Chapter 5

Ultimate Bearing Capacity
of Shallow Foundations:
Special Cases

Omitted parts:
Sections 5.6, 5.7, 5.10, 5.12



Ultimate Bearing Capacity of Shallow Foundations

The ultimate bearing capacity problems described in Chapter 4 assume that :

*The soil supporting the foundation is homogeneous and extends to a great
depth below the bottom of the foundation.

*The ground surface is horizontal.
However, that is not true in all cases:
It is possible to encounter arigid layer at a shallow depth.
*The soil may be layered and have different shear strength parameters.
It may be necessary to construct foundations on or near a slope.
It may be required to design a foundation subjected to uplifting load.

This chapter discusses bearing capacity problems related to these special
cases.



Foundation Supported by a Soil with a Rigid
Base at Shallow Depth

If a rigid, rough base is located at a
depth of H< D below the bottom of the
foundation, full development of the
failure surface in soil will be restricted.
In such a case, the soil failure zone and
the development of slip lines at
ultimate load will be as shown in the
Figure below.
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Figure 5.7 (a) Failure surface under a rough continuous foundation:
(b variation of /8 with soil friction angle ¢

Hgure 5.2 Failure surface under a rough, continuous foundation with a rigid, rough base
loecated at a shallow depth



Foundation Supported by a Soil with a Rigid
Base at Shallow Depth

fﬂ'H; D,.H:= Hc!,.l.rll: =N*, ﬂ]d.H: =H Figure 5.2 Failure surface under a rough, continuous foundation with & rigid, rough base

located at a shallow depth



Foundation Supported by a Soil with a Rigid
Base at Shallow Depth
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Rectangular Foundation on Granular Soil




Square and Circular Foundations on Granular Soil

6, = qﬂ; + [l.hlﬂh’: (square foundation) _ ;"I_
/

gr=ﬂ:+ﬂj7m¢{ﬂhﬂﬂlﬂimr ] S fr'f i

| /// :




Foundations on Saturated Clay

— +
Ha ":""'H: Ei Table 5.7 Values of N for Continuous and Square
Foundations (¢ = 0}

L.
B
B VI B V2 =
_ S - e H Square” Continuous®
i — (‘ir+1+mT \g_):,h;i (fmy,r ; D)
2 543 524
3 5.93 571
B 4 644 6.22
03— 0707 5 £.94 6.68
Juisua) = .40 1 +T ogtg : ;:g ;ﬁ?
10 D43 205

.

*Buisman’s analysis {1940)
*Mandel and Salencon’s analysis (1972}



EXAMPLE 5.1

Example 5.1

A square foundation measonng 1.2 m % 1.2 m 15 constructed on a layer of sand. 'We
arc given that Dy = 1 m, y = 15.5 kN/m?®, ¢ = 35°, and " = 0. A rock layer is located
at a depth of (L48 m below the bottom of the foundation. Using a factor of safety of 4,
Solution

From Eq. (3.3),

1
du= Ny + 5 VENE,
and we also have

g =135 x 1 =155 kNim’

Ford' = 35°, H/B = 0.48/1.2 = D-.4,N;-=- 336 (Figure 5.4},31:&”_: == |38 (Figure 3.5),

and we have
B
Fa=1 —m.(E)

From Figure 3.6a for &' = 35°, H/B = 0.4. The value of m, = 0.38, so

Fu=1—(038)(1.2/1.2) = 042
Similarly,

Fo=1—miB/L)
From Figure 3.6b, m; = 0.6, 50
Fo=1-(06){1.2/1.2) = 0.4
Hence,
e = (13.3)(336) (042} + (1/2{(15.3(1.2)(138) (0.4) = 2700.72 kN/m*

_a (27007212 1.2) _

9723 KN
s 3 “

Can



EXAMPLE 5.2

Example 5.2

Consider a square foundation | m % | m in plan located on & saturated clay layer
underlain by a layver of rock. Given:

Clay: c, = 72 kN/m”®

Unit weight: ¥ = 18 kN/m?

