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CHAPTER THREE

Design of Shallow Foundations: ISOLATED FOOTINGS
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Worked Examples

3. considers the design Vot Vs
of a strip footing on clay, as
shown in Figure
Groundwater is at a depth d_
below ground surface.

This example demonstrates the
use of partial factors for
undrained and drained
parameters. The inclusion of
groundwater above the base of
the footing illustrates the
complications in applying partial

tactors to water pressures.

B
Strip footing on clay
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Design situation
Consider an infinitely long footing of breadth B = 2.5mand depth d = 1.bm,

ki
which is required to carry an imposed permanent action Vg = 250—and an

m

kI
imposed variable action Vg = 110—. The footing is founded on a medium

m
strength clcq.ro with characteristic undrained strength ¢ = 45kPa, angle
of shearing resistance ), = 25°, effective cohesion ¢’ = 5kPa, and weight

kN
density ~ = 21—3. The water table is currently at a depth d, = Im The
m

kI
weight density of groundwater is ~ = 9.81—3 and of reinforced concrete
m

ki
ek = 25—3 (EMN 1991-1-1 Table A.1).
m
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Design Approach 1

Geametrical parameters
Design depth of water table d, 4 = om@®

Actions and effects

ki
Characteristic self-weight of footing is Wgp = ~o*Bxd=938—

m

Characteristic pore pressure underneath base

Uy b = Ty (d _dw,d] = 14.7 kPa

il £ . Al 1.35 1 o 15
artial factors, Set D = D = . Ny =
a2 €| 1 G.fav |, Q13

629.1] kN

m

Design vertical action: Vj = ~gx {W5k+ ."'.E-k] +9Q* 'u"Qk = [ih'ﬂﬁ o

Vyq

251.6
Design bearing pressure (total stress): gg4 = B - [ ] kPa
194.7
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14.7
Design upthrust (favourable): ujy = g fq,* Uk p = [
' ' 14.7

J #:©

236.9
Design bearing pressure (effective stress): 9'g4 = qpq—uy = [ 180 } kPa

Material properties and resistance

Partial f Se W 1 : d !
artia ﬂ(:"'ﬂl‘ﬁ, T S e and ~y. =
M2 Y ol14 ¥ o l12m “ l12m

“uk [ 4D
Design undrained strength is ¢ y=——-= kPa

4 ’fﬂ"(*ﬂk) 25
Design shearing resistance is @4 = tan = °
T 20.5

Elk 5
Design cohesion is ¢’y = — = kPa
e 4
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Drained bearing capacity factors

BN e

For cohesion: N, = I:(N‘-'?_ 1) ” m’r(tpd)]} ) f?:;}
15,

For self-weight: ‘[ g 1] mn(mdj ) [493]
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Depth and shape factors

d
Salgado's depth factor for undrained loading: d, = 1+0.27 / =121 4

Ignore depth factors for drained loading

d
Salgado's shape factor for undrained loading: s, = 1+0.17 / o - 113 4
Depth factors are all 1.0 for drained loading and so can be ignored
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Undrained bearing resistance Short-term Analysis
Total overburden at foundation base is o, |, = "> d=31L.5kPa

R1 1.0
Partial factors from Sets ' Ry =
R1 1.0

348.1
Ultimate resistance is q4 = (m+2)x ¢ y*xd = s .+ Tk b = [ ] kPa
' 257.6

b Quit [ 348.1 @
esign resistance is = —= a
TRd Ry 2h7.6
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Long-term Analysis
Dramed bearing resistance

Effective overburden at foundation base is Eluk,h = oukb~Ykb = 16.8 kPa

> 179
From overburden g’ =[MN,= o' j = kPa
q ul’r1 ( g vk b [112.5]

" > (1036 0
From cohesion q' = ®xe ] = a
Tur, = (Nexe'd)=| 1

S
[

B 126.1
From self-weight ql“”a = I:N,.1I :-: [’Tk_ *iw) X E_ = [59.5] kPa
_ | o 408.7)
Total resistance q' |3 = Z 9 Uit = [ 233

kPa

=1

o ult (4087 o
esign resistance is q'p4 = = a
7" 1 Rd TRy 233
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Verification of undrained bearing resistance

