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Bearing Capacity

of shallow foundation systems
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DEFINITIONS OF KEY TERMS

Foundation is a structure that transmits loads to the underlying soils.

Footing is a foundation consisting of a small slab for transmitting the structural load to the underlying soil.
Footings can be individual slabs supporting single columns (Figure a) or combined to support two or more
columns (Figure b), or be a long strip of concrete slab (Figure 12.2¢, d; width B to length L ratio is small,
1.e., it approaches zero) supporting a load-bearing wall, or a mat (Figure e).

Embedment depth (Df) is the depth below the ground surface where the base of the foundation rests.
Shallow foundation is one in which the ratio of the embedment depth to the minimum plan dimension,
which is usually the width (B), is Df/B < 2.5.

Ultimate bearing capacity is the maximum pressure that the soil can support.

Ultimate net bearing capacity (qu) is the maximum pressure that the soil can support above its current
overburden pressure.

Ultimate gross bearing capacity (qult) is the sum of the ultimate net bearing capacity and the overburden
pressure above the footing base.

Allowable bearing capacity or safe bearing capacity (qa) is the working pressure that would ensure a
margin of safety against collapse of the structure from shear failure. The allowable bearing capacity is
usually a fraction of the ultimate net bearing capacity.

Factor of safety or safety factor (FS) is the ratio of the ultimate net bearing capacity to the allowable net
bearing capacity or to the applied maximum net vertical stress. In geotechnical engineering, a factor of
safety between 2 and 5 is used to calculate the allowable bearing capacity.

Ultimate limit state defines a limiting stress or force that should not be exceeded by any conceivable or
icipatéd loading during the design life of a foundation or any geotechnical system.

ility limit state defines a limiting deformation or settlement of a foundation, which, if exceeded,
air the function of the structure that it supports
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2. Allowable bearing pressure
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BEARING CAPACITY OF SOILS
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Soil Response to a Loaded Footing
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 Lower bound estimate (safe)

*  q,=4c,

The correct answer:
q, = 5.14c,

* Upper bound estimate (unsafe)

° q,=6.3c,




COLLAPSE LOAD USING THE LIMIT
FOUILIRRIUM MFTHOD
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Terzaghi Bearing Capacity Equation
- for a long “strip” footing

Soil self-
Cohesion term weight term

1 J
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Slir arib b culps Vo) Jg

¢ ¢
(deg) N, N, N, (deg) N, N, N;
0 5.70 100 000 26 27.09 14.21 9.84
1 6.00 Lo 00 27 29.24 16.90 11.60
2 6.30 12 004 28 3161 17.81 13.70
3 6.62 135 006 29 34.24 19.98 16.18
4 6.97 149 010 30 37.16 22.46 19.13
5 734 164 014 3 4041 25.8 2265
6 173 181 020 32 44.04 28.52 26.87
7 8.15 200 027 0B 48.09 3023 31.94
8 8.60 221 035 M4 52.64 36.50 38.04
9 9.09 244 04 3 5175 41.44 4541
10 9.61 269 056 36 63.53 47.16 54.36
1 10.16 208 069 37 70,01 53.80 65.27
12 10.76 329 085 38 77.50 61.55 78.61
13 1141 363 104 39 85.97 70.61 95.03
14 12.11 400 126 40 95.66 81.27 11631
6 1286 445 152 41 10681 93.85 140.51
16 1368 492 182 4 11967 10875 171.99
17 14.60 545 218 43 13458 12650 211.56
18 15.12 604 259 4 16195 14774 261.60
19 16.56 670 307 45 17228 1738 325.34
20 17.69 744 364 46 19622 20419 407.11
21 18.92 826 431 47 2455 24180 512.84
2 202 919 509 48 25828 28785 650.67
23 2075 1023 600 49 29871 34463 831.99
24 2336 1140 708 50 34750 41614 107280
25 2513 1272 834

“N, values from Kumbhojkar (1993)
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(a} Total Overburden Pressure g,

q, 1s the intensity of total overburden pressure due to the weight of both soil and water at the base
level of the foundation.

4, =D, +¥,D, (12.1)
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(Dy= D) = D,,, y = unit weight of soil above GWT

F‘Dw ! }'ﬁﬁh' ki n’ﬁh
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¥ = (Vo — ¥,) = submerged unit weight of soil
¥, = umit weight of waler

q= lJ"II"{'J'H.'I + :’Il:’imﬁw
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Figure 12.3 Total and effective overburden pressures

(b) Effective Overburden Pressure ¢,
gy, is the effective overburden pressure at the base level of the foundation.

46 =YD, *+7,D, (12.2)

when D =0, g,=yD, =yD,.
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Table 12.3 Shape, depth and load inclination factors of Meyerhof, Hansen and

Vesic
Factors Meyerhof Hansen Vesic
B N, B
1+02N, — 1+ 4 =
e L N L
B . B
5, 1+00N, I for ¢=>10 1+..L_|;an¢
s, =5 for ¢=10 B
5 o 1-04— The shape and depth facto
¥ 5, =5, = 1 for ¢=0 ape Cpt rs
g of Vesic are the same as those
D, 'EL of Hansen.
d 1+02,/N 1+04
3 @ B

D D
4 1+u.1,jw_‘—ﬂ;£ for @>10° | 1+2tan$(1 - sing)> ?-"

d,=d, for ¢>10°
d‘? dr=dq=| for @=10 1 forall ¢

MNote; Vesic's 5 and o factors

= Hansen's s and 4 factors
o : . l'jq
i l‘g_ﬂ for any ¢ tg-Nq—l for ¢>0 Same as Hansen for ¢ > 0
]
0 F _ mg
um-f; for ¢=0 1 AN,
5 m
A ___ 050, )
Iy fg =1, lOTany ¢ Q.+Afcncnt;& Qﬂ+ﬂfcumt¢
2 "
‘_ I-— for ¢>0 3 070, 1 QH
Tl =0 for =0 0, +Agc, cotg 0, +Asc, cotp
N y = (N P Dan(l4g) (Meyerhof)
Nr = IS(Nq —1)tan ¢ {Hansen)

N, =2N,+Dtang  (Vesic)




BEARING CAPACITY EQUATIONS

1. The soil 1s a semi-infinite, homogeneous, isotropic, weightless, rigid—plastic material.

2. The embedment depth is not greater than the width of the footing
3. General shear failure occurs.

(Dy = B)

4. The angle u in the wedge is .b'iter, 1t was found (Vesic, 1973) that

=45+ &'/2

5. The shear strength of the soil above the footing base 1s negligible.

considered
the shear resistance above the footing base.

6. The soil above the footing base can be replaced by a surcharge stress
7. The base of the footing 1s rough.

Later, Meyerhof (1951)

Ground surface
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Geometric Factors for Use in Theoretical Bearing Capacity
Equations

Geometric parameters forTSA

sc dc ic bc gc
B’ 1 Dy nH n° g°
1+027 1+033tan"5 ' S1asBL ' '
See note 1 See note 2 B<dnn®+p°<90° B<dnn’+p°<90°
See Figure 12.9 See Figure 12.9
Geometric parameters for ESA
Sq d, iq b, 94
’ D n
1+ %tan b, | 1+ 2tandy(1 — sin ¢,’,)2tanﬁ‘(§f) (1 = g) (1 — mtan s, (1 tan gy’
See note 2 v is in radians
S-,, d-y '-Y b".' g.Y
B. r H n+1
1 _0'4F 1 (1 _V) b,= b, Y, = Ug
See note 2

Note 1: If the shear strength of the soil above the footing is low compared with that of the soil below the footing, you should set all

depth factors to 1. The term tan ‘(%’

Note 2: The depth and shape factors for inclined loads should be set to 1. For loading inclined in the direction of the width, B,
6 = 90°in Figure 12.10d, n = ng = (2 + —)/(1 - —) For loading inclined in the direction of the length, L, 6 = 0°in Figure 12.10d,

) is in radians.

g Er
o n=n.= (2 + F)/(l + F) For other loading conditions, n = n, cos” § + ng sin® 6.
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EXAMPLE 12.1 Allowable Bearing Capacity of a Sand

A footing 2 m square, subjected to a centric vertical load, is located at a depth of 1.0 m below the ground surface in
a deep deposit of compacted sand (b, = 35°, &}, = 30°,and vy, = 18 kN/m*). The groundwater level is 5 m below
the ground surface, but you should assume that the soil above the groundwater is saturated. The friction angles were
obtained from plain strain tests. Determine the allowable bearing capacity for a factor of safety of 3.