[hstance between the bottom of foundation and the rock layer = 0.25 m

Di=1m
Estimate the gross allowable beanng capacty of the foundation. Use F§ = 3.
Solution
From Eq. (5.10),
Dj%—ﬂ.'ﬂ]’?
gy =3.141 1 + 312 g+ g

For B/H = 1/0.25 = 4; ¢, = 72 kN/m®; and g = yD, = (18)(1) = 18 kN/m?.

0.5N04) — 0707
q.=5.14|:l+{ 5}[5}14 + 18 = 481.2 kN/m?




Foundations on Layered Clay (¢ = 0)

For undrained loading (¢ = 0 condition) :
let ¢, = shear strength of the upper clay layer
C,2) = shear strength of the lower clay layer

Gy = CupNel sl ca + 4

l .
I
The relationships for F,.and F_,, given in Table 4.3

The variation of A, is given in the Figure

If the lower layer of clay is softer than the top 3 éﬁ

one (¢ p /cym < 1), the value of (A,) is lower / 03

than when the soil is not layered (¢, /¢, q) = 1). . ]
W, h/ /f;f” |

This means that the ultimate bearing capacity L %ﬁ%

Is reduced by the presence of a softer clay //?ﬁﬁ,

layer below the top layer. ZV




Weaker Layer underlain by Stronger Layer (¢ = 0)

Ultimate bearing capacity of a foundation supported by a weaker clay
layer [c,,)] underlain by a stronger clay layer [¢, )] 1.€ (¢ q)/Cyp) < 1) :

— Tahle 5.3 Variation of m uation {5.12)] for Square Foundation (B/L = 1
q“ - EH:IJMNGFEEFM+ I'-il [Eq ( }]q'_ ik )
H/B
Corty/ Gty =025 0125 0.083 0.063 0.05
where
1 | 1 1 1 1
N _ {5. 14 for continous foundation 0.667 1 1.028 1.052 1.075 1.096
e 1 . . 0.5 | 1.047 1041 1.131 1167
6.17 for square or circular foundation 0333 : L7 143 . 267
F_, = shape factor 025 1 1.091 1.177 1.256 1.334
— 02 1 1102 1194 1.292 1.379
Fog = depth factor 0.1 1 1128 1.254 1.376 1.494
m=f Gy H B Based on Vesic (1975)
C.(z), B’ L
Tabfe 5.2 Variation of m [Equation (5.12)] for Continuous Foundation (B/L = 0.2)
I
H/B
Curny/ Cutzy =05 025 0.167 0.125 0.1
1 1 1 1 1 |
0.667 1 1.033 1.064 1.088 1109
0.5 1 1.056 1.107 1.152 1.193
0.333 1 1088 1.167 1.241 1.311
0.25 1 1.107 1.208 1.302 1.389
0.2 1 1.121 1.235 1.342 1.444
0.1 1 1.154 1.302 1.444 1.584

Based on Vesic (1975)



EXAMPLE 5.3

Example 5.3

Refer to Figure 5.8a. A foundation 1.5 m = | m is located at a depth (D of 1 mina
clay. A softer clay layer is located at a depth (H) of 1 m measured from the bottom of
the foundation. Given:

For top clay layer,
Undrained shear strength = 120 kN/m®
Unit weight = 16.8 kMN/m®

For bottom clay layer,
Undrained shear strength = 48 KN/m*
Unit weight = 162 kN/m?
Determine the gross allowable load for the foundation with a factor of safety of 4. Use
Eqg. (5.11).