HBd (72
Degree of utilization Agpn1=—= 4.5
“ gpq4 \76

Design is unacceptable if degree of utilization is > 100%

Drained (long-term
Verification of drained bearing resistance sity ation( is s?ig htly)

9ed (58 more critical in DA1-2
Degree of utilization A'ge1=—— = ﬁ@
' 7

9 Rd
Design is unacceptable if degree of utilization is > 100%
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Design Approach 2

Actions and effects
Partial factors from set ALl: ng =139 and ~g= 12 6]

ki
Design action is V4 = ~ygx (wﬁ-k + "'FE-R) Q™ ".I"Qk = 629.1—

m
Vg

Design bearing pressure (total stress) is g4 = - 251.6 kPa

Design upthrust (favourable): ug = g £, * Uk p = 147 kFa

Design bearing pressure (effective stress) is q' g4 = qgq —ugq = 236.9kPa
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Material properties and resistance
Partial factors from set ML: ~,,=10 , ~,=10 ,and ~.=10 6]

“uk
Design undrained strength is ¢,y = — = 45kPa

e

[ tan( e
Design angle of shearing resistance is 4 = tan = £Ddeg
T
cl

Design cohesionis ¢'y = — = 5kPa

Te



L
Worked Examples

Dramed bearing capacity factors

[ (., e

For overburden: IN_ = E(mm{w"’}] lfunk45“+? J J ~10.7

q
For cohesion: N = {Nq— 1]. x ﬂu’r(tpd) - 20.7
For self-weight: N‘T = E(Hq - }:-: fﬂﬂ(q:ld) =9

Depth and shape factors
Are the same as for Design Approach 1

Undrained bearing resistance
Total overburden at foundation base is Tukb = k> d= 315 kPa

Partial factors from set R2: ~p,, = 1.4 (7
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Ultimate resistance is q 14 = (m+ 2) % ¢yg* do* 5.+ oy |, = 348.1kPa

Qult
Design resistance is qgq = —— = 248.6 kPa

TRy

Drained bearing resistance
Effective overburden at foundation base is ”Iuk,h = Tykb~ Yk b= 16.8 kPa

iy

From overburden q' |+ = (Nq:-: Tk 'Dj = 179kPa
; .

—

From cohesion q' ;3 = {Nc:-: c' d) = 103.6 kPa
2

M| T2
I N 2

From self-weight qlul’r = [Nﬁ. * (’Tk— ‘Tw) « —| =126.1 kPa
3
Total resistance q' ;3 = Zq'uﬁ = 408.7 kPa

9 ult
Design resistance is q'pq = —— = 291.9kPa
TRy
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Verification of undramed bearing resistance

9Ed
Degree of utilization | [Agpq 2 = — =101 yi(8)

9Rd
Design is unacceptable if degree of utilization factor is > 1007%

Verification of drained bearing resistance
9'Ed

Degree of utilization | A'gpq 2 = —— =81 yi 8]
' 9 Rd
Design is unacceptable if degree of utilization is > 100%
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Design Approach 3
Actions and effects
Partial factors on actions from set Al: g =135 and ~=15 0]
ki
Design vertical action V4 =~y [Wep + Vep | + 4% VAL = 629.1—
gn d =16 (Wek + VoK) * Q" Vak -

Vd
Design bearing pressure (total stress) qg 4 = = 251.6 kPa

Design upthrust (favourable): uy = ~g ¢4, % U p, = 14.7kPa
Design bearing pressure (effective stress) q'g4 = g4 —uy = 236.9kPa
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Material properties and resistance
Partial factors from set M2: ~,, =14 , ~,=125 ,and ~. =125 ©

“uk

Design undrained strength is ¢ 4= —— = 32.1kPa

hrl'.:l.l

tan
Design angle of shearing resistance is 4 = ’rﬂn_l[ ( )] =205°
Al
P

C

Design cohesionis ¢' j = — = 4kPa
e
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Drained bearing capacity factors
P
¥
For overburden: N q= E[:m fm{tpd}} » [’rm[-#ﬁ“ + Td]] = 6.7
For cohesion: N = (Ng~1)x cot{ipg] = 15.3
For self-weight: N, = 2Ny —1) x tan{ipg) = 4.3