Strategy Itisagood policy to sketch a diagram illustrating the conditions given (see Figure E12.1). The groundwater
level is located at (S m — 1 m) = 4 m from the footing base. That is, the groundwater level is more than B = 2 m below
the base. We can neglect the effects of groundwater.

FIGURE E12.1

Solution 12.1

Step I: Calculate the bearing capacity factors and geometric factors. Assume rough footing. Use &' = &), = 357

The eccentricity is zero,so B’ = Band L'= L.

N, = e™*"% tan2(45° + T”) - e““"35‘tan3(45° - ) =333

N,—1=1323

N, = 0.1054 exp (9.6 ¢;,) = 0.1054 exp(9.6 X 351%) = 37.1




B 2
Sq=1+—tan¢, =1+ Etan 35°=1.70

Lr
B’ 2
5,=1—-04—=1-04—=106
" L 2
d,=1.0
2 Dy
d;, =1+ 2tandjp(1 — sind}) lan"(i)
- o . 0)2 -1 1) w ] -
— - =W =] =1
1 + (2tan 35°)(1 — sin 35°) [lan (2 ™ 1.13

Step 2: Calculate the ultimate net bearing capacity.
g, = (18 x 1 %X 323 x 1.7 x 1.13) + (0.5 x 18 x 2 x 37.1 X 0.6 X 1.0)

= 1515 kPa

Gu
Ga = TS + yDy

=1L 18 %1=53kPa

.._J;u}:.,uw;rﬁﬂ-fym




EXAMPLE 12.2 The Effects of Groundwater on Bearing Capacity

Compare the ultimate net bearing capacity for Example 12.1 using &), = 35° when the groundwater is located
(a) at 5 m below the ground surface, (b) at the ground surface, (c) at the bottom of the base of the footing, and
(d) at 1 m below the base.

Strategy The trick here is to use the appropriate value of the unit weight in the bearing capacity equation.

Solution 12.2

Step 1:

Step 2:

Calculate bearing capacity numbers and shape and depth factors. These values are the same as in
Example 12.1

Substitute values from Step 1 into Equation (12.14).

(a) Groundwater level at 5 m below the surface. The groundwater level is 4 m below the base, which is
greater than the width of the footing. Therefore, groundwater has no effect.

From Example 12.1: ¢, = 1515kPa
(b) Groundwater level at the ground surface. In this case, the groundwater level will affect the bearing
capacity. You should use
v = Ve — Yo = 18 — 9.8 = 82 kN/m’
Gu = ¥Y'Df(Ny — 1)s,d, + 0.5y'B'N,s.d,
=(82x1x323x17x113)+(05x82x2x371x06 x1.0)
= 691 kPa

Alternatively, since the change in the unit weight is the same for both terms of the bearing capacity
equation, we can simply find g, by taking the ratio '/, that is,

8.2
gu = 1515 X ﬁ = 690 kPa




(¢) Groundwater level at the bottom of the base. In this case, the groundwater level will affect the last term
in the bearing capacity.

Thus,
qu = 'YDf(Nq - l)sqdq + ()-SYWB'N\.S.'d1
= (18 X 1 X 323 X 1.7 X 1.13) + (0.5 X 82 X 2 x 37.1 X 0.6 X 1.0)
= 1299 kPa

(d) Groundwater level at 1 m below the bottom of the base. In this case, the groundwater level is within a
depth B below the base and will affect the last term in the bearing capacity, where you should use

YB' =y z+vy(B'—2)=18 X1+ 82X (2 —1) =262 kN/m’

qu = YDs(Ny — 1)s4d; + 0.5(y'B’)N,s.d,

= (18 X1 X 323 X 1.7 X 1.13) + (0.5 X 26.2 X 37.1 X 0.6 X 1.0)
= 1408 kPa

Step 3: Compare results.

We will compare the results by dividing (normalizing) each ultimate net bearing capacity by the ultimate
net bearing capacity of case (a).

Groundwater level at Q. 100
(QM)(a)

(b) Ground surface . x 100 = 46%
1515
1299

(c) Base ﬁ x 100 = 86%
1408

(d) 1T m below base 1616 x 100 = 93%

Note: (g,) is the net ultimate bearing capacity for case (a).

The groundwater level rising to the surface will reduce the bearing capacity by more than one-half.




EXAMPLE 12.3 Allowable Short-term Bearing Capacity of a Clay Soil

A footing 1.8 m x 2.5 m is located at a depth of 1.5 m below the ground surface in a deep deposit of a saturated
overconsolidated clay. The groundwater level is 2 m below the ground surface. The undrained shear strength from a
direct simple shear test is 120 kPa and vy, = 20 kN/m*. Determine the allowable bearing capacity, assuming a factor
of safety of 3, for short-term condition. Neglect the effects of embedment.

Strategy Use the equation for the short-term bearing capacity. You do not need to consider the effect of ground-
water when you are evaluating short-term condition.

Solution 12.3

Step 1: Calculate geometric factors.
No eccentricity: B'=B, L'=1L

B’ 1.8
. = + 02— = 02— = .4. .=
Se=14025=1+4022=114, de=1

Step 2: Calculate g,.
q, = 514s,5.d. = 514 X 120 X 1.14 X 1 = 703 kPa

Step 3: Calculate g,.

. 703
=%+,,D_f=—+ 1.5 X 20 = 264 kPa

qﬂ‘ 3

e s ST




Solution 12.4

Step 1:

Calculate bearing capacity numbers, shape, and depth factors.

Assume B'= B = 1.5mand% =15 thatis L' =15 x 1.5=225mand f,

A=BL =15%x225=3375m".

9 9
(p)ps = g(bp)y =5 X 284° = 32°

N, = €7 'tan’(45° + 32°/2) = 23.2
N,-1=232-1=222

Assume rough footing.

32)(1:)

N, = 0.1054 exp(9.6d}) = 0.1054 exp(9.6 X —

=225

s =1+ %lancbp =1+ 0.67tan32° = 1.42
Br
5, =104 =073
d, =1+ 2tan (1 — siné;)tan~' =
g =1+ 2tan (1 — sind}) tan B

1
=1+ (2tan32°)(1 — sin 320)2[‘3“_1(1 5) : 1‘" ]

80
=118
d, =10

T?ul;ul‘,.-r"'-’l.?‘i Tl T EW l'-'.}-rl"ﬁ-f

1.5

2.25

= (.67m. Footing area




Step 2: Calculate the ultimate and allowable bearing capacity.
Substitute the values in Step 1 into the bearing capacity equation, Equation (12.16). The groundwater
level is located more than B below the base. Therefore, groundwater will not affect the bearing capacity.
gy = YDs(N, — 1)s,d, + 0.5yB'N_s. d,
= (18 X 1 x222 x 142 x 1.18) + (0.5 x 18 X 1.5 x 22.5 x 0.73 x 1.0) = 891 kPa

Gur = qu + yDy= 891 + 18 X 1 = 909kPa

_ 4 _ 891 _
qa—ﬁ'l- ‘ny—T‘I' I8 x 1 =315kPa

R =gy x A =909 x 3375 = 3068 kN
P,= g, x A =315 x 3375 = 1063 kN

Step 3: Calculate the imposed stress based on ASD and LRFD.
ASD: P=DL + LL = 800 + 1000 = 1800 kN
LRFD: P,=125DL + L75LL = 125 x 800 + 1.75 x 1000 = 2750 kN
The term P, is the factored load.

Step 4:  Check suitability of assumed foundation size.
LRFD: ¢R = 0.8 x 3068 = 2454 kN < P,¢(= 2750 kN)
Unacceptable: try another footing size.
ASD: P,(= 1063kN) < P (= 1800 kN)

Unacceptable; try another footing size.

i f;fﬂy:uﬂﬂr'lﬂ;'rﬁr-w'kﬂa




Step 5:  Try another width and recalculate.