Carlp
Solution by =0
From Eg. (5.11), !
Gy = ConiVeFolca + 4 o
Capyy = 120 kKN/m* =0
g = yD; = (16.8}(1) = 16.8 kN/m?> .
i,
ﬂ=£=m;£=l= 1
L 120 B 1 'E}’ll.l'h."l’ﬂ:ﬂ
From Figure 5.8b, for H/B = 1 and ¢,/ c., = 0.4, the value of N, is equal to 4.6 . failure surface
From Table 4.3,
B\ [Ny 1 1
Fo=1+[=l[-]=1+(—=][—]=1.145
-1+ (2)F) -1+ (7))
Foo1+042— 1404t =14
= B YT
Thus,
gu = (120){4.6)(1.145)(1.4) + 16.8 = 884.8 + 16.8 = 001.6 kN/m®
So
q, 9016
=% = ——— = 2754 kN/m®
M=~ a

Total allowable load = (gu)(B % L) = (225.4)(1 x 1.5) = 338.1 kN =



Stronger Layer underlain by Weaker Layer (¢’- ¢ soil )

" ]
. E[Ea + Ppﬂm a') . |.q—,[|;—p|
fu — dy B bl 5 U |
where ¥ a ! b Stronger soil
T C e n
B = width of the foundation y o b
C, = adhesive force v e W “
P, = passive force per unit length of the faces aa’ and bb’ J’ Py | I I Py
g, = bearing capacity of the bottom soil layer LN TN : bl A
6" = inclination of the passive force P, with the horizontal | Weaker soil
| 4
If the depth His relatively small compared @) &)
with the foundation width B, a punching
. . ) . e—B —>|
shear failure will occur in the top soil layer, ~———— @& —————

followed by a general shear failure
In the bottom soil layer (Figure a).

Stronger soil
H T

If the depth His relatively large, then the l ‘fl'
failure surface will be completely located in ———— 77—
the top soil layer, which is the upper limit Wﬂg““
for the ultimate bearing capacity (Figure b). ® b

&




Stronger Layer underlain by Weaker Layer (¢~ ¢ soil )

2cH 2DA K, tan ¢
qa=qb+T+'hH2(l + H) B —vH (@
q .,
K,=fl—.
2.4

o, 1

@1 = Ny + 77BNy
. 1

G = 3Nz + 77.BN o)

The variation of K, with g,/g, and ¢, is shown in Figure.
The variation of ¢/c; with g,/ g, is shown in Figure .

If the height His relatively large, then the failure surface in soil
will be completely located in the stronger upper-soil layer.
For this case,

. !
Gu = q; = ilNgny + gNgy + 30BNy, o

Combining Egs. (a) and (b) yields

2c,H 2Dy
+ v H* 1 +
B Y1 ( H )

Gy = qp T+

0.9+

-2 08 -

0.7 4

0.6




Stronger Layer underlain by Weaker Layer (¢’- ¢ soil )

For rectangular foundations

where

and

i which

_ B\ (2¢;H
fi'-—fi'b‘l‘(l"‘L)( B)

B 2DA\ (K, tan ¢}
2 b s _
+yH (l + L)(l + I )( i v H=q,

, 1
9 = cNeFesiy + 11Dp + H) NoyF sy + 5 ¥:BN,olF ey

, 1
a0 = elNeyFesty + MO NenF oty + 51BNy F ety

Feiys Fasiny» Foary = shape factors with respect to top soil layer (Table 4.3)
Fon s Fasinys Foaiy = shape factors with respect to bottom soil layer (Table 4.3)



Stronger Layer underlain by Weaker Layer (¢’- ¢ soil )

Top layer is strong sand and bottom layer is saturated soft clay d)2 =0

B
and

gr = Y1DNyn Fsny + 11T1BN~,{13F (1)

Hence,

B B 2D¢\ K, tan ¢
=|14+02=|514dcys + vH| 1+ =1+ z

|
+ 11D < NDNF gy + 5 1iBNyF oy

where c,5 = undrained cohesion.

For a determination of K, from Figure 5.10,

ﬁ: C.Q}Nﬂfﬂ _ 5.14C.m
q IETlBh;ﬂ] ﬂ.ﬁ"}"lﬂﬁ_’{u




Stronger Layer underlain by Weaker Layer (¢’- ¢ soil )

Top layer is stronger sand and bottom layer is weaker sand (¢} =0, ¢, = 0).