Depth and shape factors
Are the same as for Design Approach 1
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Undramed bearing resistance

Total overburden at foundation base is ok |, = v = d= 31.5kPa

Partial factors from set R3: ~p, = 1.0
Ultimate resistance is q 4 = (m+ )< ¢ yxd x5+ o vk b = 257.6 kPa

Qult
Design resistance is qpy = —— = 227.6kPa

Ry
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Dramed bearing resistance
Effective overburden at foundation base is ':'Iuk,h = oukb~ Yk p = 16.8 kPa

From overburden q' ;4 = (Nq:-t Tk bj = 112.5 kPa
. :

L%
L

From cohesion q' 13+ = (Nc:-c ﬂ'd} = 61.1kPa
2

Ma| D
S [N

From self-weight ':llul’ra = [N*T x [iﬁ[k— “iw) x—|=0595kPa
Total resistance q' 13 = ZqIUH = 233 kPa

9 ult
=233 kPa

Design resistance is q'p4 =
Ry
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Verification of undrained bearing resistance

9Ed
Degree of utilization|[Ageg3=—-="98 yal10]
' IRd

Design is unacceptable if degree of utilization is > 100%

Verification of drained bearing resistance

9 Ed
Degree of utilization|A'gpp 3 = —— =102 yaLlo]
' 9 Rd
Design is unacceptable if degree of utilization is > 100%
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Settlement of strip footing on clay
Verification of serviceability

Design situation

Consider the infinitely long strip footing from the previous example. There is
a rigid layer underlying the footing at a depth of dp = 4.5m The clay's
undrained Young's modulus is assumed to be E ) = 600c,, = 27 MPaand its

2

m
characteristic coefficient of compressibility m = 0.12 m
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Implicit verification of serviceability (based on ULS check)

Geometrical parameters

Design depth of water table d, 4 = d, = 1m 0

Actions and effects
From previous calculation, characteristic actions are:

imposed permanent Vg, = 250 kN/m

imposed variable action Vq, = 110 kN/m
self-weight of footing W = 93.8 kN/m

Characteristic pore pressure under base uy |, = 7, x ( d- dw,d) - 49kPa®
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Partial load factors for SLS: g =1 , yg fqu =1 .and 7o =1 ﬁ
Design vertical action: Vy = ~yg x (wﬁk . Vﬁk] Q> qu = 453 8 kN/m

Vd
Design bearing pressure (total stress): qg4 = Y = 181.5 kPa

Design upthrust (favourable): uy = V6 fav * Uk b = 49 kPu@
Design bearing pressure (effective stress). ¢'gq = qgq4 — uq = 176.6 kPa



L
Worked Examples

Material properties and resistance
From previous calculation, characteristic material properties are: undrained

strength ¢, = 45 kPa, shearing resistance ¢, = 25°, cohesion c', = 5kPa

Partial material factors for SLS: ~v,,=1 , y,=1 and ~.=1 ©
Design undrained strength ¢ 4 = ¢+ Yy = 49 kPa

Design shearing resistance ¢4 = ’rt:m_1 (fcm(npk) + PYLP) =25°

Design cohesion ¢’ = ¢’} +~. = 5kPa



Drained bearing capacity factors

2
P
For overburden: N_ = e(mmn(tpd))x (10{45" +—dD =107

9 2
For cohesion: N = (Ng — 1) x cot(pg) = 20.7
For self-weight: N"T = Z(Nq - 1) X 'l'ﬂn(tpd) =9

Depth and shape factors

, d ’ d
Previous calculation: dc = 1+0.27 E =121 &s.=1+017 E =1.13

Undrained bearing resistance
From previous calculation, total overburden under base is Sk b = 31.5kPa

Partial resistance factor for SLS: v, g g = 3.0 9
Ultimate resistance is q+ = (+2) x ¢ qx d . x s .+ 0y p = 348.1kPa

it
Design resistance is qpq = — = 116 kPa

TRy,SLS
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Drained bearing resistance
Effective overburden under base is U'vk,b =Oykb U4 = 26.6 kPa

