinforcement

Minimum area of steel reinforcement Asmin = 0.15% A = 0.0015 x 55 x 100 = 8.25 [cm?/ m]
Take Asmin = 5016 = 10.053 [cm?/ m]

The required area of steel reinforcement As is:

M max
Al d,
A =228 003274 [m?/1.649 m]
179x0.5

A =32.74 [cm?/1.649 m] =19.85[cm?*/m]

Chosen steel 7019/m = 19.90 [cm?/m]

Figure 48 shows the footing dimensions and reinforcement.
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1D10 0.6 [m] = 1D10
¢ I
t =0.55 [m] i
P L/
015 [m] | il X\ mn e |
\ 7®19/m
0.15 D =3.6 [m] 0.15
44 :lr. 4

a) Section x-x

b) Plan

Figure 48: Footing dimensions and reinforcement
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Example 22: Design of a rectangular combined footing for two interior columns (1)

Design a combined footing for two equal columns, each of 0.50x0.50 [m], reinforced by 4®19,
carrying a load of P = 1500 [kN] as shown in Figure 49. The distance center to center of columns is
3.0 [m]. The allowable soil pressure is gan = 210 [KN/m?] at a depth of Ds = 2.0 [m] and average unit
weight of the soil and concrete is ya = 20 [KN/m?].

P = 1500, [kN] R P = 1500 [kN]
Py

" 15 [m]# 3.0 [m] "Is [m]

0.5%0.5 [m]
Ground surface
O\ \AN\AN7AN\aN“a\7aN

Qan = 210 [kN/mZ]
va = 20 [kN/m?]

4

*

3.0 [m]

__._.._.._. 1.
CG

B =

It
L4

L 4

L =6.0 [m]
Figure 49: Rectangular combined footing

1. Determining footing sides L and B

Resultant of loads R at the ground surface level is given by:
R=2P =2 x 1500 = 3000 [kN]

Resultant of total loads Rt at the foundation level is given by:
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3000

Ri=— " ————
" (1 20x20
210

= 3705.88 [KN]

Area of footing At is obtained from:

_ R, _ 370588
Qan 210

A =17.65 [m°]

take Ar = 3.0 x 6.0 = 18.0 [m?] rectangular combined footing
2. Computing the contact pressure

The contact pressure per meter square under the base of the footing will be uniform. It is given by:

R 3000

% = A, 3x6

~166.67 [kN/m2]=0.167 [MN/n?]

Now, the rectangular footing is treated as a beam footing. The contact pressure per meter is given by:
q=0oB=0.167 x 3.0 = 0.5 [MN/m]
Figure 50 shows the load diagram and moment diagram for the beam footing.

3. Determining the maximum moment Mmax

From Figure 50, the maximum bending moment occurs at the face of the column which is:

2
c
M max = d ?
1.252
M. =05x =0.391 [MN.m]
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‘p 1.5 [MN] ‘p 1.5 [MN]

Iﬁl Asxb ASXb
'g """ ASy[ ASX[ . o 600
' &TZSASTSTTTATHTTATTS?A

0.5[m]

t

. g =0.5 [MN/m]
Load diagram f
c=1.25[m]
Bending moment diagram Chosen 6®19/m

Bottom reinforcement Asy,
Figure 50: Contact pressure, bending moment and critical section

4. Determining the depth required to resist the moment dm

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k. [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k2 = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d 0766 |23 _ 028 [m]
3.0

Take d = 0.45 [m] >dm = 0.28 [m], then the section is designed as singly reinforced section.

The corresponding ki for d = 0.45 [m] is given by:

k, =0.45 030 =1.25

391
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From Table 2 at k; = 1.27, f. = 5.0 [MN/m?] and k; = 182
5. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.225 [m] from the face of
the column as shown in Figure 51.

p=1.5[MN] p=15[MN]

. 0.5x05

T v
/ \ / \
/ \ . ’ \
/ \ 1.2 / \
/ \ ’ \
/ \ ’ \
/ \ ’ \
/ \ ’ \
e g 2 2 o o a o . a a2 2 2. o @

[ EERIENIN NN EERLRNL)

d=0.45

t=0.5[m]
—

a) Section a-a Qo 0o = 0.167 [MN/m?]
0.95 [m]
E E
gl 1N -
1l ©
[a]
+ +
b) Plan L=6.0[m]

Figure 51: Critical section for punching shear

Geometry (Figure 51)

Effective depth of the section d =0.45 [m]

Column side a=b=05[m]

Area of critical punching shear section Ap = (a+ d)?=0.9025 [m?]
Perimeter of critical punching shear section bo=4(a+d)=38[m]

Loads and stresses

Column load P=15[MN]
Soil pressure under the column 0o = 0.167 [MN/m?]
Main value of shear strength for concrete C 250  gep = 0.9 [MN/m?]

Check for section capacity
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The punching shear force Qp is:
Qp =P —qoAp

Qp =1.5-0.167 x 0.9025 = 1.35 [MN]

The punching shear stress qp is given by:

Qs
% =b d
135
1 _0.79 [MN/n?
% ~38x045 [ ]

The allowable concrete punching strength gpain [MN/m?] is given by:

a
Upan :(0-5+Bj Uep < Aop

05
Gpan :(O'SJ“EJ 0.9<0.9

U pan = 0.9 [MN/nY]

Qpall = 0.9 [MN/m?] >, = 0.79 [MN/m?], the section is safe for punching shear.
6. Computing the area of steel reinforcement

Minimum area of steel reinforcement Asmin = 0.15% A = 0.0015 x 50 x 100 = 7.5 [cm?/ m]
Take Asmin=5016=10.1 [cm2/ m].

The required area of steel reinforcement As is:

Mmax
k, d

Asxb =

0.391

=—""""_=0.004774 [m?/3.0m]
182x0.45

A%xb

A, =47.74 [cm?/3.0 m] =15.91[cm*/m]

Chosen steel 6019/m = 17.0 [cm?/m]
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7. Computing the steel reinforcement in transverse direction

The transverse bending moment may be approximately determined at each column by assuming that
the column load is distributed outward at 45 [°] from the face of the column over an appropriate area
as shown in Figure 52. Both sides of this area should not be greater than the breadth of the footing.

p=15[MN] P =1.5[MN]

t=05 |

= —=

. 05x05

7 N
v N
’ N ’

=0.5[m]
.

\ 7

Y YN RN NIV Y N YN YN AN
P Pw = 0.667 [MN/m?]

t

a) Elevation t ¢
2x0.5+0.5=1.5 [m]

jb—
— - a | - a |=— —_
E E
o|a . . a |
(ap] | —
1 1
@ 4

<4

t t
b) Plan L=6.0 [m]

Figure 52: Sections for determining transverse moments
Side of the loaded area L is given by:
Lr=a+2t=05+2x05=15[m]
The transverse bending moment Mt under the column is given by:

(L; —a)> 15 (1.5-0.5)2

"8 15

v, =P
8 L 8

=0.125 [MN.m]

The required area of steel reinforcement in transverse direction under the column Asr is:
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0.125

=2 _0.001526 [m?/1.5m]
182x0.45

Ax

Ast = 15.26 [cm?/1.5m] = 10.17 [cm?/m]

Chosen steel 6016/m = 12.10 [cm?/m].

The details of reinforcement in plan and section a-a through the footing are shown in Figure 53.

1 4
e <—0.5x0.5
5016/m
E T g /:- L L \- L g L L L -/ ———— N
LD. /, \\\ 1:1.'/ \\\
© ,/ N /s Sy
e o o o o o P a0 ‘o o o o o o
g 6.007/6030.\@ o'g.c;o:)gﬂ'oo o}\ozgo’oo
6®19/m 6Q16/m g 19/m 6@16/m
% % % :
1.5[m] 3[m] 1.5 [m]
a) Section a-a
£ —
S 4
¢ —\
5016/m
/ AN
~ ] ’ \E e
E| a 4019 © D sl |Hta
= 8 &4
[ 6D19/m ]
\ N\’
a1
— —
0.15 [m] 6.0 [m] 0.15 [m]
b) Plan

Figure 53: Details of reinforcement in plan and section a-a through the footing
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Example 23: Design of a rectangular combined footing for two interior columns (2)

Design a combined footing for two equal columns, each of 0.50x0.30 [m], reinforced by 4®19,
carrying a load of P = 1000 [KN] as shown in Figure 54. The distance center to center of columns is
4.5 [m]. The allowable soil pressure is gan = 150 [KN/m?] at a depth of Ds = 1.5 [m] and average unit
weight of the soil and concrete is ya = 20 [KN/m?].

P = 1000 [KN] R P = 1000 [kN]
0.5x0.3 [m]
Ground surface
' BV I 7\ U\ /a7

Qan = 150 [kN/mZ]
va = 20 [KN/m?]

1

4.5 [m]

2.6 [m]

B =

*

¢ L=6.5[m]
Figure 54: Rectangular combined footing
1. Determining footing sides L and B
Resultant of loads R at the ground surface level is given by:
R=2P =2x1000 = 2000 [kN]
Resultant of total loads Rt at the foundation level is given by:

R

(1_ Ya Df ]
Qan
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2000

Ry =———————=2500 [kN
! (1_ 20><1.5) LN]
150
Area of footing At is obtained from:
=R D0 4667 1m?]
Q150

take As = 2.6 x 6.5 = 16.9 [m?] rectangular combined footing
2. Computing the contact pressure

The contact pressure per meter square under the base of the footing will be uniform. It is given by:

d, R 2000 4184 [kN/m?]=0.118 [MN/m?]
A, 2.6x65

Now, the rectangular footing is treated as a beam footing. The contact pressure per meter is given by:
q=0o B =0.118 x 2.6 = 0.308 [MN/m]
Figure 55 shows the load diagram and moment diagram for the beam footing.
3. Determining the maximum moment Mmax
From Figure 55, the maximum bending moment occurs at the face of the column which is:
2

C
M, =0—
clq2

1.0?
M, = o.e,osxT =0.154 [MN.m]

S L/2)?
Mmax:PE_q%

2
45 @zo,em [MN.m]

Mmax =1X7—0.308X
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p=1.0[MN] p=1.0[MN]

E 12
[Te) =} Asxb ; | 2 ; Asxb

o 1 Asy[ At /
1

AiARARRARRNARIREAEE,

q =0.308 [MN/m]

Chosen 8d22/m
Top reinforcement A

Mnax= 0.623 [MN.m]

Mc1= 0.154 [MN.m] Chosen 5®16/m ]
Bending moment diagram Bottom reinforcement Ase

Figure 55: Contact pressure, bending moment and critical section
4. Determining the depth required to resist the moment dm

From Table 2 for f. = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient ko [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k, = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d, =0.766 /% =0.37 [m]

Take d = 0.45 [m] >dm = 0.37 [m], then the section is designed as singly reinforced section.

The corresponding ki for d = 0.45 [m] is given by:
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k =045 |28 _0g19
0.623

From Table 2 at k; = 0.968, fc = 7.0 [MN/m?] and k = 177

5. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.225 [m] from the face of
the column as shown in Figure 56.

p=1.0 [MN] p = 1.0 [MN]
0.5x0.3
—&
o 1l /,' ‘\\ // \\\
1] © R S S N W _— PP S VA S S S |
_ [EERINRYN) [AERINNIN] ;
a) Section a-a Qo o= 0.118 [MN/m?]
0.95 [m]
E E
S | - | R
1 o
m
+ %
b) Plan L=65[m]

Figure 56: Critical section for punching shear

Geometry (Figure 56)

Effective depth of the section d =0.45[m]

Column side a=0.5[m]and b =0.3 [m]

Area of critical punching shear section Ap=(a+d)(b+d)=0.7125[m?
Perimeter of critical punching shear section bo=2(@+b+2d)=3.4[m]

Loads and stresses
Column load P=1.0[MN]
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Soil pressure under the column 0o = 0.118 [MN/m?]
Main value of shear strength for concrete C 250  qcp = 0.9 [MN/m?]

Check for section capacity

The punching shear force Qp is:
Qp =P —qoAp

Qp=1.0-0.118 x 0.7125 = 0.916 [MN]

The punching shear stress qgp is given by:

_Q
%= d
0.916 5
="~ —0.6 [MN/m
9 3.4%x0.45 [ ]

The allowable concrete punching strength gpan [MN/m?] is given by:

a
qpall =[05+Bj qcp < qcp

05
Gy :(0'5+EJ 0.9<0.9

Qpan =0.9 [M N/n]

Qpall = 0.9 [MN/m?] >qp = 0.6 [MN/m?], the section is safe for punching shear.
6. Computing the area of steel reinforcement

Minimum area of steel reinforcement Asmin = 0.15% Ac = 0.0015 x 50 x 100 = 7.5 [cm?/ m]
Take As min = 5016 =10.1 [cm2/ m]

The required area of steel reinforcement Asy is:

_ M cl
ASXb - k2 d
0.154 2
— =" _0.00193 [m%/2.6 m
At 177 x0.45 [ ]

A, =19.33 [cm?/2.6 m] = 7.44 [cm?/m]

Chosen steel 5®16/m = 10.1 [cm?/m]
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The required area of steel reinforcement Asx is:

_ I\/Imax
Ayt = K, d
0.623 )
— %2  _0.00782 [m?/2.6 m
A 177 x0.45 [ ]

A, =78.22 [cm?/2.6 m] = 30.08 [cm?/m]

Chosen steel 8022/m = 30.4 [cm?/m]
7. Computing the steel reinforcement in transverse direction

The transverse bending moment may be approximately determined at each column by assuming that
the column load is distributed outward at 45 [°] from the face of the column over an appropriate area
as shown in Figure 57. Both sides of this area should not be greater than the breadth of the footing.

p=1.0 [MN] P =1.0 [MN]
t=0.75] ]
E // \\ /, \\
LQ ,/ \\ 1:1// \\
O 4 N // \\
II 7’ N e AY
+~ 1YY YNNIV YNNI NN AN
P Pw = 0.513 [MN/m?]
a) Elevation t ¢
Lt ==1.5[m]
1}—
—_ —f 4 |=— —= a |= —_
£ £
© | a a|™
N —
1 1
@ @
4
¢ '
b) Plan L=6.5[m]

Figure 57: Sections for determining transverse moments
Side of the loaded area L is given by:

Lr=a+2t=05+2%x05=15[m]
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Side of the loaded area Br is given by:
Br=b+2t=0.3+2x05=1.3[m]

The transverse bending moment Mt under the column is given by:

M, :g %;b)zz% %:o.oga [MN.m]

The required area of steel reinforcement in transverse direction under the column Agr is:

Ast = 12.08 [cm?/1.5m] = 8.05 [cm?/m]
Chosen steel 5®16/m = 10.10 [cm?/m].

The details of reinforcement in plan and section a-a through the footing are shown in Figure 58.
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il )
—= <— 0.5x0.3
8d22/m
pk ~ BN 1:1,” .
© // \\ ,/ \\
g 0 o NI 2 'y [y [} e, 0 @ [ ® o e
. N . 5 .
5‘ 0'007/002:\@0 2'00370/600 °>\O:>oﬂo°
5d16/m 5®16/m 5d16/m S®16/m
Lo —
a) Section a- a
Q —
O ¢ y
8d22/m
4
E| o s [ 5| e
(9\] @ 2
[ 5d16/m ]
\ ~—
a1
oﬂ
4 —
0.15 [m] 6.5 [m] 0.15 [m]
b) Plan

Figure 58: Details of reinforcement in plan and section a-a through the footing
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Example 24: Design of a rectangular combined footing for two edge columns

Design a rectangular combined footing for two equal edge columns, each carrying a load of P = 1125
[KN] as shown in Figure 59. Column sides are 0.50x0.50 [m?] while column reinforcement is 4®19.
The allowable soil pressure is dain = 210 [kN/m?] at a depth of Df = 1.5 [m] and average unit weight
of the soil and concrete is ya = 20 [KN/m?].

P R P = 1125 [kN]

0.5x0.5 [m]
Ground surface

L6\ \"4\4\"A A"/

£ Qan = 210 [kN/m?]
0 Ya = 20 [KN/m?]

1

)

2.5[m]
o1
|
|

B

Iy
b4 *

L=5.0[m]
Figure 59: Combined rectangular footing

1. Determining footing sides L and B

Resultant of loads R at the ground surface level is given by:
R=2P=2x1125=2250 [kN]
Allowable net soil pressure gnet is given by:
Onet = Cfall — Ya D= 210 — 20 x 1.5 = 180 [KN/m?]
Area of footing At is obtained from:

= R0
O 180

take Ar = 2.5 x 5.0 = 12.5 [m?] rectangular combined footing

2. Computing the contact pressure

The contact pressure per meter square under the base of the footing will be uniform. It is given by:
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g, =X =229 _ 150 [kN/m?]=0.18 [MN/n?]
A 125

Now, the rectangular footing is treated as a beam footing. The contact pressure per meter is given by:
q=0oB=0.18 x 2.5 =0.45 [MN/m]
Figure 60 shows the load diagram and moment diagram for the beam footing.

3. Determining the maximum moment Mmax

From Figure 60, the maximum bending moment in the longitudinal direction occurs at the middle of
the footing which is:

2 2
M. =P l—C —q|—=l.125 @—0.25 —0.455'0 =1.125 [MN.m]
2 8 2 8

TS
;‘ it Ao W Asbx
o 1 / Asty Asix
I k=] -_—ttt e
[

s LU TLTTTTTTTS

g =0.45 [MN/m]

¢ =0.25[m]
Mmax= 1.125 [MN.m]

|
N4 \4

My = 0.014 [MN.m]

Bending moment diagram
Figure 60: Contact pressure, bending moment and critical sections

4. Determining the depth required to resist the moment dm

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k. [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k2 = 172 [MN/m?].
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The maximum depth dm as a singly reinforced section is given by:

d —0766 |22 _051 [m]
25

Take d = 0.55 [m] > dm = 0.51 [m], then the section is designed as singly reinforced section.
5. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.275 [m] from the face of
the column as shown in Figure 61.

P = 1.125 [MN] P =1.125[MN]

- 05x05

v
\
\

7
/
/
1.2,
/

EI i3

© o

S| \

1l =l P S S S S W 2 o 4 2 a2 o o
[ARRENY

a) Section I-1 Qo= 0.18 [MN/m?] o= 0.18 [MN/m?]

0.775 [m]

B

=2.5[m]
1.05 [m]

—

Py
b) Plan T L=5.0 [m]
Figure 61: Critical section for punching shear

Geometry (Figure 61)

Effective depth of the section d =0.55 [m]

Column side a=b=0.5[m]

Area of critical punching shear section Ap=(a+d/2) (b+d)=0.81[m?]
Perimeter of critical punching shear section bo=2(@+d/2)+(b+d)=2.6[m]
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Loads and stresses

Column load P =1.125 [MN]
Soil pressure under the column 0o = 0.18 [MN/m?]
Main value of shear strength for concrete C 250 Jep = 0.9 [MN/m?]

Check for section capacity

The punching shear force Qp is:
Q=P-0qAp

Qp=1.125-0.18 x 0.81 = 0.98 [MN]

The punching shear stress qgp is given by:

gy =22
b, d
0.98 )
=——"" _—0.69 [MN/m
9o 2.6x0.55 [ ]

The allowable concrete punching strength gpan [MN/m?] is given by:

a
qpall =[05+Bj qcp < qcp

05
Gy :(0'5+EJ 0.9<0.9

Qpan = 0.9 [MN/nP]

Qpall = 0.9 [MN/m?] >q, = 0.69 [MN/m?], the section is safe for punching shear.

6. Computing the area of steel reinforcement

Minimum area of steel reinforcement Asmin = 0.15% A = 0.0015 x 60 x 100 = 9.0 [cm?/ m]
Take Asmin = 5016 = 10.1 [cm?/ m].

The required area of steel reinforcement As is:

M
Asxt - k2 d
1.125
=——"" -0.011892 [Mm?/2.5m
A 172x0.55 [ ]
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A, =118.92 [cm?®/2.5m] = 47.57 [cm?/m]

Chosen steel 13022/m = 49.4 [cm?/m]
7. Computing the steel reinforcement in transverse direction

The transverse bending moment may be approximately determined at each column by assuming that
the column load is distributed outward at 45 [°] from the face of the column over an appropriate area
as shown in Figure 62. Both sides of this area should not be greater than the breadth of the footing.