G = ['r:[ﬂﬁ H)NyinFosi2) + % T}BNﬂleﬁﬂ]

B 2D5\ K, tan ¢;
+TIH2(1 + L)(] + I ) B wH = g,
where
1
a: = NDNoiyFgsiny + 5 ¥iBNy F st
Then

H2 _ %‘Tzﬂﬁ-‘.{z] _ Y2Nyz)
@ 3vBNy, il




Stronger Layer underlain by Weaker Layer (¢’- ¢ soil )

Top layer is stronger saturated clay and bottom layer is weaker saturated
CIaV (d)]__: d)z — O)

2
4= (1 +02 %)5.1::.1@ 4 (1 +%)( ';'H) +yDr=gq,

where
B
oy — 1402 E 514(-‘,{11 + Tlﬂf

and ¢4y, and ¢,y are undrained cohesions. For this case,

E: 5141:.{3} _ Eﬂ}
gy 5141:.“} Ci1)




EXAMPLE 5.4

Example 5.4 Again, from Eq. (5.26),
Refer to Figure 5.9a and consider the case of a continuous foundation with B = 2 m, 1
D,=12m,and H = 1.5 m. The following are given for the two soil layers: 4 = NONgFginy + 51BN Fainy
From Table 4.2, for ¢ = 40°, N_ = 109.4 and N, = 64.20.
Ly From Table 4.3 @ ! !
Unit weight y, = 17.5 kN/m’
' By
=0 F_[.,=|+(E)mmh=1+{u}mm=l
Bottom .
clay layver: -
Unit weight y, = 16.5 kN/m® B
&L =0 Foiny =1 =047 = 1 - (04)(0) = 1
Cyy = 30 kN/m? R
Determine the gross ultimate load it length of the foundation.
A : perE S g = (17.5)(1.2)(64.20)(1) + G)UHHE}UDM){IJ = 32627 KNP
ution
For this case, Egs. (5.27) and (5.28) apply. For ¢} = 40°, from Table 4.2, N, = 109.41 and Hence
— 2
& GeNew __ OOGMW da = 2826 kN/m
ai 05BNy  (0.5)17.502)(109.41) 0, = (2B2.6)(E) = (282.6)(2) = 565.2 kN/m u

From Figure 5,10, for c.mﬁd,}f{}_‘rylﬂﬂﬂ,] = 0081 and ¢; = 407, the value of
K, = 2.5, Equation (3.27) then gives

4, = |:l + {02}(%]]5.]4{:.',} + (1 + %)wﬁ{ 1+ %] R}m":: + nDy

= [1 + {(02)0)](5.14)(30) + (1 + ON17.5)(1.5)

(2)1.2)
* [I +3

tan 40
20

:|{1.5} + (17.5)(1.2)

= 1542 + 1074 + 21 = 282.6 kN/m*



EXAMPLE 5.5

Example 5.5

A foundation 1.5 m X 1 m is located at a depth, Dy, of 1 m in a stronger clay. A softer
clay layer is located at a depth, H, of 1 m measured from the bottom of the foundation.

For the top clay layer,

Undrained shear strength = 120 kN/m?
Unit weight = 16.8 kN/m®

and for the bottom clay layer,

Undrained shear strength = 48 kN/m?
Unit weight = 16.2 kN/m®

Determine the gross allowable load for the foundation with an FS of 4. Use Egs. (5.32),
(5.33), and (5.34).

Solution
For this problem, Eqs. (5.32), (5.33), and (5.34) will apply, or

B B\[2c
g, = (1 + n.zf) 5.14c,0) + (1 + E)(T.H) + Dy

B

Given:
B=1m H=1m Di=1m
L=15m v, = 16.8 kN/m®

From Figure 5.11, ¢,/ ¢,y = 48/120 = 0.4, the value of ¢ /¢, = 0.9, so
c, = (0.9)(120) = 108 kN/m?