From overburden q' ;4 = Ngx o', p, = 283.6kPa
: :

q
From cohesion q' |+ = N.xc'q=103.6kPa
2

B
From self-weight q'uns = l'~.1,.1r X ("fk— "fw) X r 126.1 kPa

Total resistance q' |+ = Z q' 1+ = 513.3kPa

9 ylt
Design resistance is q'pq = = 171.1kPa
TRv,SLS
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Verification of undrained bearing resistance

9Ed
Degree of utilization|Ag g = — = 156 4.6
9Rd

Design is unacceptable if the degree of utilization is > 100%

Verification of drained bearing resistance

Degree of utilization|A'g) g = —— =103 46

Design is unacceptable if the degree of utilization is > 100%
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Explicit verification of serviceability

Actions and effects
Increase in bearing pressure is Aqq = qg4 — ok p = 190kPa

Immediate settlement (Christian & Carrier)

d
Settlement factor for D/B is 3 0.6 , giving pg = 0.93 (from c:hurf)o

dp-d
Settlement factor for H/B is =12 , giving pq = 0.4 (from chart)
Aq 4B
Immediate settlement s = 14 ol = 5.2 mm Janbu, Bjerrum and
0 ) Kjaernsli’s Method (1956)

Euk
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Consolidation settlement

dp — d
R
Divide clay layer into N = 5 sub-layers of thickness At = ( N ) = 0.6m

For each layer i = 1.. N, the depth below base to the centre of each layer is

At
given by z; = (At xi) - - and the normalized foundation half breadth by

m; = —. The influence factor I_ = Iq_m(mi) can be found from Fadum's

2 Z; qi
chart. The change in vertical stress in each layer isl Ao, =4I FRACK and the

settlement in each layer Pe. = Myk &av:&t.P




Fadum’s Chart
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Substituting values into the previous expressions gives:

(0.3 )
0.9
z=1b
2.1

\&-7 )

(417 )
1.39
0.83
0.6

(0.25 )
0.23
0.19
0.16

\0.46

(0.13

(149.2)
135.7
113.3
93.2

L’\?T.B )

kPa p,. =

The total consolidation settlement is s¢ = Z pe =41lmm
i
i =1

10.7

9.8
8.2

6.7

5.6

mir



L
Worked Examples

Total settlement

Sum of settlementsis s = sg+S1= 46 mmg

Design effect of actions is sgy = s = 46 mm

Verification of settlement
Limiting values of foundation movement for isolated foundation is

Scd = 50mm®

SEd
Degree of utilizationis [Ag g = —— =92 %

Scd
Design is unacceptable if the degree of utilization is > 100%




Design of Isolated Footing

Axially Loaded Pad Bases

- To prevent footing failure Load < Capacity
« Gy = Characteristic dead load from the Column(KN)

- Q, = Characteristic imposed load from the Column (KN)

- W = Weight of the base
- L, B = Base Length and Breadth (m)

- P,= Safe Bearing pressure (KN/m?or KPa)- a serviceability value as itis used
to control settlement of the foundation

- These loads cause possible failure mechanisms.

- Load < Capacity must be fulfilled and the depth and reinforcement of the
footing determined.



Design of Isolated Footing

1. Bending moment
- The Critical section for bending is at the face of the Column




Design of Isolated Footing

1. Bending moment

y Mgy = WI2B/2

A, = M/{0.87 £, 7}

Z 0500+ Ja-3%n &
d U

bd? fiy

f
Aqpuin = U.ZBfﬂbtd but not less than 0.0013bd

yk

fom=0.3 % £.°¢




Design of Isolated Footing

1. Bending moment
- Because of the greater concentration of bending moment near the
column than towards the edges, traditionally the practice has been to
concentrate the reinforcement in a narrow width near the center.
 Rule- If the distance from the center line of the column to the edge of
the pad exceeds 0.75 (c+3d), 2/3 of the required reinforcement for the
given direction should be concentrated within a zone from the center
line of the column to a distance 1.5d from the face of the column

¢ c- Column width

+ d- the effective depth of the base slab



Design of Isolated Footing

1. Bending Failure

2/3 of design reinforcement

within this width

fffffff
- L] w, & & &

1.5d  [riisiciiig 1.5d

fffffff

e 05T, —



Design of Isolated Footing

2. Vertical Shear
Shear stress is checked at distance d from the face of column.

d is effective width (depth to reinforcement)
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Design of Isolated Footing