P =1.125 [MN] P

t=0.6 0.5x0.5

t=0.6 [m]

—
N
\\H

IIENRIRER] [EINEXXYX]
Pw Pw = 0.602 [MN/m?]
a) Elevation Bt =0.5+0.6=1.1 [m]
- a <—

2.5[m]

B

L=5.0[m] '
Figure 62: sections for determining transverse moments

b) Plan

Length of the loaded area Lt is given by:
Lr=a+2t=05+2x0.6=1.7[m]
Breadth of the loaded area Br is given by:
Br=a+t=05+06=11[m]

Distributed load Pw under the column is:

P _ 1125 600 (MNm?]

P = -
L, B 17x11
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The transverse bending moment Mt under the column is given by:

2 2
M, =P, B, % —0602x1.1 &0

=0.119 [MN.m]

The required area of steel reinforcement in transverse direction under the column Agr is:

0.119

=" =0.001258 [m?*/1.1m]
172x0.55

A

Ast = 12.58 [cm?/1.1m] = 11.44 [cm?/m]
Chosen steel 6016/m = 12.1 [cm?/m].

The details of reinforcement in plan and section a-a through the footing are shown in Figure 63.
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4 1
0.5%x0.5__| _
5016/m  13922/m
E | 4 T N g v -\ L g L g L T v Ty L |
© \\ 1:1 7
d \\ ,'
' Iy r [} \A 'y Iy - 'y [} [] ('] [} D’ [] [} - ”
G ByBe3o\ e S %0 oD
/ 5d16/m
6d16/m
a) Section I-1
L() —
<
O —9—
13022/m '
L4 N\
e I | 4019 S © | I I
L0 S S
N Ue) O
[ 5®16/m ]
\ N’
a1
OA
J J|
T T T h
0.15 [m] 5.0[m] 0.15 [m]
b) Plan

Figure 63: Details of reinforcement in plan and section a-a through the footing
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Example 25: Design of a rectangular combined footing for two unequal columns

Design a rectangular combined footing for an exterior column C1 of a load of 1050 [kN] and an
interior column C2 of a load of 1800 [kN] as shown in Figure 64. C1 is 0.50x0.50 [m?] and
reinforced by 6®22, while column C2 is 0.60x0.50 [m?] and reinforced by 10®22. The allowable
soil pressure gan = 185 [KN/m?] at a depth of Ds = 1.90 [m]. and average unit weight of the soil and
concrete is ya = 20 [KN/m?].

Ground surface

i A AN\ 2R . ON7ZANZANZAN
e ' .
° | | ‘ _ ,
T T Qan = 185 [KN/m?]
5 | | Ya = 20 [KN/m?]
i i
0.25 , , | = 4.75 [m] X
TT T
| |
i i
| | ©
Property line | 1050 [kN] | 1800 [kN]
| |

| |
Figure 64: Combined rectangular footing

1. Determining point of application of the resultant force

Resultant force R equals:
R =P1 + P, =1050 + 1800 = 2850 [kN]
Take the moment about C; to get the distance S:
P2l = RS
1800 x 4.75 = 2850 x S
S=3.0[m]
2. Determining footing sides L and B
L =2 X, =2 (0.25+S) =2 (0.25 + 3.0) = 6.5 [m]
Allowable net soil pressure gnet is given by:

Onet = Qail — yaDf = 185 - 20 x 1.9 = 147 [kN/mZ]
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Area of footing At is obtained from:

_ R _280_ 1939 [m?
qnet 147

f

take Ar = 6.5 x 3.0 = 19.50 [m?] rectangular combined footing, as shown in Figure 65.

X, = 3.25
)

P; = 1050 [kN]

R = 2850 [kN]
l S=3.0[m]
P, = 1800 [kN]
j& ¥ Ground surface
= [ B\ A A\
el T |
> I |
11
| |
025, , 1=4.75[m] , 15[m]
TT T T
| | -
I | i
Cl CZ
I I 3
e -,
(9]
Property line | 1050 [kN] | 1800 [kN] n
I I
i i 4
) A=6.5[u] )
T \

Figure 65: The combined rectangular ribbed footing with property line and column loads
3. Computing the contact pressure

The contact pressure per meter square under the base of the footing will be uniform. It is given by:

g = % = 280 _ 14615 [kN/m?] = 0.146 [MN/?]
A 195

Now, the rectangular footing is treated as a beam footing. The contact pressure per meter under the
footing is given by:

q=qo B =0.146 x 3.0 = 0.438 [MN/m]
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4. Determining the maximum moment Mmax

Figure 66 shows the load diagram, bending moment and shear force diagram for the beam footing.

P1=1.05[MN] P2 =1.8 [MN]

Load diagram

q = 0.438 [MN/m]

1.14 [MN]
[
/|
L,=2.4[m]
—
0.11 [MN]
4 Shear force diagram
) -0.66 [MN]
-0.94 [MN]

Mmax = - 0.996 [MN.m]

™~

Mc1 =-0.208 [MNm]

</ Bending moment diagram
0.014 [MN.m]

Mez = 0.315 [MN.m
0.493 [MN.m] . [MN.m]

Figure 66: Load, shear force and bending moment diagrams with critical sections
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The critical bending moments acting on column sides are:
Mci1 = 0.438 x (0.5)%/2 — 1.05 x 0.25 = - 0.208 [MN.m]
Mcz=0.438 x (1.5)?/ 2 = 0.493 [MN.m]

The maximum bending moment occurs at the position of zero shear. Point of zero shear locates at |,
from the outer face of the footing.

P1=ql;
1.05=0.438 x|,
I, =2.4 [m]
Mmax = ¢ (1)% 2 — P1 (I, — C1) = 0.438 x (2.4)?/ 2 — 1.05 (2.4 — 0.25) = - 0.996 [MN.m]
5. Determining the depth required to resist the moment dm

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient k; to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k., [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is ko = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

dm =k1 max

d, =0.766 /&396 =0.44 [m]

Take d = 0.45 [m] >dm = 0.44 [m] and t = 0.5 [m].
6. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.225 [m] from the face of
the column as shown in Figure 67.

Column C1

Geometry (Figure 67)

Effective depth of the section d =0.45[m]

Column side a=b=0.5[m]

Area of critical punching shear section A, = (a+d/2) (b +d)=0.689 [m?]
Perimeter of critical punching shear section bo=2(a+d/2)+(b+d)=24[m]
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Loads and stresses

Column load P =1.05 [MN]
Soil pressure under the column o = 0.146 [MN/m?]
Main value of shear strength for concrete C 250 Jep = 0.9 [MN/m?]

Check for section capacity

The punching shear force Qp is:
Q=P-0qAp

Qp =1.05-0.146 % 0.689 = 0.949 [MN]

The punching shear stress qgp is given by:

q, = Vs
P b, d
0.949
=—""" —-0.879 [MN/n?
9 2.4%x0.45 [ ]

The allowable concrete punching strength gpan [MN/m?] is given by:

a
0 pail =(05+Bj Oep chp

0.5
=105+—1]0.9<09
 pail ( 05)

0 pan =0.9 [MN/m?]

Qpall = 0.9 [MN/m?] >, = 0.879 [MN/m?], the section is safe for punching shear.

Column C2

Geometry (Figure 67)

Effective depth of the section d =0.45 [m]

Column side a=0.6[m]and b =0.5[m]

Area of critical punching shear section Ap=(a+d) (b+d)=0.998 [m?]
Perimeter of critical punching shear section bo=2(@+d)+2(b+d)=4.0[m]

Loads and stresses

Column load P=1.8[MN]
Soil pressure under the column 0o = 0.146 [MN/m?]
Main value of shear strength for concrete C 250 Jep = 0.9 [MN/m?]
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Check for section capacity

The punching shear force Qp is:
Q=P-0qAp

Qp=1.8-0.146 x 0.998 = 1.654 [MN]

The punching shear stress qp is given by:

q, = 9
P b, d
1.654 )
=——"""" -0.92 [MN/m
9 4.0 % 0.45 [ ]

The allowable concrete punching strength gpan [MN/m?] is given by:

a
0 pail =(05+Bj Oep chp

0.5
=105+—1]09<09
 pail ( 05)

0 pan =0.9 [MN/m?]

Qpail = 0.9 [MN/m?] < gp = 0.92 [MN/m?], the section is unsafe for punching shear.

Determining the depth required to resist punching shear dp

= 1.654 _0.46[m]
4.0x0.9

Take d = 0.50 [m] > dm = 0.46 [m] and t = 0.55 [m], then the section is designed as singly reinforced
section.
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P, = 1.05 [MN] P,=1.8[MN]

0.5%0.5 [m?] 0.6%0.5 [m?]

Go = 0.146 [MN/m?] Jo = 0.146 [MN/m?]

a) Section a-a

-———ﬁ Lo | '— —————— ﬁ L | L}
IE : | E E
- N 1S
| ___J o L S n
0.725 [m] 1.05 [m] @

- —t

L=6.5[m]

b) Plan
Figure 67: Critical sections for punching shear

7. Computing the area of steel reinforcement in longitudinal direction As

Minimum area of steel reinforcement Asmin = 0.15% Ac = 0.0015 x 55 x 100 = 8.25 [cm?%/ m]
Take Asmin=5016=10.1 [cm2/ m].

The required area of steel reinforcement in longitudinal direction As is show in Table 4:

Table 4: Determination of tension reinforcement in longitudinal direction

Position Breadth Moment Calculated As Chosen
B [m] M [MN.m] As=M/ (k2.d) /B reinforcement
[cm?/ m] As
Asc1 = Asca 3.0 -0.208 8.06 5016/m = 10.1 cm?
Asmax 3.0 - 0.996 38.61 11®22/m = 41.8 cm?
Asco 3.0 0.315 12.21 7®16/m = 14.1 cm?
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8. Computing the area of steel reinforcement in transverse direction Ast

The transverse bending moment may be approximately determined at each column by assuming that
the column load is distributed outward at 45 [°] from the face of the column over an appropriate area
as shown in Figure 68. Both sides of this area should not be greater than the breadth of the footing.

Column Ci1
Length of the loaded area L1 is given by:

Lt =a; +t=0.5+0.55 = 1.05 [m]
Breadth of the loaded area By is given by:
Bri=by+2t=0.5+2x0.55=1.6 [m]
The loaded area Ar1 is given by:
Ar1= L7 % Bri = 1.05 x 1.6 = 1.68 [m?]
The contact pressure under the loaded area Pwz is given by:

Py = P10 605 [MN/m?]

A, 168

The transverse bending moment Mtz under the column is given by:

1.6-05

B, —b, \° 1 2 1
Mn:PM(%j LTle:O.GZSX( j x1.05x 2 =0099 [MN.m]

The required area of steel reinforcement in transverse direction under the column Asty is:

0.099

= _ —0.001154 [m?/1.05m]
172x0.5

AsTl

Ast1 = 11.54 [cm?/1.05m] = 10.99 [cm?/m]

Chosen steel 6016/m = 12.1 [cm?/m]
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P; =1.05 [MN] P, =1.8 [MN]
0.5x0.5 [m2] 0.6x0.5 [m2] d]
t=0.55 [mi \\\1\:1 1:1///, \\\1\:1
ERERER] | EEEEEEERN

Pw1 = 0.625 [MN/m?]

a) Section a-a

Pws = 0.662 [MN/m?]

______ .
| E
a‘_f =
== =TTr o
|

______ J

|
Fr========"

I

1

I

I

I

1
l.___.'.______.l

d

B = 1.6 [m]

4

Lt =1.05 [m]
—t

L= 1.7 [m]
T T

L=6.5[m]

-

b) Plan

Figure 68: sections of transverse moment

Column Cz
Length of the loaded area Lt is given by:

Lro=a,+2t=0.6+ (2 x0.55) = 1.7 [m]

Breadth of the loaded area B> is given by:

Bra=hy+2t=05+ (2 x 0.55) = 1.6 [m]

The loaded area Atz is given by:

Ao =LmxBr=17x16=2.72 [m2]

The contact pressure under the loaded area Pw> is given by:

P
PWZ =2
Aty

18 0662 [MN/M?]

2.72
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The transverse bending moment Mr2 under the column is given by:

2 2
My, =Py, (BTZT_ij L, x%=0.662x(1'6;o'5j ><1.7><%=0.17 [MN.m]

The required area of steel reinforcement in transverse direction under the column Asr is:

_ MTZ
0.17 2
=———=0.001977 [m“/1.7m
Az 172x0.5 [ ]

Ast = 19.77 [cm?/1.7m] = 11.63 [cm?/m]
Chosen steel 6016/m = 12.1 [cm?/m]

The details of reinforcement in plan and section i-i through the footing are shown in Figure 69.
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—_—r 516/m A_H_ Dowells
1| ®19/1.23m
0.5 [m] 0.6 [m] |
—= 0=
1l
———— —_— =t —
t=0.55 N1l I P V2 I\ 11 |
[ BN L R TR T
0.15 [m] = s iz \\ 2 < b = A S\ ]
\ 6016/m N\ 5@16/m \ 6@16/m \ 5®16/m
a) Section I-1
5®22/m
6d22/m
X 2016/m )
[ 5d16/m ]
=
C)- F I,_ / — 4 — / —
;1 1.05[m] Lo 17 [m] ]
1 ~ =1
E‘ 619 g g . 10022 £ = g .
=1 = = = D S = = 1
o —r Sl I 2l o2l 2| —
i ol | =8 gl =8| =
g g ' hgl e o) o)
gl &
QJ: \_ \ | S— \ ) — \ ) S—
© 015 [m] L =65 [m] 0.15 [m]

b) Plan with transverse reinforcement
Figure 69: Footing dimensions and reinforcement
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Example 26: Design of a combined rectangular ribbed footing

Design a rectangular footing for an exterior column Cy of a load of 1200 [kN] and an interior column
C: of a load of 2250 [kN] as shown in Figure 70. Column C; is 0.50x0.65 [m?] and reinforced by
12019, while column C; is 0.60%0.65 [m?] and reinforced by 14®19. The allowable soil pressure Qall
=180 [KN/m?] at a depth of D = 1.8 [m] and the average unit weight of the soil and concrete is ya =
20 [KN/m?]. The footing has an inverted T- section.

Property line 1200 [kN] 2250 [kN]

++ +

0.25 | =5.75 [m]
Figure 70: Plan of columns with property line and column loads

9. Determining point of application of the resultant force

Resultant force R equals:
R = Py + P2 = 1200 + 2250 = 3450 [KN]
Take the moment about C; to get the distance S:
P2l =RS
2250 x 5.75 =3450 x S
$=3.75 [m]
10. Determining footing sides L and B
L=2(0.25+S) =2 (0.25+3.75) = 8.0 [m]
Allowable net soil pressure gnet is given by:
Qnet = Gall — YaDr= 180 — 20 x 1.8 = 144 [KN/m?]

Area of footing Ar is obtained from:
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=R 309396 m?]
G 144

take Ar = 8.0 x 3.0 = 24.0 [m?] rectangular combined footing, as shown in Figure 71.

Xp = 4.0 [m]

P1 = 1200 [kN
! [kN] R = 3450 [KN] | P, = 2250 [KN]

S=3.75 [m]

¥ Ground surface

D= 1.8 [m]
[ l

0.25 | =5.75 [m]

i
+

Property line

B

1200 [kN] | 2250 [kN]

| 1

1

A=8.00[u]

d
T

Figure 71: The combined rectangular ribbed footing with property line and column loads

P i ——

11. Computing the contact pressure

The contact pressure per meter square under the base of the footing will be uniform. It is given by:

g, =% =380 _ 143 75 [kNIm?] = 0.144 [MN/]
A 24

Now, the rectangular footing is treated as a beam footing with inverted T-section.
The contact pressure per meter under the footing is given by:

4= o B =0.144 x 3.0 = 0.431 [MN/m]
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12. Determining the maximum moment Mmax

Figure 72 shows the load diagram, bending moment and shear force diagram for the beam footing.

P;=1.2 [MN] P2=2.25[MN]

m oad diagrem

g =0.431 [MN/m]

1.388 [MN]
A
/|
L, =2.784 [m]
——
0.108 [MN]
4 Shear force diagram
) -0.862 [MN]
- 1.092 [MN]

Mmax = - 1.370 [MN.m]

™~

Mc1 =-0.246 [MNm]

</ Bending moment diagram
0.013 [MN.m]

Mez = 0.623 [MN.m
0.863 [MN.m] . [MN.m]

Figure 72: Load, shear force and bending moment diagrams with critical sections of the rib

-113 -



Solved Examples

The critical bending moments acting on column sides are:
Mc1=0.431 x (0.5)%/2 — 1.2 x 0.25 = - 0.246 [MN.m]
Mc2=0.431 x (1.7)*/ 2 = 0.623 [MN.m]

The maximum bending moment occurs at the position of zero shear. Point of zero shear locates at |,
from the outer face of the footing.

P1=ql;
1.2=0.431x 1,
|, = 2.783 [m]
Mumax = q (I2)% 2 — P1 (I, — C1) = 0.431 x (2.783)2/ 2 — 1.2 (2.783 — 0.25) = - 1.370 [MN.m]
13. Determining the depth of the rib d
Determining the depth dm required to resist the longitudinal moment Mmax
The section of the footing is T- section with depth dmw and breadth of flange Br
Br is the least of:
B=3.0[m]
4b=4x05=20[m]
1/4 Span=5.2/4 =13 [m]

Take Br=1.3[m]

From Table 2 for f. = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient ko [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k, = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d =0766 |23 —0.79 [m]
13

Take d =0.8 [m] >dm =0.79 [m] and t = 0.85 [m]

Check for section capacity to resist maximum shear force Qmax
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The maximum critical shear section lies at a distance d/2 = 0.375 [m] from the side face of the
internal column.

Effective depth of the section d=0.8[m]

Rib width b =0.65 [m]
Main value of shear strength for concrete C250 e = 0.9 [MN/m?]
Max.value of shear strength for concrete C250 02 = 1.9 [MN/m?]

for maximum shear force Qmax:
Q(x)=0.431X-1.2
X=6-0.3-0.4=5.3[m]
Qmax =0.431 x 5.3 -1.2 =1.086 [MN]

The shear stress q is given by:

_ Qe
9T
1.086
=——"" =209[MN/m?*]>q, =1.90[MN/m?
9= 0.65x08 [ 1>, [ |

Determining the depth ds required to resist the shear force Qmax

d, - Qe
ba,

1.086

S =———> =0.88[m]
0.65x1.90

Take d = 0.95 [m] > ds = 0.88 [m] and t = 1.0 [m], then the section is designed as singly reinforced
T- section.
14. Determining the depth df required to resist the transverse moment M+

The maximum transverse bending moment M~ lies at the rib face as shown in Figure 73. Mt value is
given by:

Mr=qo % 1.0x (¢)2/2=0.144 x 1.0 x (1.175) 2/ 2 = 0.099 [MN.m]
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C=1.175[m]

0.65 [m]
—

1.0 [m]

t=
=05
—+

A 4 A **“k

o = 0.144 [MN/m?]

B=3.0[m]

P e
T

---

Cross section of the footing

1.0 [m]

. C=1175[m]

T T

Part plane of the footing
Figure 73: Critical section of transverse moment

di =k My
1.0[m]
d, :0.766‘/%89 =0.242[m]

Take df = 0.45 [m] > 0.242 [m] and ts = 0.5 [m], then the section is designed as singly reinforced
section.

The footing depth d is:

15. Computing the area of steel reinforcement in longitudinal direction As

At first, we should calculate the position of the neutral axis:
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K = 30
f.(r+1)

f. = 9.5 [MN/m?] = 95 [kg/cm?] r=f,/f.= 200/ 9.5 = 21 [-]
K= |—39  _01108
95(21+1)
:
7k, M _g1108 13710 _ 35 g9cmy <t = 50 [cm]
B, 130

The neutral axis lies inside the slab footing, so the section is treated as rectangular section with Bt
and dm as shown in Figure 74.

b =0.65 [m]
- >
As
E E
3 —_ S
3 — N > A E .
I .E,I re o n
ke b= o
S M I
--- 1 = ---
N
Br = 1.44 [m]

¢ \

Figure 74: T- section subjected to longitudinal moment Mmax

Minimum area of steel reinforcement Asmin = 0.15% Ac = 0.0015 x 50 x 100 = 7.5 [cm?/ m]
Take As min = 5016 =10.1 [cm2/ m]

The required maximum area of steel reinforcement in longitudinal direction Asmax is:

Mmax
Asmax - k2 d
1.37
=——""=0.00839 [m*]=83.9 [cm?
A 172x0.95 "] [ ]

Chosen steel 18®25 = 88.2 [cm?]