’

We need to try a larger B, keeping % = 1.5. Try B = B’ = 2 m. The depth factor for this case changes

to 1.14. s, and Sy have the same values.
Quir = ‘YDf(Nq - l)sqdq + 0.SyB'N,s,,dy

= (18 X1 %222 %142 x1.14) + (05 x 18 x2 x 225 x 073 x1.0) + 18 x 1

=042 + 18 = 960 kPa

g = — =—+ 18 =

4o = + YDy =——+ 18 X 1 = 332kPa
R = qui X A = 960 X (2 % 3) = ST60 kN

Po=q,x A=1332x(2x3)=1992kN

Step 6: Check suitability of assumed foundation size.
LRFD: ¢R = 0.8 x 5760 = 4608 kN = P (= 2750 kN): acceptable.
ASD: P, (= 1992kN) > P (= 1800 kN): acceptable.

-._-e.:",',;{!.-:..rhu'ﬂ-'lﬂ.r.-ﬁr-r_r'hl:-.r




EXAMPLE 12.5 Allowable Bearing Capacity Due to an Inclined Load

Using the footing geometry of Example 12.1. determine g, for a load inclined at 20° to the vertical along the footing

width (see Figure E12.5).

FIGURE E12.5 | 2m |

Strategy You need to use Equation (12.18) for inclined loads. You only need to calculate the inclination factors,

since shape and depth factors are not included for load inclination.
Solution 12.5

Step 1: Calculate the inclination factors and depth factors.

B'=8B, =20

iy = (1 — g) = (1 — tanw)” = (1 — tan20°)'° = 0.51
n
H n—1
iy = (1 = 7) = (1 — tanw)"*' = (1 — tan20°)">*' = 0.32

Step 2: Calculate the ultimate net bearing capacity and allowable bearing capacity.
Use Equation (12.18).

gu = yD;(N, — 1)i, + 0.5yBN i, = (18 x 1 x 32.3 x 0.51)
+ (0.5 x 18 x 2 x 37.1 x 0.32) = 510kPa

Gu 510
— - = — + > —
Ga FS yDy 3 18 1 188 kPa
The allowable bearing capacity for a vertical centric load is 523 kPa from Example 12.1.
523 — 188
Reduction in allowable bearing capacity is — 333 0.64 = 64%.

f;'fc)}:uﬂﬂ"lﬂalr:k?;r—w'#i:u
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Eccentric Loads

B’L
, M, . M ,_1_ 12 _BL_BL
By TRy, y B 6 6
2
i
€p V,'
I—* B'=B-2ep L'=L-2¢, B'=B,L'=L
A'=RB'L B'=B-2epL'=1-2¢
A'=B'L’

I E o r,%c %.'13 (b) Vertical eccentric (¢) Vertical centric load
L | and moments
I B g

B'=B-2ep L'=1-2¢ (f) Centric inclined load
A'=RB'L' V,,:QC(SCD;
(d) Inclined eccentric load (e) Use both the inclination factors h;%: sﬁa;gl :;‘d‘djpﬁL
Set shape and depth and the effective width in factors to 1.
factorsto 1 the equations
B L
If, however, eg >E ore; >E P,=q,B'L’




3 0 31 2l 5,
P ICI= SHP R Sl et bl o 2 2 o & T

P 5t ond ik IS S s e i S plSe 3 (o ) OB s o8] ey
o sy 4 Sl g pdlas cusglis Jauol jl esliz il (o058 Jluw ojls slb ol
908 dple |y OV (ol 51 Sy 2 3 (A5 @95 5 2908 SSF (0 S p ) pj Y ol

2 8l oo 3l slazdd g3 ya 3 oSy zg 8 el ol bl 9> oS el zas <Y el > 50392 35 30 31 )6 olidl 93 51 (S 9 s b > ol sy S oS0 g )
P oo drlne ) alal J G5 g > o D (o0 donds o lalg) Joslinal b (i3 qjel 5 3925 CuiS e Jl e S
P begp bep [ARSARY B P be (call =\e=)A)
q_H(li?iT) €<E ,ﬂ(_al): Qmax,minzz(lig)
e gyl B alaly ol o La el L 4l B 4P (o=V+=)A)
e>_)§1(“7"): Qmax = 5770 — 5.0 '
6 3L(B — 2e)

Qmin(‘) e sGmax ("') oM . a5 83> oales (Y;‘\ ') J53 2 = G mins Gmax
o ey |

0 L;:,u}l.m.o =A

B XL
-
For e < B/6 T T
3 [ S o
Gmin ool S &
Dimax
For e > BI6 T
r A A
\T\T\ . PR
HH‘-"“‘-..H‘ l-_-—2s~+——5'—-—-|

e s L Ve -YOUSS
0 DS ) e (@ > )l e S S &5 (s () S
Jols ahblas oyidei L g 200 o Jaid o (250 ol ) il ol RS o 4 B S a8 ol 5]l
A1 oo s (0 VA=Y +) ey s
Jsb sl 3 i n J s o Sl sl 055 oy (VASN) el S o () 555
o pa LI, LB s dady) ol el 85 el ol 5oy IS il el glal (L) o
g0

-.-'.':'T,_-,l__!l:.d-'lﬂf.‘i'll"".l'l.:r - dem e




|
_A_n, L e I L AL . ° * C =
A I i S | ) 8 Vi Il ”
0" L] 8. . u * o ¢ b." \ ¢ *
% d P o | a‘_.,.J 4 s o4 .
:.!-,,7- A :.!-,,7- | 4 -,:l - :.-‘:I -
@ e 8 b ol e <> P el nt b ol ot
D, GG geitieg ne | Padp ey e gt
n,ll-"\,lh-' | au-"\ (S L |
5”IJ.‘5"IJ. .|‘0‘~'|‘o.‘
(.o. \.J.a- < | e J.o. S 4 X B 2
- - - (Y - [ = .
Ve T Ju =, I B XL O NG N £
Y_Soetes bt I P atel, Vol
|

Y=L-2¢

(a) Section

y y
L A L A
: A’ A T : A’ B' = X or ¥ whichever 1s smaller
| |
: = : L' = X or ¥, whichever is larger
| I I
X ! ~ |
” g by Lk
Ny ——————— e > X L i [ T > X
[l | |
e I P |
| |
| | |
| - |
| |
| |
| v |
Y v e 1
|( >| | X=B=g iy = G c:"rdNr ;= qkq:‘,‘qdﬁq * f‘h}u‘l?ﬂB'NT

A
oy
i/

Q.=q/B'L') =q,A




P il syt

g ple 23l casly J oolizal Y 023 401

g o3zl 05 S 3l 3550 2B 0 ST b )b e (sl 45 0 e olpiiy o pile
29 o drile Co3Sse J 2a5 B85 a5 g sk b izl <)
35 (go oo i alal | CuiS e J ot B M pLsp el Y

Quie = GQuieRp Ry (Ve=10)

ol pas
CuiS e ) e 05 K oan s Ll cudb e 4= Quie s
355 5o dsmile o gla dla) 45 Gomple p Mol il 5 =Rp s Ry,

RB=(1—2ﬂ :n.LL....u%LnggSB).)
RL_(1—2ﬂ
RB =1- ef :a.LL..u\%):.éLnggSL&)J

€L
R, =1— |—
L JL

/\
(a) M
) T |B><L

.J..j L) t.é._)_).l?(YY‘\‘)JSs:J)) eL 363 ){_.)Lﬂ.o




Purkayastha and Char (1977) carried out stability analysis of eccentrically loaded
continuous foundations en granular seil (1.e., ¢’ = () using the method of slices. Based on

that analysis, they proposed that

"-Fu[nrcr.nh'ic]l

R, =1 — —eeeentnd (16.43)
q:r{ccntric}

where R, = reduction factor

Gocccenricy — Ultimate bearing capacity of eccentrically loaded continuous foundations
Table 16.6 Variations of a and k

Qu{cmrnu'ir]
_ p [Eq. (16.44)]
Guicentricy = Ultimate bearing capacity of centrally loaded continuous foundations D,/ B a k
 Qufeeniic) 0 1.862 0.73
o B 0.25 1.811 0.785
0.5 1.754 0.80
1.0 1.820 0.888

The magnitude of R, can be expressed as

e k
Rk = G(E) (1644)

where a and k are functions of the embedment ratio D/B (Table 16.6).
Hence, combining Eqgs. (16.43) and (16.44) gives

k
Qu(ccccmric) - Qu(ccnlric)[l - a(%) ] (]6.45)

where O, cccentricy AN Quceniricy = ultimate load per unit length, respectively, for eccentri-
cally and centrically loaded foundations.
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Example 12.16

Figure Ex. 12.16 gives the plan of a footing subjected to eccentric load with two way eccentricity.
The footing is founded at a depth 3 m below the ground surface. Given e = 0.60 m and e,= 0.75 m,
determine Q . The soil properties are: ¢ =0, N, =20, y=18.5 l(N/rn3 The soil is medxum dense

cor

sand. Use N}, (Meyerhof) from Table 12.2 and Hansen’s shape and depth factors from Table 12.3.