2. Vertical Shear
* Capacity(vgp, ) :

Vid.c =[Cra.c k{100p; T} v =0.035KS [i

0.18
Crq.c =—=0.12
(Yc=1.5)
A = Desi i
K—14 200 <20 p= sl <002 | Ved Design value of applled sear force |
d b, d VR4 = Design shear resistance of a member without
shear reinforcement
A.; = reinforcement area along direction considered
* Load (vgp): b = length of side considered
4
— JED
*Veo =7

» Consider the section with more load to determine Vip-
* ASLIF = B'd



Design of Isolated Footing

3. Punching Shear

The punching shear resistance is checked at the face of the
column and at a distance of d to 2d from the face of the column.

Beam shear ! Punching shear perimeters,
- (load within deducted from V)

faces
lfCOLUMN LOAD \ ;

S

FRACTURE —
PLANE

FOOTING

Bends may be

i__. regq uil;.ed

i —




Design of Isolated Footing

3. Punching Shear
At the column perimeter or perimeter of the loaded area, u,

v;m < [VRd,max= 0.5vf q]where v=10.6 (1 - f4/250), s = fo/ (y. = 1.5)

llud

VEea = Veq, rea / Ud

I A
I L ]
: T I.III'I :
Vedred = Ved - AVEg : ,
' h ::::'::"'_"l
i e " "a"a i
1 1 eretel 2d
[l M i
Vs < Vra,e : — ;
\ [}
. ; " b /!

\\ ’f \\ ’f

AVEd = Design value of applied shear force T N e - -7

(a) = (D +4d) (b) 2(b+h) + 4nd
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3. Punching Shear
At the basic control perimeter, u,

Ves = Vg, rea / U
Vrd = Cra.ck(100 p f)*x 2d/a > Viminx 2d/a "[-
’ ) B

VEd < VRd.C . 2d )

R el ™
=
"‘i—b----[--—"

-
e - e = w

(a) = (D +4d) (b) 2(b+h) + 4nd
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1. Acolumn 400 mm x 400 mm carries a dead load of 800 kN and an
imposed load of 300 kN. The safe bearing pressure is 200kN/m?. Design a

square base to resist the loads. f,, =30 Mpa and f,, = 500 MPa.

G, = 800kN
Q, = 300kN
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a. Size of base

Assume the weight is 100 kN,
Service load =800 + 300+ 100 = 1200 kKN
Area of base = 1200/200 = 6.0 m’. Make the base 2.5m » 2.5 m.

Ultimate load = (1.35 = 800) + (1.5 » 300) = 1530 kN
Ultimate base pressure = 1530/6.25 = 245 kN/m’

b. Moment Steel
Critical section at the face of column. i

Myy =245 x 1.05 x 2.5 x 1.05/2 = 337.6 kNm

Try an overall depth of 650 mm with 16 mm bars both ways.
The weight of the footing =2.5 ¥ 2.5 ¥ 0.65 » 25 =102 kN
102 kN = 100 kN assumed in design.

The effective depth of the top layer of steel is
d=650-40-16-16/2 =586 mm
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2 fp=30.n=1.2=03
k=M (bd’ f4) = 337.6 x 10% (2500 » 586 x 30)=0.013 < 0.196

g

=050+ J(1- 3111}]

z/d=0.99
f4 = 500, f,q = 500/1.15 = 435 MPa
A, =337.6 x 10% (435 ¥ 0.99 x 586) = 1338 mm’

Check minimum steel:

A, pin = 0.26% (fu/f) * bd = 0.0013 bd
fum= 0.3 % £3,°%"=0.3 % 30 ** = 2.0 MPa, f;; = 500 MPa,
b = 2500 mm. d = 586 mm
A, min = 0.26% (2.9/500) x 2500 x 586 = 0.0013 x 2500 * 586
A, min = 2209 mm’

e

Area of H16 bar =201 mm’. Number of 16 mm bars = 2209/201 = say. 11
Provide 11H16 bars. 4, = 2212 mnr’.
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The distribution of the reinforcement 1s determined to satisfy the rule.
3/4(ct+ 3d)=0.75 (400 + 3 =« 586) = 1619 mm
0.5L=2500/2=1250 mm < 1619 mm

The bars can be spaced equally at 240 mm centres.