The required area of steel reinforcement for sec. 2 in longitudinal direction Asc: is:

-117-



Solved Examples

_ MCZ
ASCZ - k2 d
0.623 ) 2
=2  _0.003813 [m?]=38.13 [cm
Acz 172x0.95 [m°] [om”]

Chosen steel 8025 = 39.28 [cm?]
16. Check for shear stress

The maximum critical shear section lies at a distance d/2 = 0.475 [m] from the side face of the
internal column.

for maximum shear force Qmax:
Q(X) = 0.431 X- 1.2
X=6-0.3-0.475=5.225 [m]
Qmax =0.431 x 5,225 - 1.2 = 1.052 [MN]

The shear stress q is given by:

_ Qe
LY
q=—=052 9 704[MN/?]
0.65x0.95

02 = 1.9 [MN/m?] >q = 1.704 [MN/m?] >¢c = 0.9 [MN/m?]
The shear would be resisted using vertical stirrups and bent bars.

Shear stress carried by stirrups
Using stirrups 5¢10/ m, 4 branches @ 200 [mm]

:Ast fs

% bS

_ (4x78.5%107°)x 200

. = 0.483[MN/n?]
0.65%0.2

Shear stress carried by bent bars
Osb = Gs — Qss = 1.254 — 0.483 = 0.771 [MN/m?]

A s

G =" (sine +cos )
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0.771= X200
0.65x0.95

(sin 60° + cos 60")
Asp = 0.001742 [m?] = 17.42 [cm?]
Use bent bars 425 = 19.635 [cm?]
17. Computing the area of steel reinforcement in transverse direction Ast

The required area of steel reinforcement in transverse direction Asr is:

MT
0.099
= ——=  =0001279 [m?*/m]=12.79 [cm?/m
Ar 172x 045 [ ] [ :

Chosen steel 5®19 = 14.2 [cm?/m]

The details of reinforcement in plan and sections a-a and i-i through the footing are shown in Figure
75
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Stirrups 510/ m
4 branches @ 200 [mm]

2016 A
0.65 [m] —= <— \ 0.65 [m] —= —
\ 15 /i
_ == REE ---\t\-------- I L W e i o o O L LA L)
=05 [m]l = 607 N i
0.15 [m]3 e e 0.15 [m]
Ns5019
a) Section a-a
6®25
6D25
: 2125
4®25
r_/ \
425 ]
[
91
o 1
£
2
= 12019 14019 &
ola—. K. . a1l a
o
o ( 5P16/m )
o _
o .
|
0.15 L =8.0 [m] 0.15
b) Plan with transverse reinforcement
b =0.65 [m]
—
- Stirrups 5010/ m

18®25 = 4 branches @ 200 [mm]
1D19 D16 11T

t=10[m] | |p=—————_ L Y e
L 2016 1 ty=0.5 [m]
|:,“\‘ :/444. — :"A‘u P ~j‘4'.~ " " " 'AAA'AA ] 0.15 [m]
\sorgm 492 5®19/m
0.15 B =3.0[m] 0.15
—— —4—+

c¢) Cross section i-i
Figure 75: Footing dimensions and reinforcement
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Example 27: Design of a combined footing for three equal columns

Design a combined footing for three equal columns, each of 0.50%0.50 [m], reinforced by 4®19,
carrying a load of P = 1500 [kN] as shown in Figure 76. The distance center to center of columns is
3.0 [m]. The allowable soil pressure is gan = 210 [KN/m?] at a depth of D= 2.0 [m] and average unit
weight of the soil and concrete is ya = 20 [KN/m?].

P = 1500 [kN] | P =1500 [kN] |P = 1500 [kN]

0.5%0.5 [m]

Ground surface
YT T YT T [ YY WYY YW
‘ ‘ Qan = 210 [kN/mZ]
¥a = 20 [KN/m®]

e e e e
1.5 [m] 3.0 [m] 3.0[m] 15[m]

3.0 [m]

B =

-
F.

L=9.0[m]
Figure 76: Combined rectangular footing for three columns

1. Determining footing sides L and B

Resultant of loads R at the ground surface level is given by:
R =3P =3 x 1500 = 4500 [kN]
Allowable net soil pressure gnet is given by:
Onet = Gail — YaDr= 210 — 20 x 2.0 = 170 [KN/m?]
Area of footing As is obtained from:

= R0 o647 m]
q. 170

take As = 3.0 x 9.0 = 27.0 [m?] rectangular combined footing
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2. Computing the contact pressure
The contact pressure per meter square under the base of the footing will be uniform. It is given by:

dy =4 =220 ~166.67 [kN/m?]=0.167 [MN/']

Now, the rectangular footing is treated as a beam footing. The contact pressure per meter is given by:
q=0oB=0.167 x 3.0 = 0.5 [MN/m]

Figure 77 shows the load diagram and moment diagram for the beam footing.

3. Determining the maximum moment Mmax

From Figure 77, the maximum bending moment in the longitudinal direction occurs at the middle of
the footing which is:

2 2
M_ =P %:0.5 125 _ 391 [MN.m]
P =1.5[MN] P =1.5[MN] P =1.5[MN]

Asbx < | 2 7
: Asly Aslx

il TTT‘TT‘H”T“ AREREAEARIRE;

J g=0.5 [MN/m]
Tc=125m
Load diagram

Mmax_%W W W

Chosen 619/m

=0.5[m]
+——t

d=0.45

—

Bending moment diagram

Bottom reinforcement Agyp
Figure 77: Contact pressure, bending moment and critical sections

-122 -



Solved Examples

4. Determining the depth required to resist the moment dm

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k. [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k2 = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d =0766 |29 _ 028 [m]
3.0

Take d = 0.45 [m] >dm = 0.28 [m], then the section is designed as singly reinforced section.

The corresponding ki for d = 0.45 [m] is given by:

k =045 |0 _195
0.391

From Table 2 at k; = 1.27, f. = 5.0 [MN/m?] and k; = 182
5. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.225 [m] from the face of
the column as shown in Figure 78.
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P =1.5[MN] P =1.5[MN] P = 1.5 [MN]
p— f — N—
= ‘é_ 0.5%0.5 ‘ ‘
%I ?L 12 12 | 12 A
(=} 1l / \ / \ /
“ Lo JIP N I ST Y TR T T S ET TN T IR TS TS MR — 4 &/ Y 4 ry Y ry
- [ERXIRERY] [RIXXIXXY] [RIXRIYRY]
_ Qo= 0.167 [MN/m?] Qo Qo
a) Section I-1
T 0.95 [m]
¢
g —
= E
e 1 I e
1 2
m o
¢ t
b) Plan L=60[m]

Figure 78: Critical section for punching shear

Geometry (Figure 78)

Effective depth of the section
Column side
Area of critical punching shear section

d = 0.45 [m]
a=b=0.5[m]
Ap = (a + d)? = 0.9025 [m?]

Perimeter of critical punching shear section bo=4(a+d)=3.8[m]

Loads and stresses

Column load
Soil pressure under the column

P=1.5[MN]
0o = 0.167 [MN/m?]

Main value of shear strength for concrete C 250  qcp = 0.9 [MN/m?]

Check for section capacity
The punching shear force Qp is:

Qp =15-

The punching shear stress qp is given by:

Qp=P—0oAp

0.167 x 0.9025 = 1.35 [MN]
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Qp
% =b d
1.35
=— """  —=0.79 [MN/m?
%o 3.8x0.45 [ ]

The allowable concrete punching strength gpain [MN/m?] is given by:

a
Qpan :(0-5"'6) Uep < op

05
Gpan :(0'5+ﬁj 0.9<0.9

Upan = 0.9 [MN/n]

Qpall = 0.9 [MN/m?] >qp = 0.79 [MN/m?], the section is safe for punching shear.
6. Computing the area of steel reinforcement

Minimum area of steel reinforcement Asmin = 0.15% Ac = 0.0015 x 50 x 100 = 7.5 [cm?/ m]
Take Asmin = 5016 = 10.1 [cm? m].

The required area of steel reinforcement As is:

_ M max
ASXb - k2 d
0.391 2
— 2% _0.004774 [m?/3.0m
At 182 x0.45 [ ]

A, =47.74 [cm?*/3.0 m] =15.91[cm?/m]

Chosen steel 6019/m = 17.0 [cm?/m]
7. Computing the steel reinforcement in transverse direction

The transverse bending moment may be approximately determined at each column by assuming that
the column load is distributed outward at 45 [°] from the face of the column over an appropriate area
as shown in Figure 79. Both sides of this area should not be greater than the breadth of the footing.

-125 -



Solved Examples

P =1.5[MN] ) =
I;ES“ ‘a— 0.5x0.5 ‘ ‘ ‘
E IV 1V 111
pat I e 1 e AN L’ “ 11
o ,/ \\ ,/ \\ ,, \\
x 2 A3 4 \ 4 S
- TR TRy AR A A sy SfTAfaaraassss
Pw=0.667 [MN/m?] Pu Pu
a) Elevation 2x0.5+0.5=1.5m
B A . A e A e E
A | | | Sl
" 11T —
1 -
” a
t Y
b) Plan ¢ oo ;

Figure 79: sections for determining transverse moments
Side length of the loaded area L is given by:
Lr=a+2t=05+2x05=15[m]
The transverse bending moment Mt under the column is given by:

P(L —a) 15(.5-05)
M, =— T2 =2 =Y

=2 =0.125 [MN.m]
8 L, 8 15

The required area of steel reinforcement in transverse direction under the column Asr is:

M,
0.125 )
=% —0.001526 [m?/1.5m
Ar 182 x0.45 [ :

Ast = 15.26 [cm?/1.5m] = 10.17 [cm?/m]

Chosen steel 6016/m = 12.1 [cm?m]. The details of reinforcement in plan and section a-a through
the footing are shown Figure 80.
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\/\__ — E—
— 0.5x0.5
5d16/m
E L[] L] L] L] [ ] [ L] L] L J L] . . L J . * L] L J L] L] - L ] o
- [ ]
o
2. B%0°0°38D0 o 3e5°8 3B %083 0°38/0 o Sws°s 50|
6®19/m 6016/m 6D 16/m 6D16/m
6®19/m 6®19/m
% : % % +
1.5 [m] 3 [m] 3[m] 1.5 [m]
a) Section I-1
0
o
p—
5016/m , 5d16/m .
' 4 AY
= £
% ' 4019 S g B
[6(1)19/m N be19m )| 6w19/m ]
/ N’
5
o
JEe e
T T T
0.15 [m] 9[m] 0.15 [m]
b) Plan
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Example 28: Design of a combined footing for three unequal columns

Design a combined rectangular footing for three columns. Edge columns C; and Cs have dimensions
of 0.3x0.5 [m?], reinforcement 6019 and a load of 1000 [kN], while the central column C, has
dimensions of 0.5x0.75 [m?], reinforcement 10025 and a load of 3000 [KN] as shown in Figure 81.
The allowable soil pressure gan = 210 [KN/m?] at a depth of Df = 2.0 [m] and the average unit weight
of the soil and concrete is ya = 20 [KN/m?].

P; = 1000 [kN] P, = 3000 [kN] P5 = 1000 [kN]

Ground surface
N7

Qan = 210 [kN/mz]
va = 20 [kN/m?]

—— —_— e — - —f

- et o — — -
- —t— e —.

025 4.75 [m] 4.75 [m] 025
T T
| l ' -
| | i1 T
| C: | C G| E
- S Y —— -
| 1000 [kN] | 3000 [kN] 1000 [kN] ||
! % oL
R L=10.0[m] ,
T T

Figure 81: Combined rectangular footing for three unequal columns
1. Determining footing sides L and B

Resultant of loads R at the ground surface level is given by:
R=2P;+P2=2x1000 + 3000 = 5000 [kN]
Allowable net soil pressure gnet is given by:
Qnet = Cant — yaDs= 210 — 20 x 2.0 = 170 [KN/m?]

Area of footing At is obtained from:
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=R P00 59 41 [m?]
G 170

take As = 10.0 x 3.0 = 30.0 [m?] rectangular combined footing
2. Computing the contact pressure

The contact pressure per meter square under the base of the footing will be uniform. It is given by:

a :Aﬂ :% _166.67 [kN/m?]=0.167 [MN/n?]
f

Now, the rectangular footing is treated as a beam footing. The contact pressure per meter is given by:
q=0oB=0.167 x 3.0 = 0.5 [MN/m]

3. Determining the critical bending moments

The maximum bending moment in the longitudinal direction of the footing occurs at the side face of
the center column. Figure 82 shows the load diagram, bending moment and shear force diagram for
the beam footing.
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P, = 1.0 [MN] P,=3.0 [MN] P;=1.0 [MN]

Load diagram

AR RRERARRARRARRRREAREAREARERREEAEN

g = 0.5 [MN/m]
1.5 [MN]
/1
7
0.875 [MN]
L, =2.0 [m]
0.125 [MN]
4 i Shear force diagram
-0.125 [MN]
-0.875 [MN]
4
-1.5 [MN]
Mmax = - 0.75 [MNm] Mmax = - 0.75 [MNm]
Meci = - 0.1875 [MN.m] Mcs = - 0.1875 [MN.m]
\ Bending moment diagram

Mcz = 0.973 [MN.m]

1.5 [MN.m]
Figure 82: Load, shear force and bending moment diagrams with critical sections

The critical bending moments acting on column sides are:
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Mci = Mcs = 0.5 x (0.5)2— 1.0 x 0.25 = - 0.1875 [MN.m]
Mcz = 0.5 x (4.625)%— 1.0 x 4.375 = 0.973 [MN.m]

The maximum bending moment occurs at the position of zero shear. Point of zero shear locates at I,
from the outer face of the footing.

Pi=ql;
1=05x1I,
I, =2.0 [m]
Mmax = ¢ (I )? / 2 —P1 (1~C1)
Mpmax = 0.5(2.0 )2/ 2 — 1(2.0 — 0.25) = - 0.75 [MN.m]

4. Determining the depth required to resist the moment dm
From Table 2 for f. = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k., [MN/m?] to obtain the tensile

reinforcement for singly reinforced section is ko = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d, =0.766 /% =0.436 [m]

Take d = 0.45 [m] >dm = 0.436 [m], and t = 0.5 [m]
5. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.225 [m] from the face of
the column as shown in Figure 83.

Column C2

Geometry (Figure 83)

Effective depth of the section d =0.45 [m]

Column side a=0.75[m]and b = 0.5 [m]
Area of critical punching shear section Ap=(a+d)(b+d)=114[m?
Perimeter of critical punching shear section bo=2(@+d)+(b+d)=43[m]
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Loads and stresses

Column load P =3.0[MN]

Soil pressure under the column 0o = 0.167 [MN/m?]
Main value of shear strength for concrete C 250  qcp = 0.9 [MN/m?]
Check for section capacity

The punching shear force Qp is:
Q=P-0qAp

p=3.0-0.167 x 1.14 = 2.81 [MN]

The punching shear stress qgp is given by:

_ 9
%= d
2.81
== —1.452 [MN/m?
% 4.3%0.45 [ ]

The allowable concrete punching strength gpan [MN/m?] is given by:
a
qpall =[05+Bj qcp < qcp

0.75
qpall = (OS‘FEJ 0.9<09

Qpan = 0.9 [MN/nP]

Qpall = 0.9 [MN/m?] <qp = 1.452 [MN/m?]
Determining the depth required to resist punching shear dp

d =281 6 706[m]
» = 23x0.9

Take d = 0.75 [m] >dm = 0.726 [m] and t = 0.8 [m], then the section is designed as singly reinforced
section.
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P, = 1.0 [MN] P, =3.0 [MN] P3 = 1.0 [MN]
0.5x0.3 [m?] 0.75x0.5 [m?] Kl] 0.5x0.3 [m?]
N 12 12/ \1:2 12/ Id =0.75 [m]
PP A VP oo o s
freey | EEEXRR) JARER
0o = 0.167 [MN/m?] Go = 0.167 [MN/m?] Go = 0.167 [MN/m?]

a) Section a-a

-
=== = FeTT T - —_t === —
N S_— | = El g oz
_-_: 3 I - 1 & 8 :_-_ =
g - ! I — L I
--—- [ J -=— o
0.875 [m] 15 [m] 0.875 [m]
L
-
# L =10.0 [m] %
b) Plan

Figure 83: Critical section for punching shear
Column C1=Cs

Geometry (Figure 83)

Effective depth of the section d =0.75[m]

Column side a=0.5[m]and b =0.3[m]

Area of critical punching shear section Ap=(a+d/2) (b +d)=0.91875[m?]
Perimeter of critical punching shear section bo=2(@a+d/2)+(b+d)=2.8[m]

Loads and stresses

Column load P =1.0 [MN]
Soil pressure under the column 0o = 0.167 [MN/m?]
Main value of shear strength for concrete C 250  qcp = 0.9 [MN/m?]

Check for section capacity

The punching shear force Qp is:
Qp=P—0oAp

Qp=1.0-0.167 x 0.91875 = 0.847 [MN]
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The punching shear stress qp is given by:

_Q
%= d
0.847
= —0.403 [MN/n?
% 2.8x0.75 [ ]

The allowable concrete punching strength gean [MN/m?] is given by:

a
qpall =[05+Bj qcp < qcp

05
Gy 2(0'5+Ej 0.9<0.9

Qpan = 0.9 [MN/nP]

Opan = 0.9 [MN/m?] >, = 0.403 [MN/m?], the section is safe for punching shear.

6. Computing the area of steel reinforcement in longitudinal direction As

Minimum area of steel reinforcement Asmin = 0.15% Ac = 0.0015 x 80 x 100 = 12.0 [cm?%/ m]
Take Asmin = 5019 = 14.176 [cm?/ m].

The required area of steel reinforcement in longitudinal direction As is shown in Table 5:

Table 5: Determination of tension reinforcement in longitudinal direction

Position Breadth Moment Calculated As Chosen
B [m] M [MN.m] As=M/ (k2.d) /B reinforcement
[cm?/ m] As
Asc1 = Ascs 3.0 -0.1875 4.845 5019/ m
Asc2 3.0 0.9727 25.134 9d19/ m
Asmax 3.0 - 0.7500 19.380 7019/ m

7. Computing the steel reinforcement in transverse direction

The transverse bending moment may be approximately determined at each column by assuming that
the column load is distributed outward at 45 [°] from the face of the column over an appropriate area
as shown in Figure 84. Both sides of this area should not be greater than the breadth of the footing.
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Column C1=Cs
Length of the loaded area L1 is given by:

Lp=a;+t=05+0.8=1.3[m]
Breadth of the loaded area Br1 is given by:
Bri=b1+2t=03+2x0.8=19[m]
The loaded area At is given by:
Ari =Lt x Bri = 1.3 x 1.9 =247 [m?]
The contact pressure under the loaded area Pw; is given by:

R_10_ 0.405 [MN/nv]

TN, 247

The transverse bending moment Mtz under the column is given by:

2 2
M., = P, (B”—_blj LT1><1:0.405><(1'9_0'3J x1.3x = =0.169 [MN.m]
2 2 2 2

The required area of steel reinforcement in transverse direction under the column Agr is:

0.169

== -0.001310 [m?/1.3m]
172x0.75

Ax

Ast = 13.10 [cm?/1.3m] = 10.08 [cm?/m]

Chosen steel 5®16/m = 10.1 [cm?/m]
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P1=1.0 [MN] P,=3.0 [MN] Py = 1.0 [MN]
0.5x0.3[m?]  0.75x0.5 [m?] d7 0.5%0.3 [m?]
t=0.8 [mi \\\1\:1 1:1/ o \\\1\:1 l:i///
AEEEX] I EEEEEEEEEN] s

Pwi = 0.405 [MN/m?]

a) Section a-a

Pws = 0.608 [MN/m?]

Pws = 0.405 [MN/m?]

-
“““ 12 AR I SR o s
o - o oy
S = e g s
P T T G Ll I
I h I I o i o
______ 3 ® S e ) G I
-
L= 1.3 [m] L= 2.35 [m] LT3 =13 [m]
—t ¢ ¢
. L =10.0 [m] \
T T
b) Plan
Figure 84: sections of transverse moment
Column Cz

Length of the loaded area Lt is given by:

Lra=a,+2t=0.75+2 x 0.8 = 2.35 [m]

Breadth of the loaded area B> is given by:

The loaded area Atz is given by:

The contact pressure under the loaded area Pw> is given by:

P, 30

Bro=by+2t=05+2x0.8=21[m]

Ar2=L12x Br2=2.35%2.1=4.935 [m2]

= >~ -0.608 [MN/n?]