Solution

Figure Ex. 12.16 shows the two-way eccentricity. The effective lengths and breadths of the
foundation from Eq. (12.36a) is

B’=B—2e},=6—2x0.75=4;5m.
L'=L-2, =6-2x06=48m,

Effective area, A" = L' x B’ =4.5x 4.8 = 21.6 m? — ol
As in Example 12.15 |
/ e,=0.75m : *
qu =}/D Nqsqdq-'_zyBN \) d 6]11.!?-—5—---*—-*- -------- --—ﬁ-
—
: e, =0.6m
3 i
Ly
= 6 m =

Figure Ex. 12.16
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For ¢ = 33°, Nq = 26.3 and N},= 26.55 (Meyerhof)
From Table 12.3 (Hansen)

! 45
s =1 +£tan33° =]1+—x065=161
7 48 _ p
B’ 4.5
=1-04—=1-04x— =063 |
R4 L’ 4.8 ,=0.75m |
bmxf------ r#l- -------- - - -
3 = =
d =1+2tan33° (1-sin33°)* x— '\ e=06m
9 4.5 |
X :
=1+13x0.21x0.67=1183 'y
- 6m .
d}’ =1 Figure Ex. 12.16
Substituting

g, =18.5%x3x263x161x 1.183+%>< 18.5%x4.5x26.55x0.63x (1)

= 2780+ 696 = 3,476 kN/m*
Q. =A’q, =216x3,476 =75,082 kN




Bearing Capacity of Sand Based on Settlement

Obtaining undisturbed specimens of cohesionless sand during a soil exploration program is
usually difficult. For this reason, the results of standard penetration tests (SPTs) performed
during subsurface exploration are commonly used to predict the allowable soil-bearing
capacity of foundations on sand. (The procedure for conducting SPTs is discussed in detail
in Chapter 18.)

Meyerhof (1956) proposed correlations for the net allowable bearing capac-
irv (g,.) based on settlement (elastic). It was further revised by Meyerhof (19635)
based on the field performance of foundations. The correlations can be expressed as

follows.
SI Units
kN/m?2) = N“"F[s"{mmw forB = 1.22 16.46
I?I'h:l{ m } 7 ﬂ_ﬂj d 25 ( or i m} |: 2 ]
. No ( B+ 032 _ [ S{mm)
Gre(KN/M*) = {].[;;( 5 )Fdl o ] (forB > 1.22m)  (16.47)

where B = foundation width (m)
S. = settlement

S o s I b




13.5 EMPIRICAL EQUATIONS BASED ON SPT VALUES FOR
FOOTINGS ON COHESIONLESS SOILS

Footings on granular soils are sometimes proportioned using empirical relationships. Teng (1969)
proposed an equation for a settlement of 25 mm based on the curves developed by Terzaghi and
Peck (1948). The modified form of the equation is

B+03 °

g, =35(N_, -3

cor

R ,F, kN/m? (13.15a)

where g_= net allowable bearing pressure for a settlement of 25 mm in kN/m?,

N__ .= corrected standard penetration value

R ., = water table correction factor ( Refer Section 12.7)
F,= depth factor =1+ D,/ B)<20

B = width of footing in meters,
D, = depth of foundation in meters.

Meyerhof (1956) proposed the following equations which are slightly different from that of
Teng

g, =12 NWRWQF& for BZ<12m (13.15b)

2
g =8N B+03

R,F,forB>12m (13.15¢)

where F, = (1'+0.33 D./B) < 1.33.



Experimental results indicate that the equations presented by Teng and Meyerhof are too
conservative. Bowles (1996) proposes an approximate increase of 50 percent over that of Meyerhof
which can also be applied to Teng’s equations. Modified equations of Teng and Meyerhof are,

Teng’s equation (modified),

B+03 °

R

WZF

d (13.16a)

g =53(N_ -3)

car

Meyerhof’s equation (modified)
qSZZONerwle forB<1.2m (1316]3:}

2
g =125N B+0.3

R F,forB>12m (13.16c)

If the tolerable settlement 1s greater than 25 mm, the safe bearing pressure computed by the
above equations can be increased linearly as,

Sl
q; =55 9 (13.16d)

where q°, = net safe bearing pressure for a settlement S”mm, g, = net safe bearing pressure for a
settlement of 25 mm.
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13.6 SAFE BEARING PRESSURE FROM EMPIRICAL EQUATIONS
BASED ON CPT VALUES FOR FOOTINGS ON COHESIONLESS SOIL

The static cone penetration test in which a standard cone of 10 cm? sectional area is pushed into the
soil without the necessity of boring provides a much more accurate and detailed variation in the soil
as discussed in Chapter 9. Meyerhof (1956) suggested a set of empirical equations based on the
Terzaghi and Peck curves (1948). As these equations were also found to be conservative, modified
forms with an increase of 50 percent over the original values are given below.

g, =36q.R ,kPa for B<12m (13.17a)
1)
g, =21q. (1 +E) R,,kPa for B>12m (13.17b)

An approximate formula for all widths

g, =27q.R,, kPa (13.17c¢)

where g_ is the cone point resistance in kg/cm? and g, in kPa.
The above equations have been developed for a settlement of 25 mm.
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Figure 16.16 Diagram of

[ Reaction beam [ Testplate B Anchor pile plate load test

From the results of field load tests, the ultimate soil-bearing capacity of actual foot-
ings can be approximated as follows:

For clays,
(16.53)

";"uﬂfmting]- = qr:h:llntr]

For sandy soils,

B [footing)

qu (footing) = q“-[ph:ur:lm ( l ﬁjd]
plate

.._J}rw:..mﬂﬂ,fﬁrifbm




For a given intensity of load g, the settlement of the actual footing also can be
approximated from the following equations:

In clay,
B{Eu-uting}
Sr[fu-ud.ing] = Se{platr} B (16551
(plate])
Load per unit area, g
I:.-;'
e o
=
=
B4
Es
5
wl
Figure 16.17 Typical load-settlement curve
¥ obtained from plate load test
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For clayvs.

%;ffnming‘; = gx::;plale'i | (1548)

For sandy soils,

B{fﬁﬁting} o
q£:{fnming} = q:cfplate} B{ (1349)

plate)

For a given intensity of load ¢, the settlement of the actual footing can also be
approximated from the following equations:

In clay,
Bligon
(footing) _
Se{fomingj = Se{plme} B (1330)
(plate)
In sandy soil,
2 Bitooting) :

Se{foming} -

(15.51)

Se:lf late)
i Blitooting) T Biglate)
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* | H;tang;
¢eq = Arctan (Z—l_ln l—H, ¢1)
=141
0.5 X tan35 + 0.19tan21) — 315 ~ 30°
0.69 B
503) Cigie |y s g o Ollos diied Bl Lo 85 003 dlone 5 (0555 P polde Sl 4 a2
ol (=Y o=V ) ey 5l eslinul L33 S e Ol g = 31°
_XcH;  (0.2)(05) +(0.8)(0.19)
Cea =N T 0.69

= Arctan (

= 0.37 ton/m?

D5 (g0 dpilxe Vg HlAEe (izmen
_ Xyl (1.7)(0.5) +(1.5)(0.19)
Yea =50 0.69

= 1.65 ton/m?