The full anchorage length required past the face of the column. From Table 5.5.
Chapter 5, for 4 = 30 MPa, the anchorage length required 1s 36 bar diameters.
Anchorage length =36 = 16 =576 mm. Adequate anchorage is available.



L
Worked Examples

c. Vertical shear

Vgg =245 < 2.5 % (1050 — 586) x 10 =284.2 kN
vEa = 284.2 < 10°/ (2500 * 586) = 0.19 MPa

Crac=0.18/ (y.=1.5)=0.12, k=1 + V (200/586) = 1.58 < 2.0,

The bars extend 565 mm, 1.e., more than ¢, beyond the critical section and so all
the steel can be taken into account when calculating A,;.

Ag=11H16 = 2212 mm’, p; = Ay/ (b, d) = 2212/ (2500 = 586) = 0.0015 < 0.02

Cra.c * k = (100 % py » f4) "7 =0.12 % 1.58 = (100 %0.0015 = 30)"* =0.31
Voo = 0.035 = k' % Jf4,=0.035 ©1.58 2 x 30 =10.38 > 0.31
VRd. c — 0.38 MPa
(Veq=0.19) < (Vgyq . = 0.38)

The shear stress 1s satisfactory and no shear reinforcement 1s required.
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d. Punching shear

Check shear stress at column perimeter:
Column load = 1530 kN, ug =2 = (400 + 400) = 1600 mm. d = 586 mm
Upward load = Base pressure = column area = 245 < 0.4 < 0.4 =392 kN
veq = (1530 —39.2) % 10°/ (1600 * 586) = 1.59 MPa
VR max = 0-3 % (1 — £4/250) = £,4=10.3 > (1 —30/250) = 30/1.5 =5.28 MPa
(Vg = 1.59) < (VRg max = J5-28)

Slab depth 1s adequate.

Check punching shear on a perimeter at d to 2 d from the column face.
The critical perimeter 1s shown i Fig. 11.2(d).

Let a = distance of the perimeter from the column face. d<a =2 d.
u=2x[(¢;=400)+ (c;=400)] +2 < < a.

Let A = Area inside the perimeter.

A=ma +2 x [(c;=400) + (c; = 400)] = a + [(c1=400) = (c; = 400)] mm".
p = base pressure at ULS = 245 kN/m” or kPa.
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e. Cracking

The required and provided areas of reinforcement are respectively 1338 mm?’ and
2209 mm’. The loads at SLS and ULS are 1100 kN and 1300 kN respectively.
The stress in steel at serviceability limut state 1s

1338
2209

1100
1530

]x 435 = 189 MPa

From Table 7.2N of the code, the maximum bar diameter for 0.3 mm wide crack 1s
25 mm. From Table 7.3N of the code the maximum spacing of bars 1s 250 mm.
Both the criteria are satisfied. No further checks are required.
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Column load at ULS = 1530 kN.

VEg reg = Column load — A < p = 1530 —245 < A < 10 kN.

VE4™ VE¢ red-'f (1_1 x d)

Table 11.4 shows the calculation of punching shear stress vgg. The maximum
value at a = d 1s 0.32 MPa which 1s less than (see code equation (6.50)

Vra = (Vg o 2d/a) = 0.76 MPa. The slab does not require shear reinforcement.

a A, m’ 1, mm {Tﬁmd, kN __vEd_, MPa
586 2.18 5281.96 996.78 0.32
644.6 2.50 5650.15 918.30 0.28
703.2 2.84 6018.35 834.54 0.24
761.8 3.20 6386.54 745.49 0.20
820.4 3.59 6754.74 651.16 0.16
879 3.99 7122.93 551.54 0.13
937.6 4.42 7491.13 446.63 0.10
996.2 4.87 7859.32 336.44 0.07
1054.8 5.34 8227.52 220.96 0.05
11134 5.84 8595.71 100.19 0.02
1172 6.35 8963.91 —25.86 0.00
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2.5 m Square

" '

11H16 at 240 mm both ways