“2 A 4.935
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The transverse bending moment Mr2 under the column is given by:
Br, —b, )’ 1 21-05)° 1
M:, =P, (%} L, x§=0.608x('—2'j x 2.35xE =0.457 [MN.m]

The required area of steel reinforcement in transverse direction under the column Ast> is:

M,
k, d

AsTZ =

0.457

="~ —0.003543 [M?/2.35m
T2 7 172x0.75 [ ]

Ast2 = 35.43 [cm?/2.35m] = 15.075 [cm?/m]
Chosen steel 6019/m = 17.01 [cm?/m]

The details of reinforcement in plan and section i-i through the footing are shown in Figure 85.
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—_ 5019/m Dowells —_
®19/1.23m
0.5 [m] 0.75 [m] 0.5 [m]
_> <—
v . - - - - i .-. -/a T .". T -.\. ... 7> -~ - > ] . ./n
cosml [EH Nl imSEE e h o
= e o ol IR dde e el o . pﬂ’”!“_,_._
0.15 [m] = A P \\ 2 A\ - S\ = —
\ 5019/m N\ 5019/m \ 6019/m \ 5®19/m \ 5019/m
a) Section I-1
5019/m
2019/m 2019/m
. 4019/m )
[ 5019/m ]
=
d F I,_ 4 — 4 — 4 — /,_
o 1.3 [m] Lol 23sm] | 1.3[m]
i < = [

€ 6®19 £ £ £ 10923 E £ g 6®19 .
o| '— [ sl = 2| KAl 2| = 00+—
® ol e ) g sl =

g g hgl hgl v o) ) g g
B 2| 2 | 2

gl & gl &
ﬂ} \_ \ N \ ) S— \ ) S— ‘\_.
© 0.15[m] L =10.0 [m] 0.15 [m]

b) Plan with transverse reinforcement
Figure 85: Footing dimensions and reinforcement
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Example 29: Design of a combined ribbed footing for three unequal columns

Design a combined ribbed footing for three columns. Edge columns C; and Cs have dimensions of
0.5%0.7 [m?], reinforcement 10022 and a load of 2300 [kN], while the central column C; has
dimensions of 0.5x0.8 [m?], reinforcement 1222 and a load of 3000 [kN] as shown in Figure 86.
The allowable soil pressure gan = 235 [KN/m?] at a depth of Df = 2.0 [m] and the average unit weight
of the soil and concrete is ya = 20 [KN/m?].

P, = 2300 [kN] » = 3000 [KN] P5 = 2300 [kN]

P
} Ground surface
i

| Qan = 235 [kN/mZ]
va = 20 [kN/m?]

5.0 [m] \ 5.0 [m] , 1.5[m],
I ! ! -
I ! I _
| Cy | Co Cs | £
O S S — —12
= - i
| 2300 [kN] 13000 [kN] 2300 [kN]| o
! ! !
] ] ] -
L=13.0[m] .

-

Figure 86: rectangular ribbed footing for three unequal columns
1. Determining footing sides L and B

Resultant force R equals to:
R=2P1+ P2=2x% 2300 + 3000 = 7600 [kN]
Allowable net soil pressure gnet is given by:
Onet = CJail — YaDr= 235 — 20 x 2.0 = 195 [KN/m?]
Area of footing At is obtained from:

f _ R _T00_35474 [m?]
Qe 195

take As = 13.0 x 3.0 = 39.0 [m?] rectangular combined footing
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2. Computing the contact pressure

The contact pressure per meter square under the base of the footing will be uniform. It is given by:

g, = R =790 _ 195 kn/m?] = 0.195 [MN/n?]
A~ 39

Now, the rectangular footing is treated as a beam footing. The contact pressure per meter is given by:
q=0o B =0.195 x 3.0 = 0.585 [MN/m]

3. Determining the critical bending moments

The maximum bending moment in the longitudinal direction of the footing occurs at the side face of
the center column. Figure 87 shows the load diagram, bending moment and shear force diagram for
the beam footing.
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P, = 2.3 [MN] P, = 3.0 [MN] P; = 2.3 [MN]

m R

q = 0.585 [MN/m]

L L=39salml 15 [MN] 1.423 [MN]
0.877 [MN]
Shear force diagram
Wy W -0.877 [MN]
- 1.423 [MN] -1.5 [MN]
Mpmax = - 1.074 [MN.m] Mmax = - 1.074 [MN.m]

)i“\ (WZ\

(
/((ﬂ Bending moment diagram

Me: = 0.387 [MN.m] Mcz = 0.297 [MN.m] } | / Mc, = 0.297 [MN.m] Mes = 0.387 [MN.m]

0.658 [MN.m] 0.658 [MN.m]
0.85 [MN.m]

Figure 87: Load, shear force and bending moment diagrams with critical sections

The critical bending moments acting on column sides are:

Mc1 = Mcs = 0.585 x (1.15)2/2 = 0.387 [MN.m]
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Mcz = 0.585 x (6.1)%/2 — 2.3 x 4.6 = 0.297 [MN.m]

The maximum bending moment occurs at the position of zero shear. Point of zero shear locates at |,
from the outer face of the footing.

Pi=ql;
2.3=0.585x%1,
|, = 3.934 [m]
Mmax = q (I, )? / 2 —P1 (I~C)
Mumax = 0.585(3.934 )2/ 2 — 2.3(3.934 — 1.5) = - 1.074 [MN.m]
4. Determining the depth of the rib d

Determining the depth dm required to resist the longitudinal moment Mmax
The section of the footing is T- section with depth dn and breadth of flange Bt

Br is the least of:
B=3.0[m]
4b=4x%x05=2.0[m]
1/4 Span =5.0/4 =1.25 [m]
Take Br = 1.25 [m]
From Table 2 for f. = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k, [MN/m?] to obtain the tensile

reinforcement for singly reinforced section is k2 = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d, =0.766 ‘/1'Oj =0.71 [m]
1.25

Take d =0.75[m] >dm =0.71 [m], and t = 0.8 [m]
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Check for section capacity to resist maximum shear force Qmax

The maximum critical shear section lies at a distance d/2 = 0.375 [m] from the side face of the
internal column.

Effective depth of the section d=0.75[m]

Rib width b =0.5[m]

Main value of shear strength for concrete C250 g = 0.9 [MN/m?]
Max. value of shear strength for concrete C250 g2 = 1.9 [MN/m?]
for maximum shear force Qmax:

Q(x) =0.585 X—2.3
X=6.5-0.4-0.375=5.725 [m]
Qmax =0.585 x 5.725 — 2.3 = 1.047 [MN]

The shear stress q is given by:

_ Qe
9"
1.047
_ 1047 29 IMN/E]> g, =1.90 [MN/M?
9= 05=075 [MN/m']> g, [ ]

Determining the depth ds required to resist the shear force Qmax

ds:Qﬂ
ba,

1.047

=L _1.102[m]
0.5x1.90

Take d = 1.15 [m] >ds = 1.104 [m] and t = 1.2 [m], then the section is designed as singly reinforced
T- section.
5. Determining the depth df required to resist the transverse moment M+

The maximum transverse bending moment M~ lies at the rib face as shown in Figure 88. Mt value is
given by:

Mr=qox1.0x(c)2/2=0.195x 1.0 x (1.25) 2/ 2 = 0.152 [MN.m]
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0.5 [m]

C =1.175[m]

-

t=1.2[m]

=05
—+

- “MMKMAMK[**AA
[0 = 0.195 [MN/m?]

B=3.0[m]

---

P8
T

Cross section of the footing

1.0 [m]

C=1.175[m]

T T

Part plane of the footing
Figure 88: Critical section of transverse moment

di =k My
1.0[m]
d, :0.766‘/% =0.299[m]

Take df = 0.45 [m] > 0.299 [m] and ts = 0.5 [m], then the section is designed as singly reinforced
section.

The footing depth d is:

6. Computing the area of steel reinforcement in longitudinal direction As

At first we should calculate the position of the neutral axis:
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K = 30
f.(r+1)

fe = 9.5 [MN/m?] = 95 [Kg/cm?] r="fs/f=200/9.5=21[]
K= |—39  _01108
95(21+1)
.
7=k, M _g119g [1OT4>10° _ 25 15 1em) <t = 50 [cm]
VB 125

The neutral axis lies inside the slab footing, so the section is treated as rectangular section with Bt
and dm as shown in Figure 89.

b=0.5[m]
‘.-
s 2 A
E E
. S
h — N A T n
o £ 7 =
: I M :
N I
o &
- 1 -
N
+ Br=1.25[m] +

Figure 89: T- section subjected to longitudinal moment Mmax

Minimum area of steel reinforcement Asmin = 0.15% A = 0.0015 x 50 x 100 = 7.5 [cm?/ m]
Take Asmin = 5016 = 10.1 [cm?/ m].

The required area of steel reinforcement in longitudinal direction As is shown in Table 6:

Table 6: Determination of tension reinforcement in longitudinal direction

Position Moment Calculated As Chosen reinforcement
M [MN.m] As =M/ (ko.d) [cm?] As
Asc1 = Ascs 0.387 19.544 3022 + 4919
Asc2 0.297 15.015 6d22
Asmax -1.074 54.297 15022
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7. Check for shear stress

The maximum critical shear section lies at a distance d/2 = 0.575 [m] from the face of the internal
column.

for maximum shear force Qmax:
Q(X) = 0.585 X- 2.3
X =6.5-0.4—0.575 = 5.525 [m]
Qmax =0.585 x 5,525 - 2.3 =0.93 [MN]

The shear stress q is given by:

_ Qux
9T
q=— 298 1617 [MN/mE]
05xL15

02 = 1.9 [MN/m?] >q = 1.617 [MN/m?] >qc = 0.9 [MN/m?]
Os=Qq—Qc/2=1.617-0.9/2 = 1.167 [MN/m?]
The shear would be resisted using vertical stirrups and bent bars.

Shear stress carried by stirrups
Using stirrups 5910/ m, 4 branches @ 200 [mm)]

AT

qSS b S

_ (4x78.5x10°)% 200

=0.628[MN/n?
e 0.5x0.2 [ ]

Shear stress carried by bent bars
Osb = Os — Oss = 1.167 — 0.628 = 0.539 [MN/m?]

ina +cos a)

AT
qsb_ bd (S

0.539= 20299 (G 65 4 cos 60°)

0.5x1.15

As = 0.0011344 [m?] = 11.344 [cm?]
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Use bent bars 3d22 = 19.0 [cm?]

8. Computing the area of steel reinforcement in transverse direction Ast

The required area of steel reinforcement in transverse direction Asr is:

MT
A= K d,
0.152
= — === =0.001964 [m*/m]=19.64 [cm?/m
Ar 172x 045 [m*/m] [ ]

Chosen steel 7019 = 19.847 [cm?/m]

The details of reinforcement in plan and sections a-a and i-i through the footing are shown in Figure
90.
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Stirrups 5¢10/m
4 branches @ 200 [m
2016 @ ml
0.7[m] /=24 B
E = - 0.8 [m] —= - 0.7 [m]—= -
N 1\ \ |
0 54
- N — \ N _/ 60? . us ltf =05 [m]
"“_17_ o o g e N e e e = N -] 10.15 [m]
S ] \7®@19 /m
a) Section x-x
5022
., N 5022
5022 ’ )
y N 5022
2022 2022
3P22
[ / \ 3D22
_ ; N
. 4019 ) N 4019 )
i
Lo
1
7 o
£
10022 12022 o 10022 E
x 1L 11 x
K il & K =
1
X 5®16/m | oM
~— [Ipl%
—4d
[ S
i
0.15 L =13.0[m] 0.15
b) Plan with transverse reinforcement
b=0.5[m]
—
\/L
15@22 Stirrups 5¢10/m, 4 branches @ 200 [m]
1d19 2016 1019
t=12[m] 2016
2016 ltfz 0.5 [m]
O] N 0.15 [m]
\[smlé/m 4019 \ 719 /m
0.15 B =3.0[m] 0.15

c) Cross section i-i
Figure 90: Footing dimensions and reinforcement
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5- Design of Combined
Trapezoidal and T-Section Footings
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Example 30: Design of a trapezoidal combined footing

It is required to design the trapezoidal combined footing shown in Figure 91. The footing is support
to two columns Ciand C» spaced at |2 = 4.8 [m] apart. Due to the site conditions, the projections of
the footing beyond the centers of columns Ciand C; are limited to Iy = 0.9 [m] and Iz = 1.3 [m],
respectively. Column Cy is 0.5 [m]x0.5 [m], reinforced by 8®16 [mm] and carries a load of P1 =
1200 [kN]. Column C2 is 0.6 [m]*0.6 [m], reinforced by 12d19 [mm] and carries a load of P, =
2000 [kN]. The allowable soil pressure is gan = 265 [KN/m?] at a depth of Dr = 1.25 [m] and average
unit weight of the soil and concrete is ya = 20 [KN/m?®].

P1 = 1200 [kN] R P2 =2000 [kN]

Ground surface

— B o\ "7\ A\ AN\ 74
—| |<-0.5x0.5 [m] —
0.6x0.6 [m] Qait = 265 [KN/m?]
Ya = 20[KN/m?]

L= 0.9 [m] l,= 4.8 [m] la= 1.3 [m]

. m
C: C.G C;

L=7.0[m]
Figure 91: Combined trapezoidal footing

-

-

1. Determining footing sides Bs and B

The primary design required to establish the area of footing so that the center of footing area
coincides with the center of gravity of the resultant. This will be conducted as follows:

Resultant of loads R at the ground surface level is given by:
R =P1+ P2=1200 + 2000 = 3200 [KN]

Resultant of total loads Rt at the foundation level is given by:
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R

- (1_ Ya Df j
Qan

3200

L 20x125
265

R

R, = =3533.33 [kN]

Area of footing At is obtained from:

R, 3533.33

A. —
f Qan 265

=13.33 [m?]

Referring to Figure 91, area of the footing At is given by:
Af = % (Bs + BI )

13.33:7;20(8s +B,)

Simplifying,
Bs+B; =381

@)

Taking the moment of column loads about the center of the column Cy, the distance s between the

point of application of the resultant and the center of column C; is obtained from:

sxR=Pyxl,
s x 3200 =2000 x 4.8

s=3.0[m]

Hence, the point of application of the resultant is also the centroid of the footing area. Therefore, it
can be shown from the geometry of the footing that the distance r from the short side Bs to the center

of area is given by:

r—E B, +2B,
3 B,+B,
L B, +2B,
lL+s=—
3 B,+B
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09+3.0= 10 B, +28,
3 B,+B,
Simplifying,
2.04Bs—-B1=0.0 (2

Solving Equations (1) and (2) yields to the required dimensions of Bs and B as follows:
Bs =1.25 [m] and By = 2.56 [m]
Chosen dimensions of Bs and B, are:
Bs=1.3[m] and By = 2.6 [m]
2. Computing the contact pressure and internal forces

The contact pressure per meter square under the base of the footing will be uniform. It is given by:

R 3200

o A T 05x([L3+26)x7.0

=234 [KN/m?]=0.234 [MN/n?]
Now, the trapezoidal footing is treated as a beam. In this case the contact pressure under the base of
the footing per meter will be linear. The contact pressure per meter at the short side is given by:
Os = o Bs = 0.234 x 1.3 = 0.304 [MN/m]
While the contact pressure per meter at the long side is given by:
Qi = (o Bi=0.234 x 2.6 = 0.608 [MN/m]

To draw the contact pressure, shear force and bending moment diagrams for the beam footing,
general expressions for these parameters are required. General expression for the contact pressure per
meter g(x) at a distance x from the short side is given by:

q(x)=0q,+(q, - qs)% =0.304 + (0.608—0.304)%

q(x) = 0.304 + 0.043 X
Shear force Q(x) due to linear contact pressure is given by:
Q(X) = q(x) dx
General expression for the shear force Q(X) at a distance x from the short side is given by:

Q(x) = J(0.304+0.043X ) dx
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Q(x) =0.304X +0.022X 2
Moment M(x) due to linear contact pressure is given by:
M (x) =] Q(x) dx
General expression for the moment M(x) at a distance x from the short side is given by:

M (x) = [(0.304X +0.022X ) dx
M (x) =0.152X ? +0.007 X *

Figure 92 shows the contact pressure, shear force and moment diagrams for the beam footing using
the above general expressions.

3. Determining the maximum moment Mmax

The maximum negative bending moment in the longitudinal direction occurs at the point of zero
shear between columns. Equating the shear forces to zero at that point gives the distance x of
maximum bending moment from the short side. At point of zero shear is:
Q(x)-P1=0.0
0.304X +0.022X? -1.2=0.0
Solving this equation gives:
X =3.22[m]

The maximum bending moment at the point of zero shear due to contact pressure and Py is given by:

Mmax = M(X) — P1(X — 1)

M, =0.152X2+0.007X°*—P, (X —1,)
Mmax = 0.152 x 3.222 + 0.007 x 3.22%-1.2(3.22 —0.9)
Mmax = - 0.974 [MN.m]

Footing breadth B at any section is given by:

B=B, +(B - Bs)ﬁ 13+ (26-13) 2
L 7.0

Simplifying,
B=13+0.186 X
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Footing breadth B at the section of maximum moment is:
B=1.3+0.186 X

B=13+0.186 x 3.22 = 1.9 [m]

4. Determining the moment at critical sections Mc1 and Mc2

The critical sections of positive moments in the longitudinal direction lie at the faces of the columns
as shown in Figure 92.

The moment at the face of column C; is given by:
M,, =0.152X? +0.007 X ®

Mci = 0.152 x 0.65% + 0.007 x 0.65°
Mc1 = 0.066 [MN.m]
Footing breadth By at the face of column Cy is:
B1=1.3+0.186 X
B1=1.3+0.186 x 0.65 = 1.42 [m]
The moment at the face of column C; is given by:
Mcz = 0.152 (I1 + I2+ 0.3) + 0.007 (I1 + I2+ 0.3)* — P1 (I + 0.3) — (0.3 Py)
Mcz = 0.152 x 62+ 0.007 x 6 — 1.2 x 5.1 - 0.3 x 2
Mc2 = 0.264 [MN.m]
Footing breadth B: at the face of column C:is:
B>=1.3+0.186 X

B2 =1.3+0.186 x 6 = 2.42 [m]
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P1=1.2 [MN] P2=2[MN]

‘ (As)) c1
Ast
7 ]

B

353_1:()&).. ................ o
oS | © sy) CT \ sy) c2
nle A A2

A N \

y A

A

Contact pressure go
0o = 0.234 [MN/m?]

Contact pressure q(x) q(x)

gs = 0.304 [MN/m]
gz = 0.608[MN/m]

L
T
1.248 [MN]

0.291[MN]
Shear force Q(x) ‘/Il
-0.91[MN] | -0.752 [MN]
L Mua=-0.974 [MN.m]

Point of zero shear

\Lﬂm/czjo.zm [MN.m]

Moment M(X) ~

Mci = 0.066 [MN.m] |

i |
I

|
| 322[m]
|

2.42 [m]

1.42 [m]

B,

B:

Critical sections

Figure 92: Internal forces and critical sections

- 155 -



Solved Examples

5. Determining the depth required to resist the moment dm

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k. [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k2 = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d, =0.766 /% =0.55 [m]

The critical punching shear section lies on a perimeter at a distance d/2 = 0.275 [m] from the face of
the column as shown in Figure 93.The check for punching shear under columns Ciand C; is shown in
Table 7.

6. Check for punching shear

P1=1.2 [MN] P2=2[MN]

A,,‘ ‘Q_ 0.5%0.5 = ’VO.GXO.G

a) Section I-1 o = 0.234 [MN/m?] 0o = 0.234 [MN/m?]

1.05 [m] TIETm T
1 A5 [ml,
E E
™ [{e]
1 1
o 7)
t f
b) Plan L=7.0[m]

Figure 93: Critical section for punching shear
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Table 7: Check for punching shear

Load, stress and geometry Column C; | Column C;
Column load P [MN] 1.2 2.0
Contact pressure ¢, [MN/m?] 0.234 0.234
Column sides a x b [m?] 0.5%0.5 0.6x0.6
Footing thickness d [m] 0.55 0.55
Critical perimeter b, = 4 (a + d) [m] 4.2 4.6
Critical area A, = (a + d)? [m?] 1.1025 1.3225
Punching load Q, = P — q.A, [MN] 0.942 1.69
Punching shear stress g, = Q, /(b,d) [MN/m?] 0.408 0.67

The allowable concrete punching strength gpain [MN/m?] is given by:
a
qpall = (05 + Bj qcp < qcp

Upan =(0.5+1) 0.9<0.9
pan = 0.9 [MN/M]

For both columns gpai>Qp, the footing section is safe for punching shear.
7. Computing the steel reinforcement in longitudinal direction

Minimumarea of steel reinforcement Asmin = 0.15% A = 0.0015 x 60 x 100 = 9.0 [cm?/m]
Take As min = 5016 =10.1 [cmzlm].