) (V=V0) Jats leolaal by
N, = 22.65

) (2 P e A 42e b

¢eq =31° = N, = 40.41; N, = 25.28;

S, =1.3; Sy =0.8
> ()55 alad) o2 3s3 L
Quir = cN.5. + T?Nqsq + 0.5}’BN],S},

Qe = (0.37)(40.41)(1.3) + (1.8 X 1)(25.28) + 0.5(1.65)(2)(22.65)(0.8)
Gur = 95 ton/m?
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General Loading Conditions

TSA: | g, = 5.145s,5.d.i.b.g,

ESA:

qu = YDy(N, — 1)s,d,i,b,g, + 0.5yB'N,s.d b g,

Ultimate Gross Bearing Capacity

Guit = qu + YDy

Allowable Bearing Capacity g, = Gu

ES

“YDf

Vertical Centric Load Only on a Horizontal Footing
Resting on a Horizontal Surface

TSA: | g, = 5.145,5.d.

ESA: | g, = yD¢(N,; — 1)s,d, + 0.5yB’N,s.d,

Inclined Load Only on a Horizontal Footing

TSA: | q, = 5.145s,i,
—
'ESA: | g, = yDy(N, — 1)i, + 05yB'N, i,

e st ST g ML

N, = """ % tan’ (45° - %)‘

Vesic (1973): N, = 2(N, + 1)tan &,
Meyerhof (1976): N, = (N, — 1)tan(1.4¢;)

((b;))ps - %((b;y)tr

100 1. N;-Vesic (1973) [rough]

2. N;Meyerhof (1976) [rough]

3. N;-Davis and Booker (1971) [rough]
80 4. N-Davis and Booker (1971) [smooth]

5. N,

N, 60
40

20

0
15 20 25 30 35 40




Geometric Factors for Use in Theoretical Bearing Capacity
Equations

Geometric parameters forTSA

sc dc ic bc gc
B’ 1 Dy nH n° g°
1+027 1+033tan"5 ' S1asBL ' '
See note 1 See note 2 B<dnn®+p°<90° B<dnn’+p°<90°
See Figure 12.9 See Figure 12.9
Geometric parameters for ESA
Sq d, iq b, 94
’ D n
1+ %tan b, | 1+ 2tandy(1 — sin ¢,’,)2tanﬁ‘(§f) (1 = g) (1 — mtan s, (1 tan gy’
See note 2 v is in radians
S-,, d-y '-Y b".' g.Y
B. r H n+1
1 _0'4F 1 (1 _V) b,= b, Y, = Ug
See note 2

Note 1: If the shear strength of the soil above the footing is low compared with that of the soil below the footing, you should set all

depth factors to 1. The term tan ‘(%’

Note 2: The depth and shape factors for inclined loads should be set to 1. For loading inclined in the direction of the width, B,
6 = 90°in Figure 12.10d, n = ng = (2 + —)/(1 - —) For loading inclined in the direction of the length, L, 6 = 0°in Figure 12.10d,

) is in radians.

g Er
o n=n.= (2 + F)/(l + F) For other loading conditions, n = n, cos” § + ng sin® 6.

Pl . -

e s S ;V'r’,'l-:-Z': - J':'«:u




The General Bearing Capacity Eqgn.

Considers

» rigidity of soil, (r)

» shape of footing, (s)

» depth of embedment, (d)
> Inclined load, (i)

» base inclination, (b)

» ground inclination, (g)

q, = rs.d.i.b.g.(cN,)+rs.dib.g(qN,)+rsdibe (0.57BN,

% Note: shape factors not used with inclination factors

- & p— ..l'l i &
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Components of Total Settlement
The total settlement of a foundation comprises three parts as follows

S=SE+SC+SS (13.18)
where S = total settlement
S, = elastic or immediate settlement
S, = consolidation settlement
§. = secondary settlement

i -.‘f.:".',_-,:!.-:fl:l,_‘flf':';l_:*ﬁ&:—uﬂ#ﬂu




Structure hard clay clay settlement, mm
Crane runway 0.003 0.003
Steel and concrete frames 0.002 0.002 100
End rows of brick-clad frame 0.0007 0.001 150
‘Where strain does not occur 0.005 0.005
Multistory brick wall 25 LH=125

L/Hw3 0.0003 0.0004 100 L/H=15
Multistory brick wall

L/H over § 0.0005 0.0007
One-story mill buildings 0.001 0.001
Smokestacks, water towers, ring foundations 0.004 0.004 300

Structures on permafrost

Reinforced concrete 0.002-0.0015 150 at 40 mm/yeart
Masonry, precast concrete 0.003-0.002 200 at 60 mmy/year
Steel frames 0.004-0.0025 250 at 80 mm/year
Timber 0.007-0.005 400 at 129 mm/year
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Construction and/or material Maximum &/L
Masonry (center sag) 1/250-1/700

(edge sag) 1/500-1/1000
Masonry and steel 1/500
Steel with metal siding 17250
Tall structures < 1/300 (so tilt not noticeable)
Storage tanks (center-to-edge) < 1/300
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Overburden pressure, p,

Combined p, and Ap
I A

D, =15t02B

0.1t00.2 g,

|
% Figure 13.6 Overburden pressure and vertical stress distribution
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13.10 ELASTIC SETTLEMENT BENEATH THE CORNER OF A
UNIFORMLY LOADED FLEXIBLE AREA BASED ON THE THEORY OF

ELASTICITY

The net elastic settlement equation for a flexible surface footing may be written as,

)
S, =an(1 E'u )ff (13.20a)
s
where §, = elastic settlement
B = width of foundation,
E_ = modulus of elasticity of soil,
U = Poisson’s ratio,
g, = netfoundation pressure,
I, = influence factor.

for Poisson’s ratio of 0.5, [/ = F,
for Poisson’s ratio of zero, If =F,+F,

where F| and F, are factors which depend upon the ratios of H/B and L/B.
For intermediate values of 4, the value of I, can be computed by means of interpolation or by
the equation

(1_#_2#2)%} (13.20b)

g Z[F‘ T2




Table 13.2 Equations for computing £, by making use of SPT and CPT values (in

kPa)
Soil SPT CPT
Sand (normally consolidated) 500 (N, +15) 2t04q,
(35000 to 50000) log N_,, (1+ D) q.
(U.S.S.R Practice)
Sand (saturated) 250 (N, + 15)
Sand (overconsolidated) - 6 to0 30 q,
Gravelly sand and gravel 1200 (N, + 6)
Clayey sand 320 (N, + 15) 306 q,
Silty sand 300 (N, +6) lto2gq,
Soft clay -~ 3tod g,

Table 13.3 Typical range of values for Poisson’s ratio (Bowles, 1996)

-

Type of soil Ji

Clay, saturated 0.4-0.5
Clay, unsaturated 0.1-0.3
Sandy clay 0.2-0.3
Silt 0.3-0.35
Sand (dense) 0.2-0.4
Coarse (void ratio 0.4 to 0.7) 0.15
Fine grained (void ratio = 0.4 to 0.7) 0.25

Rock 0.1-0.4
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Table 13.4 Influence factor /. (Bowles, 1988)

/, {average values)

Shape Flexible footing Rigid footing
Circle 0.85 0.88
Square _ 0.95 0.82
Rectangle 1.20 1.06
L/B= 1.5 1.20 1.06
2.0 1.31 1.20
5.0 1.83 1.70
10.0 2.25 2.10
100.0 2.96 3.40
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. q,(1-1*)
point V=

(b)

[,,B,+1,B,+1,B,+I.,B,]

(13.20¢)




Corrected settlement for foundation of depth D !