Determining the required area of steel reinforcement in both x-directions and y-directions is shown in
Table 8:

Table 8: Determination of tension reinforcement for x-direction

Position Breadth Moment Calculated As Chosen
B M As=M/ (k2.d) /B reinforcement
[m] [MN.m] [cm?/ m] As
Asx1 1.9 0.974 54.19 12®25/m
(Asxb) C1 1.42 0.066 491 5®16/m = Asmin
(Asxp) C2 2.42 0.264 11.53 5®19/m
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8. Computing the steel reinforcement in transverse direction

The transverse bending moment may be approximately determined at each column by assuming that
the column load is distributed outward at 45 [°] from the face of the column over an appropriate area
as shown in Figure 94. Both sides of this area should not be greater than the breadth of the footing.

P1=1.2 [MN] P,=2 [MN]

% ’Q 0.5%0.5 »’ ’40.6XO.6
@}j o RN /' w11
© ,/, \\\ /// \\\
I K \ v \
- [ NINRINENNN) SERINENERENNN)

Pw1 = 0.469 [MN/m?] Pw2 = 0.617 [MN/m?]

4 $ L ¢

T T ¢ -1

06 +0.5+0.6 =1.7 [m] 0.6 +2x0.6=18[m]

a) Elevation
E — |E
© E |o
— © ~
IL —i 1
m [23)

¢ ¢

L=7.0[m]
b) Plan
Figure 94: sections of transverse moment
Column Cy

Length of the loaded area L1 is given by:

Lri=c+a;+t=0.65+05+0.6=1.75[m]

Width of the loaded area By at distance 1.7 [m] is:

Br1 =1.3+0.186 x L11=1.3+0.186 x 1.75 = 1.63 [m]

Assuming for simplicity that the loaded area is a square area where its side La is determined from:

L, - \/ B, ;BT L, = \/—1'321'63 1.75 =1.6[m]

- 158 -



Solved Examples

The transverse bending moment Mr1 under the column Cx is given by:

(L, -2a)° 12 (L6-0.5)’
L 8 16

a

MT1=% =0.113 [MN.m]

Column C2
The loaded area under the column C; is square of side Lrz:

Lp=a,+2t=0.6+2x0.6=1.8[m]
The transverse bending moment Mr2 under the column Cz is given by:

_ 2 _ 2
P (o)’ 2(8-06° o,
8 L, 8 18

M

Determining the required area of steel reinforcement in transverse directions is shown in Table 9.
The details of reinforcement in plan and section a-a through the footing are shown in Figure 95.

Table 9: Determination of reinforcement for transverse direction

Position Breadth Moment Calculated As Chosen
Lt M As=M/ (ko.d) /B reinforcement
[m] [MN.m] [cm?/ m] As
(Asyb) C1 1.6 0.113 7.47 5®16/m = Asmin
(Asyp) C2 1.8 0.2 11.75 6016/m
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0.5%0.5 12025/m = 0.6%0.6

C Nselemy

,
.
.
,
Py

N
5®16/m 5®19/m 6D16/m

t ¢ +—4
4.80 [m] 1.8 [m] 0.4 [m]

12d25/m

=13[m]

1 | \
|

=2.6[m]

B

/}5
|

-
--—

L=7.0[m]

b) Plan with top reinforcement
Figure 95: Details of reinforcement in plan and section a-a through the footing
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Example 31: Design of a combined T-shape footing

Design a combined T-shape footing of two columns, each of 0.5x0.5 [m?], reinforced by 4®19. Load
of column Cy is P1 = 1800 [KN] while that of column C; is P> = 1200 [kN] as shown in Figure 96.
The distance center to center of columns is | = 3.0 [m].

. 15[m] | [=3.0[m] , 15[m] |
T T T T

—— |

P, = 1800 [KN] P,= 1200 [KN]

B; = 3.0 [m]
|
|
|
|
|

05 B2=20[m] 05

—

¢ d
! 3.0 [m] ! 3.0 [m] !
Figure 96: Combined T-section footing

1. Check for uniform contact pressure

To determine the center of gravity of the footing area from the left side, take moments of areas about
the left side (Figure 97):

Xe Ar =D % A
X, (3.0x3.0+3.0x2.0) = (1.5x3.0x3.0+4.5x3.0%x 2.0)
X, =2.7[m]
Point of application of the resultant force from column Cj:
R = Py + P, = 1800 + 1200 = 3000 [KN]
RC=Pal
3000 C =1200 x 3.0
C=12[m]
Point of application of the resultant force from the left side:
X, =1.5+1.2=2.7[m]

The point of application of the resultant force coincides with the center of gravity of the footing area.
Then the contact pressure under the footing will be uniform.
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2. Computing the contact pressure

The contact pressure per meter square under the base of the footing is given by:

R 3200

AN =200 [kN/m®]=0.2 [MN/n’]
A; 3.0x3.0+3.0x20

9, =
Now, the T-section footing is treated as a beam footing. The contact pressure per meter at the left
side is given by:

01 =QoB1=0.2x 3.0 =0.6 [MN/m]
While the contact pressure per meter at the rigth side is given by:

J2=0oB2=0.2x2.0=0.4 [MN/m]
Figure 97 shows the load and moment diagrams for the beam footing.

3. Determining the maximum moment Mmax

From Figure 97, the maximum bending moments in the longitudinal direction occur at faces of
columns which are:

2 2

M, :ql%=0.6 125 =0.469 [MN.m]
2 2

M, = qzlz? =04 125 _ 0.313 [MN.m]

4. Determining the depth required to resist the moment dm

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient k; to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k. [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k2 = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d_—0766 |22 _03 [m
3.0

d 0766 |23 _03 [m]
2.0
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Take d = 0.45 [m] >dm= 0.3 [m].
P,=1.8 [MN] P,= 1.2 [MN]

(ASX) C1l (Asx) c2

‘lt %I (,&sy)'c1'>\ v\.. ............. v\. v '/<'(A'Sy)'c 2. v
z LT J A A \

Contact pressure go Go = 0.2 [MN/m?]

0.55

t

I

|

| 02 = 0.4 [MN/m]
Contact pressure g 1 = 0.6 [MN/m] |
|
I

Moment diagram \\u ‘ W/ ,

|

! M2 =0.313 [MN.m]
M1 =0.469 [MN.m] |

|

|

<

E

» I R ._.._._._._..=._.__._
Critical sections —._ CG 3
|

Ci (073

t t t t t
"h=1.25[m]'  1.5[m] 1.5 [m] ,=1.25 [m]

Figure 97: Internal forces and critical sections

- 163 -



Solved Examples

5. Determining the depth required to resist the punching shear d,

The critical punching shear section on a perimeter at a distance d/2 = 0.225 [m] from the face of the
column as shown in Figure 98. The check for punching shear under columns Ciand C> is shown in

Table 10.
Table 10: Check for punching shear
Load, stress and geometry Column C; | Column C;
Column load P [MN] 1.8 1.2
Contact pressure g, [MN/m?] 0.2 0.2
Column sides a x b [m?] 0.5%0.5 0.5x0.5
Footing thickness d [m] 0.45 0.45
Critical perimeter b, =4 (a + d) [m] 3.8 3.8
Critical area A, = (a + d)? [m?] 0.9025 0.9025
Punching load Q, = P — g.A, [MN] 1.62 1.02
Punching shear stress g, = Q, /(b,d) [MN/m?] 0.947 0.596

The allowable concrete punching strength gpan [MN/m?] is given by:

a
C]pall = (05 + B] qcp < qcp

Gpan = (0.5+1) 0.9<0.9
qpall =09 [M N/rnz]

For column Ci1 gp> Qpan, the footing section is unsafe for punching shear. Then, the required
thickness to resist punching shear is:

Q, 162

d = _
" b,y 3.8x09

=0.47[m]

Take d = 0.5 [m] >dp = 0.47 [m] and t = 0.55 [m].
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P,=1.8 [MN] P,= 1.2 [MN]

e‘ ’ér 0.5x0.5 —B‘ ‘é— 0.5x0.5
S 12/ \ 12/ N\
1] / \ / \
ko] PP PP PP PP e 2 s s e 4 s s

[ERRIRNNN] [ERXIRNIN]
. 0= 0.2 [MN/m? = 0.2 [MN/m?
a) Section |- a [ ] Go [ ]
Tb_
0.95 [m T
= o= 405 [,
— __ E
= E E S
ot (] mi
by ()]
@ o S &
Cl CZ
4
Pl ’
T T
b) Plan 6 [m]

Figure 98: Critical section for punching shear

6. Computing the steel reinforcement in longitudinal direction

The section is designed as singly reinforced section, the corresponding ki for d = 0.5 [m] is given by:

k=05 |20 _126
0.469

From Table 2 at k; = 1.27, f. = 5.0 [MN/m?] and k. = 182

Minimum area of steel reinforcement Asmin = 0.15% Ac = 0.0015 x 55 x 100 = 8.25 [cm?%/m]
Take Asmin = 5016 = 10.1 [cm?/m].

Determining the required area of steel reinforcement in both x-directions and y-directions is shown in
Table 11:
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Table 11: Determination of tension reinforcement for x-direction

Position Breadth Moment Calculated As Chosen
B M As=M/ (k2.d) /B reinforcement
[m] [MN.m] [cm?/ m] As
(Asxp) C1 3.0 0.469 17.18 7019/m
(Asxp) C2 2.0 0.313 17.18 7®19/m

7. Computing the steel reinforcement in transverse direction

The transverse bending moment may be approximately determined at each column by assuming that
the column load is distributed outward at 45 [] from the face of the column over an appropriate area
as shown in Figure 99. Both sides of this area should not be greater than the breadth of the footing.

P.= 1.8 [MN] P.= 1.2 [MN]
6‘ ’&0.5><0.5 —>' ‘4— 0.5%0.5
i3 I 11 1
I
EEEINENN) [EENERNER
. = 2 - 2
a) Section I-I Pus = 0.703 [MN/m?] Py = 0.469 [MN/m?]
-+ Lr=1.6 [m
Lr=16[m] Pl [m] '
T 1 ——
E - =
o £, E
T 4= © —+ 1|3
o I "
N m
$ ¢
T T
b) Plan 6 [m]

Figure 99: sections for determining transverse moments
Length of the loaded area L is given by:
Lr=a+2t=05+2x0.55=1.6 [m]

The transverse bending moment M1 under the column Cy is given by:
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_R(y-a)* 18(1.6-05)°

M. =
T8 L 8 1.6

=0.17 [MN.m]

The transverse bending moment Mr2 under the column Cz is given by:

_ P (-a)’_ 12(1.6-05)°

M
o8 L 8 1.6

=0.11 [MN.m]

Determining the required area of steel reinforcement in transverse directions is shown in Table 12.
The details of reinforcement in plan and section a-a through the footing are shown in Figure 100.

Table 12: Determination of reinforcement for transverse direction

Position Breadth Moment Calculated As Chosen
Lt M As=M/ (k2.d) /B reinforcement
[m] [MN.m] [cm?/ m] As
(Asyp) C1 1.6 0.17 12.06 6016/m
(Asyb) C2 1.6 0.11 7.55 5®16/m = Asmin
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__\/\._
<—0.5%0.5 s5®16/m — <—0.5x0.5

[m]

n L B e ma m A L ATETTETS Ty mo P S8 4 « 5 %Y
31 [ 11 X 5016/m L ]
1 a al s T — e 4o P =T 4 PP PP
7019/m 6d16/m 5016/m
b ; :
0.7 [m] 1.6 [m] 3.7 [m]
a) Section I-1
- (
-—V-
5d16/m —_
f— 4 AY E
£ = = £ )
™ | —4— © . e . = 1! I
I 8 5 2 o
oy O I\ oM
[ 7D19/m ]
ue
Y N
t t
b) Plan 6 [m]

Figure 100: details of reinforcement in plan and section a-a through the footing
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6- Design of Strap Footings
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Example 32: Design of a strap footing for two equal interior columns

Design a strap footing for two equal interior columns, each of 0.5x0.5 [m?], reinforced by 4®19,
carrying a load of P = 1500 [kN] as shown in Figure 101. The distance center to center of columns is
5.0 [m]. The allowable soil pressure is gan = 210 [KN/m?] at a depth of Ds = 2.0 [m] and average unit
weight of the soil and concrete is ya = 20 [KN/m?].

P= 1500 [kN] P=1500 [kN]

0.5x0.5 [m]

Ground surface

- _\/\_ N
‘ ‘ ‘ Qan = 210 [kN/mz]
va = 20 [kN/m?]
_ 102 [m] -

"15[m] " 5.0 [m] T 15[m]’
Losse sand
L =3.0 [m] , K L=3.0[m]
T T T T
— b =0.5[m]
E |
= __._.._._._._._.._ _
(g2}
1
0 4
4 d
! ls=8.0 [m] !

Figure 101: Combined strap footing
1. Determining footing sides

Allowable net soil pressure gnet is given by:
Onet = Cfail — Ya Df = 210 — 20 x 2.0 = 170 [KN/m?]
Avrea of each footing At is obtained from:

. :i:@:&gz [m2]
Oree 170

Take Ar = 3.0 x 3.0 = 9.0 [m?] square footing
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2. Computing the contact pressure

The contact pressure per meter square under the base of the footing will be uniform. It is given by:

g, = Aﬂ = % =166.67 [KN/m®]=0.167 [MN/n"’]

f

Now, the strap footing is treated as a beam supporting on two equal footings. The contact pressure
per meter is given by:

g = 0o Bs=0.167 x 3.0 = 0.5 [MN/m]
Figure 102 shows the load, shear force and moment diagrams for the strap footing.

3. Design of the strap beam

From Figure 102, the maximum bending moment in the strap beam occurs at the face of the column,
which is:

2 2
M :q%:0.51'25

=0.391 [MN.m]

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k. [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k2 = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d_=0.766 %21 =0.68 [m]

Take d =0.70 [m] >dm = 0.68 [m] and t = 0.75 [m], then the section is designed as singly reinforced
section.

The required area of steel reinforcement As is:

Mmax
A= k, d
0.391
= =0.003248 [m?
A 172x0.7 (m’]

A =32.48 [cm?]
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Chosen steel 9922 = 34.2 [cm?] at bottom. Take As = 0.25 As =4®19 = 11.3 [cm?]

P=1.5 [MN] P=1.5 [MN]

Load diagram

q=0.5 [MN/m] q =0.5 [MN/m]

0.75 [MN] 0.75 [MN]

/r /(( Shear force diagram
V 4

0.75 [MN]
0.75 [MN]
Bending moment diagram
Mmax =0.391 [MNm] |
|
¢ =1.25[m]
L =3.0 [m] K , L =3.0 [m]
? ? ¢ T
1!—
b =0.5[m]
E i
= __._._._._._._._._.__..
(92]
1
o i
-+

< by
T T

ls=8.0 [m]
Figure 102: Load, shear force and moment diagrams with critical section of the strap beam

4. Design of the footing slab

The maximum bending moment for the footing slab lies at the strap face as shown in Figure 103. The
transverse bending moment Mr at the strap face is given by:
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M, :% L (B —b)? =%3.0(3.0—0.5)2 =0.391 [MN.m]

P=1.5[MN] P=1.5 [MN]
00 =0.167 [MN/m2] 00=0.167 [MN/m?]
L =3.0 [m] L =3.0 [m]
t $ t +

Critical moment b =0.5[m] —

section ¥ £

= e D=

—_ ™

— == 1

EI f &
Lo
N

— ——

Figure 103: Section for determining footing reinforcement

d, =0.766 |29 _ 028 [m]
3.0

The footing depth df is:

Take df = 0.45 [m] > 0.28 [m] and t; = 0.5 [m], then the section is designed as singly reinforced

section.
The corresponding ki for df = 0.45 [m] is given by:

k=045 |9 _105
0.391

From Table 2 at k; = 1.27, f. = 5.0 [MN/m?] and kz = 182

The required area of steel reinforcement in transverse direction Asr is:
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0.391

=~ —0.004774 [m*/3.0m]
182x0.45

A

A; =47.74 [cm?/3.0 m] =15.91[cm?/m]

Chosen steel 6019/m = 17.0 [cm?/m]

The details of reinforcement in plan and section a-a through the footing are shown in Figure 104.

= 0 m o3 0.75 [m] ‘
B
e i | N N D O A—
o 5 A AN 5
10 — 7 02m#t Y —
g p;moo.gg hd OOOOOOOo‘Ol LP p'ooﬂ <20 MR « R
a) Section I-1
4019 4®19
4022 /j
5022 D1 5022
E
LD"
=D
o
£ E
E =
= 1019 8 05 m 8
2| p--- _,_,_B e EIEN S| SR | B _a
§
5p16/m 5016/m
E
ﬂ-ﬂ_
s +—+ +—+ +—¢ +—+
0.15 [m] 3.0 [m] 0.15 [m] 0.15 [m] 3.0 [m] 0.15 [m]
b) Plan

Figure 104: Footing dimensions and reinforcement

- 174 -



Solved Examples

Example 33: Design of a strap footing for two equal edge columns

Design a strap footing for two equal edge columns, each of 0.5x0.5 [m?], reinforced by 4®19,
carrying a load of P = 1500 [kN] as shown in Figure 105. The distance center to center of columns is
7.5 [m]. The allowable soil pressure is gan = 210 [KN/m?] at a depth of Ds = 2.0 [m] and average unit
weight of the soil and concrete is ya = 20 [KN/m?].

P= 1500 [kN] P = 1500 [KN]

0.5x0.5 [m]

Ground surface

Qan = 210 [kN/mz]
va = 20 [kN/m?]

E {
o _._._._._._ _._._.._
™
1
o §
t ¢
Is=8.0[m]

Figure 105: Combined strap footing

1. Determining footing sides

Allowable net soil pressure gnet is given by:

Onet = Cfail — Ya Df = 210 — 20 x 2.0 = 170 [KN/m?]
Avrea of each footing At is obtained from:

' :i:@:&gz [m2]
Oree 170

Take Ar = 3.0 x 3.0 = 9.0 [m?] square footing
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2. Computing the contact pressure

The contact pressure per meter square under the base of the footing will be uniform. It is given by:

q, = Ai = % =166.67 [KN/m?*]=0.167 [MN/n?]

-+

Now, the strap footing is treated as a beam supporting on two equal footings. The contact pressure
per meter is given by:

q=0oB=0.167 x 3.0 = 0.5 [MN/m]
Figure 106 shows the load, shear force and moment diagrams for the strap footing.

3. Design of the strap beam

From Figure 106, the maximum bending moment in the strap beam occurs at the face of the column,
which is:

2 2
M, . = pc—q%:1.5x2.75—0.5 3.0

=1.875 [MN.m]

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k. [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is k2 = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d_=0.766 /@ =1.48 [m]
0.5

Take d = 1.5 [m] >dm = 1.48 [m] and t = 1.55 [m], then the section is designed as singly reinforced
section.

The required area of steel reinforcement As is:

Mmax
A= k, d
1.875
= =0.007267 [m?
A 172x15 (m]

A =72.67 [cm?]
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Chosen steel 20022 = 76.0 [cm?] at top. Take As = 0.25 As = 5022 = 19.0 [cm?]

P=1.5 [MN] P=15[MN]

Load diagram

q=0.5 [MN/m] q =0.5 [MN/m]
1.375 [MN]
0.125 [MN]
A V /( 7 Shear force diagram
‘ 0.125 [MN]
1.375 [MN]

Mmax=1.875 [MN.m]

/(ﬂ/m M Bending moment diagram

N/ | i
11 !
[l |
| |
025 ¢=2.75[m] L=30[m]
b =0.5[m]

E ;

i m Lr -
f Is=8.0 [m] %

Figure 106: Load, shear force and moment diagrams with critical section of the strap beam
4. Design of the footing slab

The maximum bending moment for the footing slab lies at the strap face as shown in Figure 107. The
transverse bending moment Mr at the strap face is given by:

-177 -



Solved Examples

M, :% L (B by’ = 2167

3.0(3.0-0.5)? =0.391 [MN.m]

P= 1.5 [MN] P=1.5 [MN]

<— a=0.5[m] '

W —

Jo =0.167 [MN/m?]

0o =0.167 [MN/m?]

L =3.0 [m]

-

L =3.0 [m]

——
-

Critical moment
section

-

3.0 [m]

B

Figure 107: Section for determining footing reinforcement
The footing depth df is:

d, =0.766 .| 239 _ 028 [m]
3.0

Take df = 0.45 [m] > 0.28 [m] and t; = 0.5 [m], then the section is designed as singly reinforced
section.