Depth factor = -
Calculated settlement for foundation at surface
__ 50 060 070 080 090 10
[}
0.2 /
03 Df ‘/ /Q__ l
04—t [ ] /; /
B .
DfNBL| 0.5 xL r,/
0.6
0.7 /
0.8
0.9
\
—J—].O /
0.9

/
0.8
o /H]
' /
oo
VBLID,| 0.5 A
Noar— A/
0'3 17 // /Numbers denote ratio L/B
77/ 285
ol Y A4 100

LA

Figure 13.8 Correction curves for elastic settlement of flexible rectangular
foundations at depth (Fox, 1948)
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13.11 JANBU, BJERRUM AND KJAERNSLI'S METHOD OF
DETERMINING ELASTIC SETTLEMENT UNDER UNDRAINED
CONDITIONS

:'uﬂﬂl qn.B

S, £ (13.22)
¥
1.0
T 9
D;
Y M Ho 0.9
J a
AN PPN TR TR
Incompressible 0.8
- U 5 IU 15 20 20 T T'TTTTT T T TTrmT T
Df/B N /UB=°° L/B=10
L.5F V/ B=3
wof ///__________ LiB=2 N
B Square _
o5k — Circl ]
r 0 I]IIHI 1 1 llllll]O 1 1 ilIII]IOO i I IIII;(JJO0
B
L T Figure 13.9 Factors for calculating the average immediate settlement of a loaded

area (after Christian and Carrier, 1978)
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13.12 SCHMERTMANN’'S METHOD OF CALCULATING
SETTLEMENT IN GRANULAR SOILS BY USING CPT VALUES

28 1,
§=CCyq, . E—SAZ (13.23)
where, § = total settlement,
g, = netfoundation base pressure = (g —q%),
q = total foundation pressure,
q, = effective overburden pressure at foundation level,
Az = thickness of elemental layer,
Iz = vertical strain influence factor,
C, = depth correction factor,
C, = creep factor.

The equations for C, and C, are
¢, =1-05 — (13.24)

I
C, =1+0.2log,, o1 (13.25)

where ¢ is time in vears for which period settlement is required.
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Example 13.8

Estimate the immediate settlement of a concrete footing 1.5 x 1.5 m in size founded at a depth of
1 m in silty soil whose modulus of elasticity is 90 kg/cm?. The footing is expected to transmit a unit
pressure of 200 kN/m?2.

Solution

Use Eq. (13.20a)
Immediate settlement,

S,=4gB

a-¢2),
E f

Assume p=0.35, [,=0.82 for a rigid footing.
Given: ¢ = 200 kN/m?, B = 1.5 m, E_ = 90 kg/cm? = 9000 kN/m?.
By substituting the known values, we have

1- 0352
S.«: =200 15 ——x082=0024d m=24cm
9000

| = p— ..l'
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Example 13.9

A square footing of size 8 x 8 m is founded at a depth of 2 m below the ground surface in loose to
medium dense sand with g, = 120 kN/m?. Standard penetration tests conducted at the site gave the
following corrected N, values.

Depth below G.L. (m) N, Depth below G.L. N,
2 8 10 11
4 8 12 16
6 12 14 18
8 12 16 17
18 20

The water table is at the base of the foundation. Above the water table y = 16.5 kN/m°, and
submerged 7, = 8.5 kN/m>.

Compute the elastic settlement by Eq. (13.20a). Use the equation £ = 250 (N __+ 15) for
computing the modulus of elasticity of the sand. Assume 4 = 0.3 and the depth of the compressible
layer=2B =16 m ( = H).

Solution

For computing the elastic settlement, it is essential to determine the weighted average value of N_ .
k' The depth of the compressible layer below the base of the foundation is taken as equal to
716 m (= H). This depth may be divided into three layers in such a way that N__is approximately

constant in each layer as given below.

A,
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Layer No. Depth (m) Thickness N

cor

From To (m)
1 2 5 3 9
2 5 11 6 12
3 11 18 7 17

The weighted average

Ox3+12x6+17x7
16

From equation E = 250 (N, _+ 15) we have

cor

N_ (av)= = 13.6 or say 14

E_=1250(14 +15) = 7250 kN/m?

The total settlement of the center of the footing of size 8 x 8 m is equal to four times the
settlement of a corner of a footing of size 4 x 4 m.

In the Eq. (13.20a), B=4m, q,= 120 kN/m?, u=90.3.
Now from Fig. 13.7, for H/B=16/4=4,L/B=1

Fl=1f=(}.4f0r,u=0.5
F,=0.03 for u=0.5
Now from Eq. (13.20 b) 1 for u=0.31is
- u-2u%F, -03- 3?
+(1 U—2u7)F, _ .40+(1 03-2x%0.3%)

0

> 5 x0.03 =042
1-u 1-03

From Eq. (13.20a) we have settlement of a corner of a footing of size 4 X 4 m as

g2 — 2
S =g g{l-u )1f=120><4(] 03?)
e " E 7250

x0.42x100=253cm




With the correction factor, the final elastic settlement from Eq. (13.21} is

S, =Cd;S,
where C, = rigidity factor = 1 for flexible footing d;= depth factor
From Fig. 13.8 for

D 2

f —_ fr]
VBL J4x4
Now S€f= 1l x0.85x253=2.15¢cm

The total elastic settlement of the center of the footing is

L 4
0S5, —=—=1 —
B 4 we have df 0.85

S, =4x215=86cm= 86 mm

Per Table 13.1a, the maximum permissible settlement for a raft foundation in sand is
62.5 mm. Since the calculated value is higher, the contact pressure g, has to be reduced.
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Example 13.10

It is proposed to construct an overhead tank at a site on a raft foundation of size 8 x 12 m with the
footing at a depth of 2 m below ground level. The soil investigation conducted at the site indicates
that the soil to a depth of 20 m is normally consolidated insensitive inorganic clay with the water
table 2 m below ground level. Static cone penetration tests were conducted at the site using a
mechanical cone penetrometer. The average value of cone penetration resistance g, was found to
be 1540 kN/m? and the average saturated unit weight of the soil = 18 kN/m> Determine the
immediate settlement of the foundation using Eq. (13.22). The contact pressure q, = 100 kN/m?
(= 0.1 MPa). Assume that the stratum below 20 m is incompressible.

Solution

Computation of the modulus of elasticity
Use Eq. (13.19) with A = 500
E =500c,

where ¢, = the undrained shear strength of the soil
From Eq. (9.14)

4c — P

c =

where g, = average static cone penetration resistance = 1540 kN/m?
p, = average total overburden pressure = 10 x 18 = 180 kN/m?
N, = 20 (assumed)

| = p— ..l'
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Therefore ¢, = _1..54__‘;;@ = 68 kKN/m?

E, = 500x 68 = 34,000 kN/m? = 34 MPa
Eq. (13.22) for S, is

Se = ﬂoﬂlan
E

5

From Fig. 13.9 for D/B =2/8=0.25, 4, =095, for H/B=16/8=2and L/B=12/8= 1.5, u, = 0.6.
Substituting

) ! 1
S, (average) = 095 036:0 X8 _ 00134 m =134 mm

From Fig. 13.8 for D, /JBL = 2/-\/8>< 12=02, L/B=15 the depth factor d,=0.94
The corrected settlement S, is

S, =094x134 =126 mm
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13.13 ESTIMATION OF CONSOLIDATION SETTLEMENT BY

USING OEDOMETER TEST DATA

Normally consolidated clays

C. +
S, = H—Se _jogPot 2P

1+ ¢, Po

Overconsolidated clays
for p, +4p < p,

C
S, = H—3 ngP{)+ﬂP
1+e, Po

forp,< p. <p,+ 4p

H +A
Clﬂﬂg‘-i-Clugpﬂ b

l+€U Po Pe

S =

4

where C, = swell index, and C_ = compression index

'] = § - ..:
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(13.34)

(13.35)




Example 13.12

For the problem given in Ex. 13.10 compute the consolidation settlement by the Skempton-
Bjerrum method. The compressible layer of depth 16 m below the base of the foundation is divided
into four layers and the soil properties of each layer are given in Fig. Ex. 13.12. The net contact
pressure g, = 100 kN/m?,

Solution
From Eq. (13.33), the oedometer settlement for the entire clay layer system may be expressed as
C +
S,= H,——log Pt AP
l+e, p,
From Eq. (13.41), the consolidation settlement as per Skempton-Bjerrum may be expressed
as
SC = ﬁsﬂf.’
where B = settlement coefficient which can be obtained from Fig. 13.12 for various values
of A and H/B.
p, = effective overburden pressure at the middle of each layer (Fig. Ex. 13.12)
C. = compression index of each layer
H. = thickness of i th layer
e, = initial void ratio of each layer
Ap = the excess pressure at the middle of each layer obtained from elastic theory
{Chapter 6)

The average pore pressure coefficient is

_09+0.75+0.70+ 045 _
4

The details of the calculations are tabulated below.

A 0.7
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BxL=8x12m

GL. g G.L.
U 7 N S/ N ” TR TR RN A
J l l moist unit weight
¥ = 17 kN/m®
2—X — = —Y
— =, 3 =
bo Submerged unit weight ¥, is
4 Layer 1 €. =0.16 ¥y =(17.00 - 9.81) = 7.19 kN/m’
A=09
6
e,=0.84
Z gL Laver2 v, = 7.69 kKN/m’
£ C.=0.14
¥
2 A=075
a 10
Lavera €,=0.76 v, = 8.19 kN/m’
kA C.=0.11 A =070
141 e, =0.73 3
Layer 4 ¥, = 8.69 kN/m
161~ C.=0.09
A=045
18
Figure Ex. 13.12
2 2 lo Pot AP
LayerNo. H (cm) p, (KN/m?) Ap(kN/m?) C, e, g p, Soealcm)
| 400 48.4 75 0.16 0.93 0.407 13.50
2 400 78.1 43 0.14 0.84 0.191 5.81
3 300 105.8 22 0.11 0.76 0.082 1.54
4 500 139.8 14 0.09 0.73 0.041 1.07
Total 21.92

For H/B = 16/8 =2, A = 0.7, from Fig. 13.12 we have f=0.8.

The consolidation settlement Sc 1s

SC =0.8x21.92=17.536cm = 175.36 mm
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EXAMPLE 12.6 Factor of Safety of a Footing Subjected to a Vertical Load and a Moment

The footing in Example 12.1 is subjected to a vertical load of 500 kN and a moment about the Y axis of 125 kN.m.
Calculate the factor of safety.

Strategy Since we are only given the moment about the Y axis, we only need to find the eccentricity, ¢z. The
bearing capacity factors are the same as those in Example 12.1.

Solution 12.6

Step I: Draw a sketch of the problem and calculate ej.
See Figure E12.6 for a sketch.

M, 125
M, = 125kN.m, P =500kN; ez = P =300 025m

FIGURE E12.6

e ,_.__._..r: l.'.-'_.]-"'""""sl'.-: e s lﬂ.n,_'..‘i'_}l.-i'n'..-'.-




Step 2: Check if tension develops.

B 2
€=g=0.33m>eg=0.25m

Therefore, tension will not occur.

Step 3: Calculate the maximum vertical stress.

_ P beg _ 1000 [ 6><O.25)_
um—BL(1+B)—2x2\l+ = = 438 kPa

Step 4: Calculate reduced footing size.

B'=2-2(025)=15m
Step 5:  Calculate the shape and depth factors.

5, =1 +Bflan¢;, =1 +?tan35° = 1.53

B’ 1.5
2. =1~ 0.4T= 1 - 0.4'?: 0.7

. 4fD ) e a4 1 ™
d; =1+ 2tan (1 — sin d})*tan '(B—{) =1+ 2tan35°(1 — sin 35 )zllan '(E X 1@)] =115
d, =1

Step 6: Substitute the appropriate values into the bearing capacity equation.

qu = 'YDf(Nq - l)Sqdq + O'SYB'NTSTdY
= (18 x 1 xX 323 x 1.53 x 1.15) + (0.5 x 18 X 1.5 x 37.1 X 0.7 x 1.0)
= 1373 kPa

Step 7:  Calculate the factor of safety.

4 1373

FS = = =

33




EXAMPLE 12.1 Allowable Bearing Capacity of a Sand

A footing 2 m square, subjected to a centric vertical load, is located at a depth of 1.0 m below the ground surface in
a deep deposit of compacted sand (b p = 35°, b = 30° and vy, = 18 kN/m?*). The groundwater level is 5 m below
the ground surface, but you should assume that the soil above the groundwater is saturated. The friction angles were
obtained from plain strain tests. Determine the allowable bearing capacity for a factor of safety of 3.

Strategy ltisa good policy to sketch a diagram illustrating the conditions given (see Figure E12.1). The groundwater
level is located at (5 m — 1 m) = 4 m from the footing base. That is, the groundwater level is more than B = 2 m below
the base. We can neglect the effects of groundwater.

FIGURE E12.1
Solution 12.1

Step 1: Calculate the bearing capacity factors and geometric factors. Assume rough footing. Use ¢’ = &}, = 35°.

The eccentricity is zero,so B" = Band L'= L.

: by . 35°
N, = ™% tan2(45° + ?") = "4 tan2(45° 5 ) =333

N,—1=323

35 X
N, = 0.1054 exp (9.6 $}) = 0.1054 exp(9.6 X 180“) = 37.1

e s ST
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B 2
S =1+ —tand, =1+ Etan35° = 1.70

Ll
| B" 2 _

5, =1-0475=1-045=06

d, = 1.0
Dy

d, =1+ 2tand,(1 — sind})*tan™’ =

=1+ (2tan35°)(1 — sin 35°)? tan—‘(l) X l] =1.13
2) " 180]

Step 2: Calculate the ultimate net bearing capacity.
qu = YDf(Ny — 1)s,d, + 0.5yBN,s.d,
q,= (18 X1 x323 x 1.7 x1.13) + (0.5 X 18 X 2 X 37.1 X 0.6 X 1.0)

~ 1515 kPa
_ Au
9%~ Es
_ 1515

+ ‘ny

+ 18 X 1 = 523 kPa
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EXAMPLE 12.2 The Effects of Groundwater on Bearing Capacity

Compare the ultimate net bearing capacity for Example 12.1 using &/, = 35" when the groundwater is located
(a) at 5 m below the ground surface, (b) at the ground surface. (c) at the bottom of the base of the footing. and
(d) at 1 m below the base.

Strategy The trick here is to use the appropriate value of the unit weight in the bearing capacity equation.

Solution 12.2

Step 1: Calculate bearing capacity numbers and shape and depth factors. These values are the same as in
Example 12.1.

Step 2: Substitute values from Step 1 into Equation (12.14).

(a) Groundwater level at 5 m below the surface. The groundwater level is 4 m below the base, which is
greater than the width of the footing. Therefore, groundwater has no effect.

From Example 12.1: g, = 1515 kPa

(b) Groundwater level at the ground surface. In this case, the groundwater level will affect the bearing
capacity. You should use

Y = Yot — Yw = 18 — 9.8 = 8.2 kN/m®

qu = v'Dy(N, — 1)s,d, + 0.5y'B'N,s,d,
= (82x1Xx323x17%x113) + (0.5 X 82 X2 X 37.1 X 0.6 X 1.0)
= 691 kPa

Alternatively, since the change in the unit weight is the same for both terms of the bearing capacity
equation, we can simply find g, by taking the ratio y'/v, that is,

8.2
q. = 1515 X 18 = 690 kPa

e s ST




(¢) Groundwater level at the bottom of the base. In this case, the groundwater level will affect the last term
in the bearing capacity.

Thus,

qu = YD{(N,; — 1)s,d, + 0.5y'B’'N,s.d,
(18 x 1 x 323 x 1.7 X 1.13) + (0.5 x 82 x 2 X 37.1 X 0.6 X 1.0)
1299 kPa

(d) Groundwater level at I m below the bottom of the base. In this case, the groundwater level is within a
depth B below the base and will affect the last term in the bearing capacity, where you should use

vB' = yuz +v(B'—2z) =18 x 1 + 82 % (2 — 1) = 262 kN/m’

Thus,
q, = yDy(N, — 1)s,d, + 0.5(y'B")N,s,d,
= (18 X1 X323 x 1.7 X 1.13) + (0.5 X 26.2 X 37.1 X 0.6 X 1.0)
= 1408 kPa

Step 3:  Compare results.

We will compare the results by dividing (normalizing) each ultimate net bearing capacity by the ultimate
net bearing capacity of case (a).

Groundwater level at = 100
(qu)(a)
(b) Ground surface S * 100 = 46%
1515 3
1299 _ e
(c) Base 1518 100 = 86%
1408 rr—
(d) 1 m below base 1515 % 100 = 93%

Note: (q.),) is the net ultimate bearing capacity for case (a).

The groundwater level rising to the surface will reduce the bearing capacity by more than one-half.
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EXAMPLE 12.3 Allowable Short-term Bearing Capacity of a Clay Soil

A footing 1.8 m * 2.5 m is located at a depth of 1.5 m below the ground surface in a deep deposit of a saturated
overconsolidated clay. The groundwater level is 2 m below the ground surface. The undrained shear strength from a
direct simple shear test is 120 kPa and v,,, = 20 kN/m’. Determine the allowable bearing capacity, assuming a factor
of safety of 3, for short-term condition. Neglect the effects of embedment.