The corresponding ki for df = 0.45 [m] is given by:

k=045 |9 _105
0.391

From Table 2 at k; = 1.27, f. = 5.0 [MN/m?] and k. = 182

The required area of steel reinforcement in transverse direction Asr is:
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0.391

=~ —0.004774 [m*/3.0m]
182x0.45

A

A; =47.74 [cm?/3.0 m] =15.91[cm?/m]

Chosen steel 6019/m = 17.0 [cm?/m]

The details of reinforcement in plan and section a-a through the footing are shown in Figure 108.
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R
/

— - ] 02[m] } =
Porooizn o .ot pe o0 b Plocbe2:0 = o0t pw %)
a) Section I-1
D22
7®22
6D22
/5022
5022 7 N 5022
E
LO) -
—
c,'-o—
£ £
2 &
= 4019 g ;05 [m] g
Y T e | R i L “E"'
5®16/m 5®16/m
E
[Tokm o
—
o‘—h—
+—+ +— +— +—
0.15 [m] 3.0 [m] 0.15 [m] 0.15 [m] 3.0 [m] 0.15 [m]
b) Plan

Figure 108: Footing dimensions and reinforcement
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Example 34: Design of a strap footing for two unequal columns

Design a strap footing for an exterior column load of P; = 1200 [kN] and an interior column with a
load of P, = 1500 [kN] as shown in Figure 109. Allowable bearing capacity of the soil is gan = 200
[KN/m?] at a depth of Df = 1.6 [m] and theaverage unit weight of the soil and concrete is ya = 20

[KN/m?].

Xo = 4.14 [m]
P; = 1200 [KN] R = 2700 [kN] P, = 1500 [KN]
3.87 [m] S=3.11[m]

¥ Ground surface
NN Y
+0.2 [m]

Loose sand
0.25 [m] | 7.0 [m] 1.25 [m]

1.6 [m]

D¢

I=8.5[m]
%L1:3.0 [m] 4 | Ly =2.5[m] |

l
T

l
T

o

1

- =
ol
—
3
—_

-
!
;
i
!
.
|

| Bi=3.0[m]

l
T

| =8.5[m]
Figure 109: Combined strap footing

——

——

1. Determining point of application of the resultant force
Resultant force R equals:

R = Py + P, = 1200 + 1500 = 2700 [kN]

Take the moment about C to get the distance S:

P11=RS
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1200 x 7.0 = 2700 x S
$=3.11[m]
Point of application from the property line Xp:
Xp=7.0-23.11+0.25 = 4.14 [m]

2. Determining footing sides

Allowable net soil pressure gnet is given by:

Gnet = Gait — 72 Dr = 200 — 20 x 1.6 = 168 [kN/m?]

Trail (1)
o= R 120054, [m?]
J,« 168
Take An = 3.0 x 2.5 = 7.5 [m?] Rectangular footing
=2 D00 _g g5 e
Qoo 168
Take Ar, = 3.0 x 3.0 = 9.0 [m?] Square footing
Total area:

Take moment of areas about the property line, to get the distance Xs:
AnXa + ApXz = AXs
(7.5 x 1.5) + (9.0 x 7.25) = 16.5 Xs
Xs = 4.64 [m] >Xp
Xs>Xp, there for Ar, must be reduced and Arr must be exceed.
Trail (2)
An= 3.0 x 3.0 = 9.0 [m?] Square footing
A = 2.5 x 3.0 = 7.5 [m?] Rectangular footing
Ar=9.0+7.5=16.5[m?]

_ (9.0x1.5)+(7.5x7.25)

XS
16.5

=411 [m]=X,
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3. Computing the contact pressure

The contact pressure per meter square under the base of the footing will be uniform. It is given by:

q, = R _2700 _ 14364 [KN/m?] =0.164 [MN/m?]
A, 165

Now, the strap footing is treated as a beam supporting on two unequal footings. The contact pressure
per meter square under the footing (1) is given by:

01 = 0o B1=0.164 x 3.0 =0.491 [MN/m]
While the contact pressure under the footing (2) is given by:

02 =00 B2=0.164 x 3.0 =0.491 [MN/m]

4. Determining the critical bending moments

The maximum bending moment in the longitudinal direction of the strap beam occurs at the interior
edge of the left footing. Figure 110 shows the load diagram, Bending moment and shear force
diagram for the strap beam.

The critical bending moments are:
Mci = 0.491 x (0.5)?/2 — 1.2 x 0.25 = - 0.239 [MN.m]
Mpesign = 0.491 x (3.0)2/2 — 1.2 x 2.75 = - 1.091 [MN.m]

Mcz = 0.491 x (1.5)?/2 = 0.246 [MN.m]
5. Determining the depth of the strap beam d

Determining the depth dm required to resist the longitudinal moment Mmax

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section
depth at balanced condition is ki = 0.766, while the coefficient k., [MN/m?] to obtain the tensile
reinforcement for singly reinforced section is ko = 172 [MN/m?]. Take the strap breadth b = 0.5 [m].
The maximum depth dm for the strap as a singly reinforced section is given by:

d =0766 |9 _113 [m]
05

Taked =1.15 [m] >dm = 1.13 [m] and t = 1.2 [m].
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P;=1.2 [MN] P,=1.5 [MN]

Load diagram

q=0.491 [MN/m] q=0.491 [MN/m]

0.886 [MN]

0.273 [MN]

0.123 [MN]
Yi

Shear force diagram

- 0.614 [MN]

-1.077 [MN]

Mmax = - 1.167 [MN.m]
Mpesign = - 1.091 [MN.m]

i

-0.341 [MN.m
Me: = - 0.239 [MN.m] [ 1

Bending moment diagram

0.015 [MN.m] WMCZ = 0.246 [MN.m]

0.384 [MN.m

e m e — e ————————

[P~ ————
[ S ———

0.25[m]ii 2.75[m] } 1.25 11.25

i
!
!
!
!
!
-
!
!
!
|
f
B=3.0[m]

1= 8.5 [m]

-
9

Figure 110: Load, shear force and moment diagrams with critical section
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Check for section capacity to resist maximum shear force Qmax

The maximum critical shear section lies at a distance d/2 = 0.575 [m] from the side face of the
internal column.

Effective depth of the section d=1.15[m]
Strap beam width b =0.5[m]
Main value of shear strength for concrete C250 e = 0.9 [MN/m?]
Max. value of shear strength for concrete C250 02 = 1.9 [MN/m?]

for maximum shear force Qmax:
Q(x) =0.491 X— 1.2
X =0.5+0.575 = 1.075 [m]
Qmax =0.491 x 1.075-1.2 =- 0.672 [MN]

The shear stress q is given by:

_Qmax
9= b4
0.672
=% —1.169[MN/m’]<gz2 = 1.9 [MN/m?
9= 05115 [MN/m']<g2 [ ]

Taked = 1.15 [m] >ds = 1.13 [m] and t = 1.2 [m], then the section is designed as singly reinforced
section.

6. Computing the area of steel reinforcement in longitudinal direction As

Minimum area of steel reinforcement Asmin = 0.15% Ac = 0.0015 x 50 x 100 = 7.5 [cm?/ m]
Take Asmin = 5016 = 10.1 [cm? m]. The required area of steel reinforcement in longitudinal
direction As is shown in Table 13:

Table 13: Determination of tension reinforcement in longitudinal direction

Position Moment Calculated As Chosen
M As =M /(k..d)/B reinforcement
[MN.m] [cm?/ m] As
Asc1 -0.239 12.083 2022 + 4019
Asc2 0.246 12.437 4P22
Asmax -1.901 55.157 15022
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7. Check for shear stress

The maximum critical shear section lies at a distance d/2 = 0.575 [m] from the side face of the
internal column.

for maximum shear force Qmax:
Q(X) = 0.491 X- 1.2
X =05 +0.575 = 1.075 [m]
Qmax =0.491 x 1.075-1.2 =- 0.672 [MN]

The shear stress q is given by:

_ Quax
9 b4
q= ﬂzl.mg[M N/m?]
0.5x1.15

02 = 1.9 [MN/m?] >q = 1.169 [MN/m?] >¢c = 0.9 [MN/m?]
0s= g — 0c/2 = 1.169 — 0.9/2 = 0.719 [MN/m?]
The shear would be resisted using vertical stirrups and bent bars.

Shear stress carried by stirrups

Using stirrups 5¢8/ m, 4 branches @ 200 [mm]

_ (4x50.27x107°) x 200

3} =0.402[MN/?]
0.5x0.2

Shear stress carried by bent bars
Qsb = Os — Qss = 0.719 - 0.402 = 0.317 [MN/mZ]

ina +cos a)

_Asb fs
qsb_ bd (S

0.317 = 20290 (G 60" 1 05 60°)

0.5x1.15

Ash = 0.0006672 [m?] = 6.672 [cm?]
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Use bent bars 222 = 7.6 [cm?]

8. Design of the footing slab
The maximum bending moment for the footing slab lies at the first strap face as shown in Figure
111. The transverse bending moment Mr at the strap face is given by:

M, = f,x3.0x (1.25)* /2 =0.384 [MN.m]

P, =1.2 [MN] P, = 1.5 [MN]

a=0.5[m]

—=]
Qo = 0.164 [MN/m?]

0o = 0.164 [MN/m?]

. L1 =3.0[m] \ | Ly =25[m] |

T b= 0.5 [m] _
| e -
7| e e—— — 7
) 'SI A
R\
-FH ——
1 |=8.5 [m] #

T
Figure 111: Section for determining footing reinforcement

M
d. =k .|—T
f 1 L
d, =0.766 /%:o.zm [m]

Take df = 0.45 [m] > 0.274 [m] and tr = 0.5 [m], then the section is designed as singly reinforced

The footing depth d is:

section.
The required area of steel reinforcement in transverse direction Ast is:
Ar =
Tk d,
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0.384

=—"""_ =0.004961 [m?*/3.0 m]
172x0.45

A

A, =49.61 [cm?/3.0 m] =16.54 [cm*/m]

Chosen steel 6019/m = 17.0 [cm?/m]

The details of reinforcement in plan and section a-a through the footing are shown in Figure 112,
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Stirrups 5®8/ m, 4 branches

Spaced @ 200 [mm]
2016
0.5 [m] = i;\ 05 [m = J—=_

IRNERERE N
t=1.2 [m] |\ NIER S,
e e A 1 A I r—\"7 -
A j// =60°[I L tr=0.5[m]
05[M)} R =] T X1 105][m]
\ 6D19/m \ 6019/m
a) Section a-a
5122
5122
3022
2022
. / 4019 \ )
4019 / N\ 2122
E
ﬂ. >
ppm— ppm— o -
£ b=0.5[m] £
2 2
8019 8 Jl 8n19 2 E
P

2]
[ soom | ) ‘\‘ [ e |)
E
~— N =
0t
0.15 [m] B =3.0 [m] 0.15 [m] 015[m] B=25[m] 015[m]

b) Plan
Figure 112: Footing dimensions and reinforcement
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7- Design of Rafts
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Example 35: Design of a circular raft for a cylindrical core

It is required to design a foundation for a cylindrical core of a building, Figure 113. The diameter of
the core wall is d = 8.0 [m], while the width of the wall is tw = 0.3 [m]. The core lies in the center of
the building and it is not subject to any significant lateral applied loading. Therefore, the core wall
carries only a vertical load of p = 300 [kN/m]. The base of the cylindrical core wall is chosen to be a
circular raft of D = 10.0 [m] diameter with 1.0 [m] ring cantilever as shown in Figure 113. Poisson’s
ratio of concrete is v¢ = 0.20 [-].

1.0 [m]

Core wall
tw=0.3[m]

10.0 [m]
8.0 [m]

D
d

l.OI[m]

a)

P = 300 [KN/m] p

4.0 [m]

—

D¢

b)
Figure 113: a) Plan of the raft with wall load and dimensions
b) Section x-x through the raft

1. Computing the contact pressure under the raft q

Total load on the raft is given by:

N=Prd=300 xn x8.0="7540 [kN] = 7.54 [MN]

The contact pressure at the base of the raft is:

_ N _ 4 960 [k/m?]=0.096 [MN/?]
A, w10
4

2. Computing moments at critical sections M1, M2 and M3

Critical sections of moments are shown in Figure 114.
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a :1.0l [m] d=8.0[m] a=1.0[m]
T T
P = 0.3 [MN/m] p= 0[3 [MN/m]
E
Ere
gTﬁI / Asry A A Asrd
I - sess e syt = Msxt Nessoseo

AREATAREARARARRARE

q = 0.096 [MN/m?]

a) ¢ =0.5[m]

Top reinforcement As« = Ayt
Chosen 9922/m

N\

Mz = 0.259 [MN.m/m]

|
E
€
e
2
N~
o
!
o
1
= I T
| |
M: = 0.048 [MN.m/m] N Chosen 5®16/m ]
b) Bottom reinforcement Agry

Figure 114: a) Section x-x through the raft
b) Moments at section x-x with main reinforcement As at critical sections

Contact force R:

2 2
R=q™9" _0006™ 80 _ 483 [MN]
Moment Mc:
M, =3t Veg_30%02 30307 [MN.mm]
16n 16x

Moment under the wall M1 = My:
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M1 =M2=(oca=0.096 x 0.5 x 1.0 = 0.048 [MN.m/m]
Moment at the center of the raft Ms:

Ms = Mc — M1 = 0.307 — 0.048= 0.259 [MN.m/m]

3. Determining the depth required to resist the moment dm

The maximum moment is at the raft center Ms.From Table 2 for f. = 9.5 [MN/m?] and fs = 200
[MN/m?], the coefficient ki to obtain the section depth at balanced condition is ki = 0.766, while the
coefficient ko [MN/m?] to obtain the tensile reinforcement for singly reinforced section is k, = 172
[MN/m?].

Take one meter strip B = 1.0 [m]. The maximum depth dm as a singly reinforced section is given by:

d -k Ms
5
d_ 0766 /% —0.39 [m]

Take d = 0.45 [m] >dm = 0.39 [m], then the section is designed as singly reinforced section.

The corresponding ki1 for d = 0.45 [m] is given by:

1.0
0.2591

k, =0.45 =0.884

From Table 2 at k; = 0.873, fc = 8.0 [MN/m?] and k, = 175
4. Computing the area of steel reinforcement

The bottom reinforcement is chosen to be in radial and tangential directions while the top
reinforcement is chosen to be in x-directions and y-directions.

Top reinforcement in x-directions and y-directions Asxt = Asyt:

MS
Ay = K, d
0.259 )
="  ~0.003289 [m?*/m
A 175x 0.45 [ ]

A, =32.89 [cm?/m]

Chosen steel 9922 = 34.2 [em?/m] in both directions.
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Bottom reinforcement in radial direction Agsrb:

Ml
Asrb - kz d
0.048 )
=———"° _0.00061 [m?*/m
A 175x%0.45 [ 1

A, =6.1 [cm?*/m]

Chosen steel 5®16 = 10.1 [cm?/m].

The raft is reinforced by a square mesh 9922 [mm/m] in the upper surface, while the lower surface is
reinforced by 5®@16 [mm/m] in radial and tangential directions. In addition, an upper radial and
tangential reinforcement 9®19 [mm/m] are used at the cantilever ring. A small square mesh 5®16
[mm/m], each side is 1.0 [m] is used at the center of the raft to connect the bottom radial reinforcement.

The details of reinforcement of the raft are shown in Figure 115.
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5016/m 9®16/m 9d16/m 5®16/m
0’.'0‘00‘0.0'.00000 LJ 000000"0"0"00'0-000.00(’0‘0‘0‘0
0.5 [m] [ sd16/m W 9D22/m/ sepie/m ]
| 5®16/m 5®16/m |
. b
a) 1.0 [m] 8.0 [m] 1.0 [m]
9P 16/m
r h)
9P16/m 9P16/m
N ( \
[ 2.5016/m N 2.5016/m ]
2.5016/m 5d16/m 2.5®016/m
!
9P19/m
[
fi:cﬂ
][
I 5016/m
[
- Mesh
P16/m | 5x5d16/m
!
|
[
[/
[
— X
[
L\
4
9d22/m 10-5 fmi

Wall
5P16/m

i
]
=

b) Top reinforcement ! Bottom reinforcement

Figure 115: a) Section x-x through the raft with reinforcement
b) Reinforcement of the raft in plan
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Example 36: Design of a circular raft subjected to moment due to lateral loading

It is required to design a foundation for a cylindrical elevated tank, Figure 116. The diameter of the
tank wall is d = 5.6 [m], while the width of the wall is tw = 0.3 [m]. The tank is subject to a moment
due to lateral loading My = 3000 [kN.m] and a vertical load of P = 454.729 [KN/m] as shown in Figure
116. The allowable net soil pressure is gnet = 190 [KN/m?] at a depth Df = 1.7 [m] and Poison's ratio of
concrete is v¢ = 0.20 [-].

P =454.728 [kN/m] P =454.728 [kN/m]

Ground surface

M = 3000 [KN.m]

E
™~
—
1
a
c=15[m] d=5.6 [m] c=15[m]
a) section i-i
E E N = 8000 [kN] Mt = 3000 [KN.m]
© ©|i . e j
© [Tel
Il 1l
[a) ©
b) Plan

Figure 116: Circular raft for a circular tank
1. Determining the raft diameter D

Total load on the raft is given by:
N =P nd=454.729 x 1t x5.6 = 8000 [kN]

The diameter of the raft D is obtained from:
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N, M,

A,

8000 . 3000
T

+
Tp2 T ps
4 32

q:

190 =

D3-53.61 D-160.83=0.0
Solving this equation, leads to D = 8.515 [m]. Take D = 8.6 [m]

2. Computing the contact pressure under the raft g

The contact pressure under the raft is:

_ 8000 4 3000
2 n 2 W 3
—86° —-8.6

4 32

quz = 137.72 + 48.04
g = 185.76 [KN/m?] < 190 [KN/m?] (0.K.)

0z = 89.68 [kN/m?]

C
g4; =0, +B(q1_q2)

g, =89.68 + % (185.76 —89.68)

Gs = 106.438 [KN/m?]

0=0,+%(q - q,)
4 2 D 1 2

1.5+5.6

q, =89.68 + (185.76 —89.68)

03 = 169 [KN/m?]
3. Computing moments at critical sections

Critical sections of moments are shown in Figure 117.
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r=pla | a=2.8[m]
P =0.455 [MN/m]
Myt = 3 [MN.m]

P = 0.455 [MN/m]

l
I

gs = 0.106 [MN/m?]

Load diagram

g2 = 0.09 [MN/m?]

g = 0.186 [MN/m?]
Gs = 0.169 [MN/m?]

Mmax = - 0.0635 [MN.m/m]

Ms = - 0.061 [MN.m/m]

\ )7 Bending moment diagram

M, = 0.216 [MN.m/m]

-~
~o
~

Mz = 0.203 [MN.m/m]
Figure 117: Load and bending moment acting on the raft

Computing the moment Mu:
Mz = (1/2 % (03 — g2) X ¢2/3) + (g2 x ¢2/2)
M; = (1/2 x (0.106 — 0.09) x 1.5%/3) + (0.09 x 1.5%/2)

M1 = 0.107 [MN.m/m]

Computing the moment Mz:
Mz = (1/2 % (g1 — qa) % 2¢?/3) + (qa x 2¢?/2)
M; = (1/2 x (0.186 — 0.169) x 2 x 1.5%3) + (0.169 x 2 x 1.5/2)
M2 = 0.203 [MN.m/m]

Moment at the center of span Ms:
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Average contact pressure Qav:
Jav= (1 + 02)/2 = (0.186 +0.09)/2 = 0.138 [MN/m?]

Contact force R:

2 2
R= qav% ~0138™>% _3302 [MN]
Total moment M at mid span:
3+v 2
M="""c@1-p*R
6n 1-p7)
where p =r/a
Forp=0:
M, =3 Ve g
167
M, =302 339
T

Mc = 0.216 [MN.m/m]
Mz = (M1 + M2)/2 — Mc
Mz = (0.107 + 0.203)/2 — 0.216= - 0.061 [MN.m/m]
Computing the maximum negative bending moment Ma:
M*¢ =0.017 x + 0.107

3+v
M="""c(@1-p*)R
167t( p°)

where p=rfa=r/28and x=28-r

M*™€=0.155-0.17r

2
=3+O.2 a r

M _
16w 7.84

)3.392

M =0.216 — 0.028 r?
MYe = M*e — M

M™¢ =0.028 r>—0.017 r — 0.061
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The shear force at mid span Q:
Q=dM™/dr=0.055r-0.017

The maximum bending moment occurs at the position of zero shear. Point of zero shear locates at
distance r from the center of the raft.