Strategy Use the equation for the short-term bearing capacity. You do not need to consider the effect of ground-
water when vou are evaluating short-term condition.

Solution 12.3

Step 1: Calculate geometric factors.
No eccentricity: B'=B, L'=L

B’ 1.8
=14+02—=1+02-=-=1.14, d.=
Se=1+0275=1+02°=114, d.=1

Step 2: Calculate g,.
qu = S5.14s,5.d. = 5.14 X 120 X 1.14 X 1 = 703 kPa
Step 3: Calculate g,.

_ qu

703
=2 4 D, = — + 1.5 X 20 = 264 kP
qa FS Y f 3 -
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EXAMPLE 12.4 Sizing a Rectangular Footing Using ASD and LRFD

Determine the size of a rectangular footing to support vertical centric dead and live loads of 800 kN and 1000 kN,
respectively, on a dense, coarse-grained soil. The friction angle obtained from a triaxial test is ¢}, = 28.4° and vy, =
18 kN/m’. The footing is to be located at 1 m below the ground surface. Groundwater level is 6 m below the ground
surface. Assume FS = 3,m; = 1,and ¢ = 0.8.

Strategy Neither the footing width nor the length is given. Both of these are required to find g,. You can fix a length-
to-width ratio and then assume a width (B). Solve for g, and if it is not satisfactory [q, = ()] then reiterate using a dif-
ferent B value. You have to convert the triaxial friction angle to an equivalent plane strain value using Equation (12.24).

Solution 12.4

Step 1: Calculate bearing capacity numbers, shape, and depth factors.
€L B 15
Assume B'= B=15m andE = 1.5;thatis, L' = 15X 1.5=225m andF =225 0.67m. Footing area
A=B'L' =15%x225=3375m>.

9 9
(d):n)px = g(d);,),, = § X 28.4° = 32°

N, = """ %tan’(45° + 32°/2) = 232
N,-1=232-1=222

Assume rough footing.

X
N, = 0.1054 exp (9.64)) = 0.1054 exp(9.6 X 32180'")
=225
B' 1] o
Se=1+ Ftamﬁp =1+ 0.67tan32° = 1.42
Bl
5, =1~ 045 =073
: 2 4 Df
d, =1+ 2tan d},(1 — sind}) tan g
=1 + (2tan 32°)(1 — sin 32°)2[tan-'(L) X L]
1.5/ 180
=1.18
d,= 1.0

Step 2: Calculate the ultimate and allowable bearing capacity.

Substitute the values in Step 1 into the bearing capacity equation, Equation (12.16). The groundwater
level is located more than B below the base. Therefore, groundwater will not affect the bearing capacity.

q. = ¥yD¢(N, — 1)s,d, + 0.5yB'N,s.d,
=18 X1 X222 %142 % 118) 4 (05 x 18 X 15 X225 X 0.73 % 1.0) = 891 kPa




Guie = qu + YDy = 891 + 18 X 1 = 909 kPa
891
qa=—+'ny=T+18>< 1 = 315kPa

R = qu X A =909 X 3.375 = 3068 kN
P,= q, < A =315 x 3.375 = 1063 kN

Step 3: Calculate the imposed stress based on ASD and LRFD.
ASD: P= DL + LL = 800 + 1000 = 1800 kN
LRFD: P, =125DL + 175 LL = 1.25 X 800 + 1.75 X 1000 = 2750 kN
The term P, is the factored load.

Step 4:  Check suitability of assumed foundation size.
LRFD: ¢R = 0.8 x 3068 = 2454 kN < P,(= 2750 kN)
Unacceptable: try another footing size.
ASD: P, (= 1063 kN) < P (= 1800 kN)

Unacceptable; try another footing size.

Step 5:  Try another width and recalculate.
BI
to 1.14. 5, and s, have the same values.

We need to try a larger B, keeping = 1.5. Try B = B’ = 2 m. The depth factor for this case changes

qur = ¥Dy(Ny — 1)s,d, + 0.5yB'N,s.d,
= (18 X1 X222 %142 x1.14) + (05 x 18 X2 X225 X 0.73 X 1.0) + 18 X 1

=042 + 18 = 960 kPa

_ 942 .
H_E+7DI—T+18X1—3321(P3
R=gq, x< A =960 x (2x 3)= 5760 kN
P,=q, % A=332x%x(2x3)=1992kN

q

Step 6: Check suitability of assumed foundation size.
LRFD: ¢R = 0.8 < 5760 = 4608 kN > P,;(= 2750 kN): acceptable.
ASD: P, (= 1992kN) = P (= 1800 kN); acceptable.
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EXAMPLE 12.5 Allowable Bearing Capacity Due to an Inclined Load

Using the footing geometry of Example 12.1, determine g, for a load inclined at 20° to the vertical along the footing
width (see Figure E12.5).

P

I
VZO“

FIGURE E12.5 |- 2m |

Strategy You need to use Equation (12.18) for inclined loads. You only need to calculate the inclination factors,
since shape and depth factors are not included for load inclination.

Solution 12.5

Step 1: Calculate the inclination factors and depth factors.

"=B;, w=20°
B’ B’
n:n,,:(2+—,)/(1+—,):(2+1)/(1+1)=1.5
L L
s HR_ n _— oY1l5
ig= 1—7 = (1 — tanw)" = (1 — tan20°)"~ = 0.51

H n—1
iy, = (1 — 7) =(1 - tanw)"*! = (1 — tan20°)""*' = 0.32

Step 2: Calculate the ultimate net bearing capacity and allowable bearing capacity.
Use Equation (12.18).

qu = YD;(N, — 1)i, + 0.5yBN,i, = (18 X 1 x 32.3 X 0.51)
+ (0.5 x 18 X 2 X 37.1 x 0.32) = 510kPa

qu 510
Qa:E+'YDf:T+ 18 X 1 = 188kPa
: . The allowable bearing capacity for a vertical centric load is 523 kPa from Example 12.1.
o o .-;% o . ) ... 523 — 188
gt uf' ,_-;/v..fhj#"ial LR Reduction in allowable bearing capacity s —— = 0.64 = 64%.




EXAMPLE 12.6 Factor of Safety of a Footing Subjected to a Vertical Load and a Moment

The footing in Example 12.1 is subjected to a vertical load of 500 kN and a moment about the Y axis of 125 kN.m.
Calculate the factor of safety.

Strategy Since we are only given the moment about the Y axis, we only need to find the eccentricity, eg. The
bearing capacity factors are the same as those in Example 12.1.

Solution 12.6

Step 1: Draw a sketch of the problem and calculate e.
See Figure E12.6 for a sketch.

M, =125kN.m, P =500kN;: ep=

P =500 kN

t\’“mlzsmy.y

FIGURE E12.6
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Step 2:  Check if tension develops.

=
6

(=20 o]

=—=033m>¢e3=025m

Therefore, tension will not occur.

Step 3: Calculate the maximum vertical stress.

P( 6 1000 [ 6% 025
( e”) = (1 =

e - = =
e BL\l - s = ) 438 kPa

Step 4:  Calculate reduced footing size.

B'=2-2(025)=15m
Step 5: Calculate the shape and depth factors.
5 =1 +BTtand>;, =1+ lz;stan35° =153
B’ 1.5

37:1—0.4r: 1 —0.4720.7

D 1 m
- ] - r\2 -1 . o . 0Y2 -1 i ;

d, =1+ 2tand)(1 — sind’)tan (?) =1 + 2tan35°(1 — sin35°) [tan (—1'5 % _180)] =115
d,=1

Step 6: Substitute the appropriate values into the bearing capacity equation.
qu = yDs(N, — 1)s,d, + 0.5yB'N,s.d,

=(18X1xX323%x153xX1L15)+ (05X 18 X15X 371 X 0.7 X 1.0)
= 1373 kPa

Step 7:  Calculate the factor of safety.

du 1373
ES = = =
(0)mas — ¥D; 438 — 1 X 18

33

et a1 T,E'-";H_f'mh