0.055r-0.017=0.0
r=0.311
The maximum negative bending moment M:
M4 =0.028 x 0.311%2 - 0.017 x 0311 — 0.061

M = - 0.0635 [MN.m/m]

4. Determining the depth required to resist the moment dm

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section depth
at balanced condition is k1 = 0.766, while the coefficient ko [MN/m?] to obtain the tensile reinforcement
for singly reinforced section is kz = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d, =0.766 /%83 =0.345 [m]

Take d = 0.45 [m] >dm = 0.345 [m] and t = 0.5 [m]
5. Computing the area of steel reinforcement As

Minimum area of steel reinforcement Asmin = 0.15% A = 0.0015 x 50 x 100 = 7.5 [cm?/ m]
Take Asmin = 5016 = 10.1 [cm?/ m].

The bottom reinforcement is chosen to be in radial and tangential directions while the top
reinforcement is chosen to be in x-directions and y-directions.

Top reinforcement in x-directions and y-directions Asxt = Asyt:

th = k2 dr
0.0635 )
=——""" —-0.0008.22 [m?*/m
A 172 % 0.45 [ I
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A, =8.22 [cm?/m]
Chosen steel 5016 = 10.1 [cm?/m] in both directions.

Bottom reinforcement in radial direction Agrb:

_ M 2
&I’b k2 dr
0.203
=22  _0.002619 [m?*/m
Ar 172 x0.45 [ ]

A, =26.19 [cm*/m]

Chosen steel 10019 = 28.353 [cm?/m].

However, the raft is designed for linear contact pressure, but a uniform raft thickness and distribution
of steel reinforcement are considered. The raft is reinforced by a square mesh 5016 in the upper
surface, while the lower surface is reinforced by 10019/m in radial and tangential directions. In
addition, an upper radial and tangential reinforcement 5®16/m are used at the cantilever ring. A small
square mesh 5®16, each side is 1.75 [m] is used at the center of the raft are shown in Figure 118.

The details of reinforcement of the raft are shown in Figure 118.
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tW: 03 [m] —E

f——

5¢16/m

1\

5016/m

e

t=0.5[m] I ldr = 0.45 [m]
D— ._/‘ h — I
0.15[m I e T e s NS\ L 2 7 7T T 7 710.15[m]
\10®19/m 10019/m
Mish 9x5016/m
1.5 [m] d=5.6[m] | 1.5[m] |
T T T T
a)Section x-x
e
! 5®16/m 10019/m
, Mish 9x5016/m
5016/m |/
]
i
X , X
j g
0.875 [m]
AN l_*
NN
\\\5§ !
NS
5016/m 10019/m
b) Plan Top reinforcement Bottom reinforcement

Figure 118: Raft dimensions and reinforcement
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Example 37: Design of a square raft for a box core

It is required to design a foundation for a square box core of a building, Figure 119. The side of the
core wall is lw = 8.0 [m], while the width of the wall is tw = 0.3 [m]. The wall is reinforced by S®13/m
in both directions. The core wall carries a vertical load of P = 300 [KN/m]. The base of the core is
chosen to be a square raft of side L as shown in Figure 119. The allowable soil pressure is gan = 136
[KN/m?] at a depth of Df = 2.0 [m] and average unit weight of the soil and concrete is ya = 20 [KN/m?®].

E
O. Y —
—
P =300 [kN/m] Core wall
tw=0.3 [m]
E —
o £,
o
= ] .
TS| X
— I
=
(51 S
S)
—
P =300 [kN/m] P =300 [kN/m]
b)

Figure 119: a) Plan of the raft with wall load and dimensions
b) Section x-x through the raft

1. Determining the raft side L
Resultant of loads R at the ground surface level is given by:

R=41,P =4 x8.0 x 300 = 9600 [kN]

Allowable net soil pressure gnet is given by:
Onet = Clail — Ya D = 136 — 20 x 2.0 = 96 [KN/m?]

i:@:mo [m?]

qnet

f

Take Ar = 10.0 x 10.0 [m?] square footing
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2. Computing the contact pressure

Now, take one meter strip, B = 1.0 [m] &P = 300 [kN], and treat the strip as a beam footing. The
contact pressure per meter is given by:

_ 2P 2x300
L

=60 [KN/m] =0.06 [MN/m]

Figure 120 shows the load diagram and moment diagram for the strip.

3. Computing moments at critical sections
Critical sections of moments are shown in Figure 120.

Moment Mc:

2
_006x80" _ 48 [MN.m]

Moment under the wall M1 = My:
Mi=Mz;=qgca=0.06x0.5x10=0.03[MN.m]

Moment at the center of the raft Ma:
Mz = Mc — M1 = 0.48 — 0.03 = 0.45 [MN.m]
4. Determining the depth required to resist the moment dm

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section depth
at balanced condition is ki = 0.766, while the coefficient k. [MN/m?] to obtain the tensile reinforcement
for singly reinforced section is ko = 172 [MN/m?]. Take the strap breadth b = 0.5 [m].

The maximum depth dm for the strap as a singly reinforced section is given by:

d_=0766 %% _051[m]
1.0

Take d = 0.55 [m] >dm = 0.6 [m] then the section is designed as singly reinforced section.

The corresponding ki for d = 0.55 [m] is given by:
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k, =055 |~ _0g2
0.45

From Table 2 at k; = 0.82, f. = 8.5 [MN/m?] and k; = 174

a :1.01 [m] lw = 8.0 [m] a=10[m]

T

P =03[MN/m] _P= 0[3 [MN/m]

[m]

0.6 [m]
0.55

t=

K'Z 7 A
“I see / Asrb Asyt:ASXt " Nesosseo
A A DA

T T

q=0.06 [MN/m?]
a) ¢ =0.5[m]

Top reinforcement Asy = Agyt
Chosen 13D22/m

hY

Ms = 0.45 [MN.m]

|
E
z
=
[e0)
<
o
I
=
T T
| I/
M: = 0.03 [MN.m] N Chosen 5®16/m ]
b) Bottom reinforcement Agry

Figure 120: a) Section x-x through the raft
b) Moments at section x-x with main reinforcement As at critical sections

5. Computing the area of steel reinforcement

Top reinforcement in x-directions and y-directions Asxt = Asyt:
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0.45

=2 _0.004702 [m2/m]
174x 0.55

Asxt

A, =47.02 [cm?/m]
Chosen steel 13®22/m = 49.4 [cm?/m] in both directions.

Bottom reinforcement in x-directions and y-directions Asxw = Asyb:

_ Ml
Axb - k2 d
0.03
=  —0.000314 [m3*/m
A 174%0.55 [ ]

A, =3.14 [cm’/m]
Chosen steel 5016 = 10.1 [cm?/m].
The raft is reinforced by a square mesh 13®22 [mm/m] in the upper surface, while the lower surface

is reinforced by 5®16 [mm/m] in x-directions and y-directions. In addition, an upper reinforcement
6.5®16 [mm/m] are used at the cantilever in X-directions and y-directions.

The details of reinforcement of the raft are shown in Figure 121.
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6.5016/m 6.5016/m
C2MJR AN 208 2 X 3K K 2 a2 e 2 2t e d AEAAZ A B XA A Ju i a 2L B L e Jn 4 e D JL 2 A
0.6 [m] [ 5016/m 13022/m / 5¢16/m ]
| 5016/m 5016/m |
.. s
a) 1.0 [m] 8.0 [m] 1.0 [m]
13022/m
6.5016/m 6.5016/m
]
[ 5016/m . i 5016/m
|
_ |
I
~ s I
< | E
S =
D &
£ o | ")
Q | 5016/m ]
(o)l
2 |
@ .
x| i
I
13022/m |
: I
/ N 6.5016/m |
£ | £
e b
o | o
g hg)
< |
I
Wall [ ] —_—
b) Top reinforcement ! Bottom reinforcement

Figure 121: a) Section x-x through the raft with reinforcement
b) Reinforcement of the raft in plan
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Example 38: Design of a square raft for four equal interior columns

Design a square raft for four equal interior columns, each of 0.50x0.50 [m?], reinforced by 4®19,
carrying a load of P = 1500 [KN] as shown in Figure 122. The distance center to center of columns is
3.0 [m]. The allowable soil pressure is gan = 210 [KN/m?] at a depth of Ds = 2.0 [m] and average unit

weight of the soil and concrete is ya = 20 [KN/m?].
P = 1500/ [kN] R P = 1500 [kN]

0.5x0.5 [m]
Ground surface
— TV 7 YWVWWWwW
Qan = 210 [kN/mZ]
Ya = 20[KN/m?]

Py Iy I\

{
"15[m]  30[m] 15[m]

3.0 [m]
N
B

3.0 [m]
N
N

e by
T

' L=6.0 [m]
Figure 122: Square raft for four interior edge columns

1. Determining raft side L
Resultant of loads R at the ground surface level is given by:

R=4P =4 x 1500 = 6000 [kN]

Resultant of total loads Rt at the foundation level is given by:
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R
(1_ Ya Df J

Qa
6000

i =m
210

= 7411.76 [KN]

Area of footing At is obtained from:

A =R _741L76

= =35.29 [m?*]
Qa 210

take Ar = 6.0 x 6.0 = 36.0 [m?] square raft
2. Computing the contact pressure

The contact pressure per meter square under the base of the raft will be uniform. It is given by:

g, _R__0000 6667 [kN/m?®]=0.167 [MN/n¥]
A, 6.0x6.0

Now, take 3.0 [m] strip from centerline to centerline and treat the strip as a beam footing. The contact
pressure per meter is given by:

q=0oB=0.167 x 3.0 = 0.5 [MN/m]
Figure 123 shows the load diagram and moment diagram for the strip.

3. Determining the maximum moment Mmax

From Figure 123, the maximum bending moment in the longitudinal direction occurs at the face of the
column which is:

2 2
M :q%:O.Sl'ZS

=0.391[MN.m]
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‘P 1.5 [MN] |P 1.5 [MN]

E
Etg
§]EI ASXb “ ASV‘ A ~ Sess ASXb
v LLLLEEEEETTTREERETT
Load diagram
g =0.5[MN/m]
c=125[m]
Chosen 6019/m
Bending moment diagram Bottom reinforcement As

Figure 123: Contact pressure, bending moment and critical section

4. Determining the depth required to resist the moment dm

From Table 2 for f; = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section depth
at balanced condition is k1 = 0.766, while the coefficient k. [MN/m?] to obtain the tensile reinforcement
for singly reinforced section is kz = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d —0766 |23 _ 028 [m]
3.0

Take d = 0.45 [m] >dm = 0.28 [m], then the section is designed as singly reinforced section.

The corresponding ki for d = 0.45 [m] is given by:

k =045 |9 _105
0.391

-210 -



Solved Examples

From Table 2 at k; = 1.27, f. = 5.0 [MN/m?] and k; = 182
5. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.225 [m] from the face of
the column as shown inFigure 124.

P=15[MN] [P =15[MN]

=1 En ; —
%I QL / 1:2
e [ EEEINNIR NN ENINNIN
Qo o = 0.167 [MN/m?]
a) Section I-1
 — ——— e — e — _
0.95[m
[m]
E E
s 11— . . —
o
——
— —
b) Plan ! L=6.0[m]

Figure 124: Critical section for punching shear

Geometry (Figure 124)

Effective depth of the section d=0.45 [m]

Column side a=b=05[m]

Area of critical punching shear section Ap = (a+ d)?=0.9025 [m?]
Perimeter of critical punching shear section bo=4(a+d)=38 [m]

Loads and stresses

Column load P=15 [MN]
Soil pressure under the column 0o = 0.167 [MN/m?]
Main value of shear strength for concrete C 250 g = 0.9 [MN/m?]
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Check for section capacity

The punching shear force Qp is:
Q=P-0qAp

Qp=1.5-0.167 x 0.9025 = 1.35 [MN]

The punching shear stress qgp is given by:

_Q
%=1 d
135
__ 135 (79 [MNM?
% =38x045 [ ]

The allowable concrete punching strength gpan [MN/m?] is given by:

a
qpall :(05+Bj qcp < qcp

05
Gy = (0.5 + ﬁj 0.9<0.9

Gpan = 0.9 [MN/n?]

Qpall = 0.9 [MN/m?] >qp = 0.79 [MN/m?], the section is safe for punching shear.
6. Computing the area of steel reinforcement

Minimum area of steel reinforcement Asmin = 0.15% Ac = 0.0015 x 50 x 100 = 7.5 [cm?/m]
Take Asmin=5016=10.1 [szlm].

The required area of steel reinforcement Asy is:

M

A :I<2—d

0.391

= 22" _0.004774 [M*/3.0m]
182x0.45

Asxb

A, =47.74 [cm?/3.0 m] =15.91[cm*/m]

Chosen steel in both x-directions and y-directions at the bottom is 6019/m = 17.0 [cm?/m]

The details of reinforcement in plan and section a-a through the footing are shown in Figure 125.
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—= <— 0.5%0.5
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S 0.0(;/602".\@0 2.0007/300 °>\00000°
6M19/m 6@19/m 6D19/m 6@19/m
s T
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a) Section I-1
ﬂ —
0-40—
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Figure 125: Details of reinforcement in plan and section a-a through the raft
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Example 39: Design of a square raft for four equal edge columns

Design a square raft for four equal edge columns, each carrying a load of P = 1125 [kN] as shown
in Figure 126. Column sides are 0.50x0.50 [m?] while column reinforcement is 4®19. The allowable
soil pressure is gan = 210 [KN/m?] at a depth of Dr = 1.5 [m] and average unit weight of the soil and

concrete is ya = 20 [KN/m?3].

P=1125[kN] |R P = 1125 [kN]
0.5x0.5 [m]
Ground surface
NNV TV wwwww
1=
nu_.’n Qan = 210 [kN/mZ]
o Ya = 20[KN/m?]
1
et
—1»—

2.5 [m]
N
H

2.5[m]
N
N

i Py
¢ T

L=5.0[m]
Figure 126: Square raft for four equal edge columns

1. Determining raft side L
Resultant of loads R at the ground surface level is given by:

R=4P =4x1125 = 4500 [kN]

Allowable net soil pressure Qgnet is given by:
Onet = Qall —Ya Df = 210 — 20 x 1.5 = 180 [KN/m?]

Area of footing At is obtained from:
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A, :i:@:% [m?]
qnet 180

take As = 5.0 x 5.0 = 25.0 [m?] square raft
2. Computing the contact pressure

The contact pressure per meter square under the base of the raft will be uniform. It is given by:

Qo == 5 o = 180 [kN/m?®]=0.18 [MN/m’]

Now, take 2.5 [m] strip from centerline to centerline and treat the strip as a beam footing. The contact
pressure per meter is given by:

q=0oB=0.18 x 2.5 =0.45 [MN/m]
Figure 127 shows the load diagram and moment diagram for the strip.

3. Determining the maximum moment Mmax

Critical sections of moments are shown in Figure 127:

2 2
M, =P[ S —c|-q5 =1.125(>2 _025]-045>7
2 8 2

=1.125[MN.m]
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P =1.125 [MN] P =1.125 [MN]

[m]

t=0.6 [m]
——+
0.55
+—t
3
o
o
3
AN
&
F
&
F

o AT

g = 0.45 [MN/m]

d

c=0.25[m]
Mmax = 1.125 [MN.m]

|
N4 \Z4

Mz = 0.014 [MN.m]

Bending moment diagram
Figure 127: Contact pressure, bending moment and critical section

4. Determining the depth required to resist the moment dm

From Table 2 for f. = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section depth
at balanced condition is ki = 0.766, while the coefficient k. [MN/m?] to obtain the tensile reinforcement
for singly reinforced section is k. = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

d,_ =0.766 /% =0.51 [m]

Take d = 0.55 [m] >dm = 0.51 [m], then the section is designed as singly reinforced section.

5. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.275 [m] from the face of
the column as shown in Figure 128.
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P =1.125 [MN] P =1.125 [MN]

\
U S N S S S G YD S S Y

=0.6 [m]
—t
d=0.55[m]

+—_

t

YRREY) WNRYY
a) Section I-1 Go = 0.18 [MN/m?] Go = 0.18 [MN/m?]
0.775 [m]

2.5 [m]
1.05[m]

= —
b) Plan L=50[m]

Figure 128: Critical section for punching shear

Geometry (Figure 128)

Effective depth of the section d=055 [m]

Column side a=b=0.5[m]

Area of critical punching shear section Ap=(a+d)(a+d2)=081 [m?]
Perimeter of critical punching shear section bo=2(@+d/2)+(a+d)=2.6[m]

Loads and stresses

Column load P =1.125 [MN]
Soil pressure under the column 0o =0.18 [MN/m?]
Main value of shear strength for concrete C 250  gep = 0.9 [MN/m?]

Check for section capacity

The punching shear force Qp is:
Q=P-0qAp

Qp=1.125-0.18 x 0.81 = 0.98 [MN]
The punching shear stress qp is given by:
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_Q
RN
0.98
- =72 _0.69 [MN/m?
% =2 6x055 [ ]

The allowable concrete punching strength gpain [MN/m?] is given by:

a
qpall :(054_6) qcp < qcp

0.5
Gy = (0.5 + EJ 0.9<0.9

Gpan =0.9 [M N/m?]

Qpall = 0.9 [MN/m?] >q, = 0.69 [MN/m?], the section is safe for punching shear.
6. Computing the area of steel reinforcement

Minimum area of steel reinforcement Asmin = 0.15% Ac = 0.0015 x 60 x 100 = 9.0 [cm?/m]
Take Asmin=5016=10.1 [szlm].

The required area of steel reinforcement Ay is:

Mmax
ASXt - kz d
1.125 2
=——"""  —-0.011892 [m?/2.5m
A 172x0.55 [ ]

A, =118.92 [cm?/2.5m] = 47.57 [cm?/m]

Chosen steel in x-directionsat the top is 13022/m = 49.4 [cm?/m]

From Figure 129, the maximum bending moment in y-direction occurs at the face of the column which
is:

2 2
M, =q%=0.45%=0.225[MN.m]
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[m]

‘PllZS [MN] |P1125 [MN]
N\

I Asyb ;lz A A ; Asyb
sessse Sxt N _eseees/

cogogan LU LT EIETETEET

q = 0.45 [MN/m]

d=0.55

c=1.0[m]
My = 0.225 [MN.m] W
Chosen 5016/m
Bending moment diagram Bottom reinforcement Agys

Figure 129: Contact pressure, bending moment and critical section

The required area of steel reinforcement Asys is:

M max
Ay = k, d
0.225 )
=%  _0.002378 [m?%/2.5m
Ay 172 x0.55 [ |

A, =23.78 [cm?/2.5 m] =9.54[cm?*/m]

Chosen steel in y-directions at the bottom is 5d16/m = 10.1 [cm?/m]

The details of reinforcement in plan and section a-a through the footing are shown in Figure 130.
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b) Plan

Figure 130: Details of reinforcement in plan and section a-a through the raft
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Example 40: Design of a square raft for 9 equal columns

Design a square raft for 9 equal columns, each of 0.50x0.50 [m], reinforced by 4d®19, carrying a load
of P = 1500 [kN] as shown inFigure 131. The distance center to center of columns is 3.0 [m]. The
allowable soil pressure is gan = 210 [KN/m?] at a depth of Ds= 2.0 [m] and average unit weight of the
soil and concrete is ya = 20 [KN/m?].

P =1500 [kN] | P =1500 [kN] [P = 1500 [kN]

0.5x0.5 [m]
Ground surface
’ ’ ‘ ‘ ’ Qan = 210 [kN/mz]
Ya = 20[KN/m?]
e+
1.5[m] 3.0 [m] 3.0 [m] 1.5[m]

3.0 [m]
B
H
B

3.0 [m]
B
H
B

Py
*

3.0 [m]
B
H
B

e 4
L=9.0[m]
Figure 131: Square raft for 9 equal columns

1. Determining the raft side L

Resultant of loads R at the ground surface level is given by:
R=9P =9 x 1500 = 13500 [kN]

Allowable net soil pressure gnet is given by:

Qnet = Gall — Ya D = 210 — 20 x 2.0 = 170 [KN/m?]
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Area of footing At is obtained from:

_R_18500 26 41 [m?]
0. 170

f

take Ar=9.0 x 9.0 = 81.0 [m?] square raft
2. Computing the contact pressure

The contact pressure per meter square under the base of the footing will be uniform. It is given by:

d, = Ai = % =166.67 [KN/m*]=0.167 [MN/m’]
f

Now, take 3.0 [m] strip from centerline to centerline and treat the strip as a beam footing. The contact
pressure per meter is given by:

q=0oB=0.167 x 3.0 = 0.5 [MN/m]

Figure 132 shows the load diagram and moment diagram for the beam footing.
3. Determining the maximum moment Mmax

From Figure 132, the maximum bending moment occurs at the face of the column which is:

1.25

2
M. =q %:0.5 —0.391 [MN.m]
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‘P 1.5 [MN] P=15[M

N] ‘P 1.5 [MN]

ggl Asxb AsxbW Asxb
ﬁ T‘g SI ASXt (XXX'X3 ASXI _o'u#/
T T T T AT T TS
q=0.5 [MN/m] '
c:1.25[m].

Load diagram

Chosen 6019/m
Bending moment diagram Bottom reinforcement Asxb

Figure 132: Contact pressure, bending moment and critical sections

4. Determining the depth required to resist the moment dm

From Table 2 for f. = 9.5 [MN/m?] and fs = 200 [MN/m?], the coefficient ki to obtain the section depth
at balanced condition is ki = 0.766, while the coefficient ko [MN/m?] to obtain the tensile reinforcement
for singly reinforced section is k. = 172 [MN/m?].

The maximum depth dm as a singly reinforced section is given by:

Ay =k, o[ e
B
0.301
30

d, =0.766 =0.28 [m]

Take d = 0.45 [m] >dm = 0.28 [m], then the section is designed as singly reinforced section.

The corresponding ki for d = 0.45 [m] is given by:

k,=045 | — 30 =1.25
0.391

From Table 2 at k; = 1.27, f. = 5.0 [MN/m?] and k» = 182
-223 -



Solved Examples

5. Check for punching shear

The critical punching shear section lies on a perimeter at a distance d/2 = 0.225 [m] from the face of
the column as shown in Figure 133.

P =1.5[MN] P =1.5[MN] P =1.5[MN]
N “_ 05%05 ’ ‘ ‘
1:2 1:2

E 0 / \ s
3[ Ql 12/
o 1] / S / \ / \
" - a4 4 4 9 4 '8 ¢ 9 ¢ 4 9 9 9 '9 2 Au’q;.\\.
- EENINREN) [ NINEIXEN) RIXRIXNN
o= 0.167 [MN/m2] o Qo
a) Section I-1
[ 0_9_5_[51]_ ________________________________________________________________
-
E 3
S m: W m |
o S
o
¢ +
b) Plan L=60[m]

Figure 133: Critical section for punching shear

Geometry (Figure 133)

Effective depth of the section d=0.45 [m]

Column side a=b=05[m]

Area of critical punching shear section Ap = (a+ d)?=0.9025 [m?]
Perimeter of critical punching shear section bo=4(a+d)=38 [m]

Loads and stresses

Column load P =1.5[MN]
Soil pressure under the column 0o = 0.167 [MN/m?]
Main value of shear strength for concrete C 250  gep = 0.9 [MN/m?]

Check for section capacity

The punching shear force Qp is:
Qp =P —0oAp

Qp=1.5-0.167 x 0.9025 = 1.35 [MN]
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The punching shear stress qgp is given by:

_Q
%=1 d
135
_ 135 470 (MN/mE
0 = 38%0.45 [ ]

The allowable concrete punching strength gpan [MN/m?] is given by:

a
qpall = (05+B] qcp < qcp

05
Qpa :(0'5+EJ 0.9<0.9

Gpan =0-9 [MN/?]

Qpail = 0.9 [MN/m?] >qp = 0.79 [MN/m?], the section is safe for punching shear.
6. Computing the area of steel reinforcement

Minimum area of steel reinforcement Asmin = 0.15% Ac = 0.0015 x 50 x 100 = 7.5 [cm?/ m]
Take Asmin = 5016 = 10.1 [cm? m].

The required area of steel reinforcement As is:

Mmax
k, d

Asxb =

0.391

=% _0.004774 [m?/3.0m]
182x0.45

Asxb

A, =47.74 [cm?/3.0 m] =15.91[cm?/m]

Chosen steel in both x-directions and y-directions at the bottom is 6®19/m = 17.0 [cm?/m]

The details of reinforcement in plan and section a-a through the footing are shown in Figure 134.
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Part B
Theoretical Basis
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1- Determine the bearing capacity of footing

Determine the bearing capacity of footing may be carried out according to the Egyptian Code of
Practice [1], ECP as follows:

1.1- Vertical concentrated load
Ultimate bearing capacity quit is given by:

qult:CNc )\’C+Y1 Df Nq }\‘q+’YZ BNy )\‘y (1)
where:
Quit Ultimate bearing capacity, [KN/m?].

N¢, Ng, Ny Bearing capacity factors depended on the angle of internal friction @, [-].
A, Mg, Ay Shape factors depended on the shape of the footing in plan, [-].

C Cohesion of the soil, [KN/m?].

[0) Angle of internal friction of the soil, [°].

Y1 Unit weight of the soil above the foundation level, [kN/m?].
Y2 Unit weight of the soil under the foundation level, [kN/m?®].
Dt Foundation depth, [m].

B Width of the footing (the smallest side), [m].

L Length of the footing, [m].

Bearing capacity factors Ng, Nc and Ny are determinate from:

a) Case of soil having ¢ > 0

 tan (P
N, =e" * tan’ (45+Ej (2)
N, = (N, —1) cot ¢ 3)
N, =(N, 1) tang 4)
b) Case of soil having ¢ =0
N = 5, Ng=1 and N,=0
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Shape factors A, Aq and )y are obtained from Table 14

Table 14 Shape factors Ac, Aq and Ay

Footing shape in plan Ae, Mg Ay
Strip 1 1
Rectangular 1+0.3B/L 1-0.3B/L
Squar or circular 1.3 0.7

1.2- Vertical eccentric load

When deatrmining ultimate bearing capacity for a footing having an eccentric load (Figure 135),
the total footing area of (BxL) is replaced by an effective footing area of (B*xL") that load applies
in the center of it. Ultimate bearing capacity quit is determined by the effective footing area as:

qult:CNc )‘c+Y1 Df Nq )\‘q+’YZ B’Ny )\‘y (5)
B'=B-2e, (6)
L'=L-2e, (7)
where:
€x Eccentricity in x-direction, [m].
ey Eccentricity in y-direction, [m].
B’ Width of the effective footing (the smallest side), [m].
L Length of the effective footing, [m].

effective footing

L/2

L/2

B2 ' B2
Figure 135: Vertical eccentric load and the effective footing
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1.3- Inclined load

Ultimate bearing capacity reduces when the angle 6 between the applied load and the vertical
direction exceeds as shown in Figure 136. In this case ultimate bearing capacity qui is given by:

qult:CNc }”c ic"'Yl Df Nq Kq iq+72 BNY 7”*/ iv (8)
where:

ic, Ig, Iy~ Factors depended on the angle 6 between the load and the vertical direction, [-].
d Angle between the load and the vertical direction, [°].

!
!
Figure 136: Inclined load

a) Case of soil having g =0 and C #0

ig=1 9)
: H,
i,=05+05/1-— (10)
AC
where:
Hp The horizontal component for the ultimate bearing capacity, [KN].
A Area of the footing, [m?].

First it should be chosen an area to achieve the condition (AXC>Hp)
b) Case of soil having ¢ # 0 and C=0

i, =(L—-0.7tand)’ (11)

i, =(1-tand)’ (12)
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c) Case of soil having ¢ #0 and C # 0

r 3
iy = 1—0.7L (13)
i V, + ACcote
— H 3
i,=1-——2 (14)
" | V,+ACcote
1—i
i, =i, — 1 15
c q Nq -1 ( )
where:
Vb Vertical component of the ultimate bearing capacity, [KN].
Hp Horizontal component of the ultimate bearing capacity, [KN].
Hp = Fp xH (16)
Vb = Fp XV (17)
where:
Fb Factor of safety, [-].
H Horizontal component of the footing load, [KN].
\Y Vertical component of the footing load, [KN].

1.4- Layered soil

Ultimate bearing capacity for a footing resting on layered soil may be carried simply as indicadet
in the following setps:

1) Determine the ultimate bearing capacity for the first layer.

2) Determine the ultimate bearing capacity for the second layer with assuming an imaginary
footing lies at the top of the layer with dimension (B+h1) x (L+hy) as shown in Figure
137.

3) Repeat the previous step for the other layers.

4) The ultimate bearing capacity is the smallest value.
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Ground surface
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Figure 137: Layered soil

1.5- Effect of water table on bearing capacity

Water table has an effect on the third term of the bearing capacity equation. Three cases for the

water table effect may be considered as follows:

a) The foundation level is under the ground water table as shown in Figure 138.

——

Ground surface

Figure 138: Foundation level is under the ground water table

Ultimate bearing capacity qur is given by:

e =C N A i, +q"' Ny Ay +7,,, BN, A,

q =y1x (Dr—h) +vysup h

where:
q Effective pressure at foundation level, [KN/m2].
Ysub Submerged unit weight of the soil, [KN/m?].

-232 -

(18)

(19)



Theoretical Basis

b) The foundation level is under the bed level of a canal or a river as for a pair as

shown in Figure 139.
N

Dt

____________________________ -

Ground surface

2 7 7 0 0 0 '

Ysub

h

a4

Figure 139: Foundation level is under the bed level of a canal

Ultimate bearing capacity qur is given by:

Que =C N A i +0"N A, +v,, BN, A,

g =7ysub Dt

¢) The ground water table under the foundation level as shown in Figure 140.

Ground surface

TN~ A0
N
D+
Y1
S B &
d v v
Ground water level

Ysub

Figure 140: Ground water table under the foundation level

Ultimate bearing capacity qur is given by:

Que =C Ne A +v1 Dy Ny &g +v, BN, A,

!’

d
Y2 =7Ysub +E(Y_Ysub)
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1.6- Allowable and net bearing capacities
It will be important to define some terms relating to bearing capacities.
a) Ultimate bearing capacity qui

The ultimate bearing capacity quit is defined as the least pressure on the soil which would
cause shear failure of the supporting soil immediately below the footing.

b) Allowable bearing capacity qai

The allowable bearing capacity is allowable pressure on the soil due to the footing load that
can be carried safely by the soil. The allowable bearing capacity is equal to the ultimate
bearing capacity divided by a specified factor of safety FS, as example 2.5.

qult
= Jult 24
Qan FS (24)
c) Net allowable bearing capacity Qnet

It is noticed that the allowable bearing capacity equations are based on gross pressure under
the footing (Eq. 25 and Figure 141), while those of designing the footing or determining the
settlement are based on the net pressure under the footing (Eq. 26 and Figure 141).

P

L Ground surface
VNV

Pr Ys

Dt

y ¥
B

PN &

Figure 141: Gross and net load

P

Qo = TI (25)
P

Onet = K (26)

where;

Pr Total load at the foundation level including applied load at the surface, the self weight
of the footing and the weight of the soil, [KN].

A Footing area in plan, [m].

P Applied load at the surface, [KN].
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A relation between the allowable bearing capacity of the soil and the net allowable bearing
capacity is given by:

qnet = qall —Ya Df (27)
where:

Ya Average unit weight of the soil and the footing material, [KN/m?].
Ya may be taken as 20 [KN/mq].

A relation between the total load at the foundation level and the applied load at the surface
can be obtained from Eq. 25, 26 and 27 as:

P= (28)
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2- Determine Reinforced Concrete Design of Shallow Foundations

Design of shallow foundations in this book is carried out according to the Egyptian Code of Practice
[1], ECP, using the method of working stress. Design of section for footings and rafts is carried out
only for the moment, first. Then a check for shearing force for strip footing or check for punching
shear for other types of foundations is carried out. Other checks such as bond stress and dowels are
not required. The section is chosen to resist moment and shear without additional reinforcement.

2.1- Critical sections for moment
Sections for computing moment are taken at (Figure 142):

- The face of the column or the reinforced concrete wall.
- The mid-distance between the face of the steel column and the edge of the base plate.
- The mid-distance between the face of the brick wall and the axis of the wall.
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1.0 [m]

-

Critical
moment
section

-

-

Critical
moment
section

E
o
—
. _b
0.25 b— /l/
i i
0.5(B—h) 05(B-0.5hb)
a) R.C. wall b) Brick wall
Py L ¢ L
. Critical
Critical moment

moment

/ section

—
05(L-a)

¢) R.C. column
Figure 142: Critical sections for moments

2.2- Design for flexure moment
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d) Steel column

The design procedure is based on the stress diagram shown in Figure 143. In this method, a
linearly elastic relationship between stresses and strains is assumed for both the concrete and the
reinforcing steel. The codes assume that the maximum stress produced by the worst combinations
of working loads does not exceed a specified allowable working stress value. When the applied
moment exceeds the moment capacity at the designed balanced section, the area of compression
reinforcement is calculated on the assumption that the additional moment will be carried by
compression and additional tension reinforcement.
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N.
t| d
A
+— 0000000 g
C fs/n
b
Concrete section Stress diagram  Force diagram

Figure 143: Contact Distribution of stresses and forces according to ECP (working stress method)

In designing procedure, a suitable depth d [m] of the section is assumed first. Then, the
maximum depth dm [m] required to resist the applied moment as a singly reinforced section is
obtained. The reinforcing steel area is determined based on whether the assumed depth d greater
than, less than, or equal to dm.

The value of the ratio § = z/d of neutral axis to effective depth at balanced condition is given by:

§=—r (29)
n+—
fC
where:
z The neutral axis depth, [m].
fs Tensile stress of steel, [MN/m?].
fc Compressive stress of concrete, [MN/m?].
n Modular ratio, n = Es/Ec, is the ratio between moduli of elasticity of steel and

concrete. The value of the modular ratio is n = 15

The coefficient ki to obtain the section depth at balanced condition is given by:

(30)

The maximum depth dm [M] as a singly reinforced section is given by:

M
d, =k \/% (31)
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where:
M Moment at a section obtained from analysis, [MN.m].
b Width of the section to be designed, [m].

Check if the assumed depth d is not exceeded the maximum depth dm to resist moment as a singly
reinforced section.

Singly reinforced section

If d >dm, then the section is designed as singly reinforced section. The tensile steel
reinforcement is calculated as follows:

Determine the neutral axis z [m] corresponding to the depth d by iteration from:

(32)

(33)

The coefficient ko [MN/m?] to obtain the tensile reinforcement for singly reinforced section,
is given by:

_fa S
ko =1.0-2) (34)

The area of tensile steel reinforcement As [m?] is then given by:

M
K, d

A = (35)

The coefficients ki and ko may be also obtained from the known charts of reinforced concrete.
Tables 1 and 2 show coefficients ki and kz for singly reinforced rectangular sections. The
units used to obtain coefficients ki and k2 in the tables are [MN] and [m].

Doubly reinforced section

If dn>d then the section is designed as doubly reinforced section. Both top and bottom
reinforcement are required. However, it is prefer to design the section of foundation as a
singly reinforced section by increasing the depth but in some cases, the designer refers to this
solution. The tension and compression reinforcement is calculated as follows:

The limiting moment resisted by concrete compression and tensile steel Miim [MN.m] as a
singly reinforced section is given by:
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My :(1] M (36)

Therefore, the moment resisted by compression steel and additional tensile steel AM [MN.m]
Is:
AM =M —Miim (37)

The coefficient k. [MN/m?] to obtain the tensile steel as singly reinforced section, is given by:
_f_%
ko =1.10=2) (38)

The area of tensile reinforcement Asy [m?] to resist Miim is then given by:

M

— lim 39
Al (39)
The required additional tensile steel As, [m?] to resist AM is given by:
AM
= 40
A fd-d) (40)
where:
d Concrete cover to center of compression reinforcing, [m].
The total required tensile reinforcement As [m?] to resist Miim + A M is given by:
As = Aa— As2 (41)
The required compression steel As [m?] to resist AM is given by:
\ AM
A 7 d_d) (42)
where:
fs Compressive stress of steel in compression [MN/m?], which is obtained from:
f =nt 2 ‘Zd (43)

2.3- Check for punching shear

The ECP code for working stress method assumes the critical punching shear section on a
perimeter at a distance d/2 from the face of the column as shown in Figure 144.
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Figure 144: Critical section for punching shear according to ECP (working stress method)

The punching shear force at the section Qp [MN] is given by:

Qp =P —QoAp (44)
where:
Qs
= 45
qp bo d ( )
P Column load, [MN].
Jo Upward soil pressure under the column, [MN/m?].
Ap Area of critical punching shear section, [m?].
= (a + d)? for square columns
= (a +d) (b + d) for rectangular columns
=7 (D + d)%/4 for circular columns
a, b Column sides, [m].
D Column diameter, [m].

The punching shear stress g, [MN/m?] is given by:
where:

d Depth to resist punching shear [m]
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bo Perimeter of critical punching shear section [m]
=4 (a + d) for square columns
=2 (a+ b+ 2d) for rectangular columns
=1 (D + d) for circular columns

The allowable concrete punching strength gpan [MN/m?] is given by:

a
qpall = [05 + Bj qcp < qcp (46)
where:
Ocp The main value of shear strength [MN/m?] according to Table 3.
a The smallest column side.

Normally, it is impracticable to provide shear reinforcement in slabs and footings. In such cases,
concrete alone should resist the punching shear without contribution of the shear reinforcement.
The slab thickness is considered to be safe for punching stress, if the punching shear stress is less
than the allowable concrete punching strength where:

d, 24, (47)

If the above basic condition is not satisfied, the thickness will have to be increased to resist the
punching shear.

Mechanical properties of concrete according to ECP

ECP defines the concrete grade according to the standard cube compressive strength of concrete
fcu (characteristic strength). The standard cube has 15 [cm] side length. Thus, grade C250
concrete has fo, = 250 [kg/cm?]. According to ECP the mechanical properties of concrete,
characteristic strength f.,, concrete cylinder strength f., compressive stress of concrete for
bending or compression with big eccentricity fc, and main value of punching shear strength qcp
can be taken as in Table 15.

Table 15: Determination of tension reinforcement in longitudinal direction

Concrete grade C150 C175 C200 C225 C250 C275 C300
fou [kg/cm?] 150 175 200 225 250 275 300

f.= 0.8 fou [kglcm?] | 120 140 160 180 200 220 250
f [kg/cm?] 65 70 80 90 95 100 105

Oep [kg/cm?] 7 7 8 8 9 9 10

To convert to [MN/m?], divide by 10
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3- Types of shallow foundations

3.1. Isolated footing

An isolated footing is a concrete slab or block under an individual load or column. It may be a
square, rectangular or circular footing, Figure 145.
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Figure 145: Isolated footing

3.2. Strip footing

When a number of columns in a row are to be supported on a soil of low bearing capacity,
isolated footings if provided would overlap. A practical solution would be a footing to support all
the columns of the row. Such a footing is called a "Strip footing", Figure 146. It may be used also
under a brick or R. C. wall, Figure 146.
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Figure 146: Strip footing

3.3. Combined footing

If a speared footing is provided for an external column, it will lead to unstable structure system.
Therefore, the external column must be connected at least with another internal column by a
footing. Such a footing is called a "Combined footing". Combined footing is also commonly used
when isolated footing for two columns or more if provided would overlap.

a) Combined rectangular footing

In the design of rectangular footing, it is generally assumed that the contact pressure
distribution is uniform. In fact, many column loads are unsymmetrical. To achieve a uniform
contact pressure distribution under the footing, it is necessary to coincide the center of the
footing area with the point of application of the resultant. It can be carried out by extending
the footing so that the center of area of the footing coincides with the center of gravity of the
external loads. This is easy to be done by rectangular footing, Figure 147.
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Figure 147: Combined rectangular footing

b) Combined trapezoidal footing

A special case of footings is the trapezoidal footing (Figure 148), which may be used to carry
two columns of unequal loads when distance outside the column of the heaviest load is
limited. In such case, using a rectangular footing may lead to the resultant of loads does not
fall at the middle length of the footing. To overcome this difficulty, a trapezoidal footing is
used in such a way that the center of gravity of the footing lies under the resultant of the
loads. Consequently, the distribution of contact pressure will be uniform.
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3.4. Strap footing

If the distances between columns are large, a composed of two spread footings connected by a tie
girder or a strap may be used as an economical system instead of combined footing (Figure 149).
Strap footing may also serve a need of bridging over areas that cannot be loaded.
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Figure 149: Combined strap footing

3.5. Circular raft

Ring or circular rafts can be used for cylindrical structures such as chimneys, silos, storage tanks,
TV-towers and other structures. In this case, ring or circular raft is the best suitable foundation to
the natural geometry of such structures (Figure 150). The design of circular rafts is quite similar

to that of other rafts.
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Figure 150: Circular raft

3.6. Raft

If distances between columns are small, a slab contains all columns called a raft may be used
instead of spread footings, Figure 151.
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