3 1 1 [ (2)(108)(1)
q, = [1 - (0.2}(E)](5.14](43} - (1 - ﬁ)[f

] + (16.8)(1)

= 279.6 + 360 + 16.8 = 656.4kN/m*

Check: From Eqg. (5.33),

= [1 + {uz}(ﬁ)]{s.u}um} + (168)(1)
=699 + 168 = T15.8kN/m*
Thus g, = 6564 KN/m? (that is, the smaller of the two values calculated above) and

g, 636.4
= —=——= 1641 kN/m®
T F5 4

The total allowable load is
g (]l x 1.5) = 246.15 kN

Note: This is the same problem as in Example 5.3. The allowable load is about 40%
lower than that calculated in Example 5.3, This is due to the failure surface in the soil
assumed at the ultimate load. ]



Weaker Layer underlain by Stronger Layer (¢’- ¢ soil )

When a foundation is supported by a ;E v
weaker soil layer underlain by a stronger . }, | i
L

layer, the ratio of g,/q, will be greater than \

If H/B is relatively small, the failure surface | Swagersan

in soil at ultimate load will pass through &
both soil layers. T S
However, for larger H/B ratios, the failure “ &

surface will be fully located in the top,
weaker soil layer.

Ju'l

Tn




Weaker Layer underlain by Stronger Layer (¢’- ¢ soil )

The ultimate bearing capacity:

H 2
g = q + (g5 — qf}(ﬁ) =g, (5.35)
where
D = depth of failure surface beneath the foundation in the thick bed of the upper weaker
soil layer

g; = ultimate bearing capacity in a thick bed of the upper soil layer
g, = ultimate bearing capacity in a thick bed of the lower soil layer

S0
- 1
g; = cilNgiF oy + MDNgF iy + ETIBN-,{I}F*pf]} (3.36)

, 1
1 cENc[Z}IFEE[E’J 97 TI-DINQ{Z}IFMZ} i ETIBNT{HFT‘{E} (53?}
where

N, Ny, N1y = bearing capacity factors corresponding to the soil friction angle ¢/
Nz, Nyz, Nz = bearing capacity factors corresponding to the soil friction angle ¢;
Fesiny, Fastry, Flany = shape factors corresponding to the soil friction angle ¢/
Fes2), Fasiay, Foazy = shape factors corresponding to the soil friction angle ¢,

Meyerhof and Hanna (1978) suggested that

* D = B for loose sand and clay
* D= 2B for dense sand



EXAMPLE 5.6

Example 5.6

Refer to Figure 5.12a. For a layered saturated-clay profile, given: L =61ft, B =4 fi,
D=3 H=210 vy = 110 IR, ¢y = 0., ¢ = 1200 IDFE, 3, = 125 IWE®, b, = 0,
and ¢y = 2500 IWft?. Determine the ultimate bearing capacity of the foundation.
Solution

From Egs. (5.18) and {5.19),

So, Eq. (5.35) will apply.
From Egs. (5.36) and (5.37) with &, = ¢, = 0,

B
gy = (] 4+ GLZE)H,_-I.'.H: &+ TlD_I"

= [1 + {D.z}(%)](i.]xi}{l?ﬂ}} + (3(110) = 6990.4 + 330 = 7320.4 b/

B
gy = (1 +0.2 E}V:f.m +

= [1 + (02}{%)]{5.14}(1500} + (3)125)
= 14,563.3 + 375 = 14.938.3 IVA2

From Eq. (5.35),

HYy?
=g, + (gp — g —
g = q; + (gs -;&)1 D)

D=8

2 .
e = 73204 + (14,9383 — 732:0,4}(4—) = 0225 I/ = g,

Hence,
q, = 9225 Ih/Tt" ™



Bearing Capacity of Foundations on Top of a Slope

The ultimate bearing capacity for continuous foundations:

1
g, = ErNﬂjl + ETENT‘I

For purely granular soil, ¢’ = 0, thus,
1

9 =7 ¥BNy
Again, for purely cohesive soil, ¢ = 0 (the undrained condition); hence,
Gu = Ny Figure 5.79 Shallow foundation on top of a slope
where ¢, = undrained cohesion. 400

Figure 5.20 Meyerhof's bearing capacity factor N, for granular soil (¢’ = 0)



Weaker Layer underlain by Stronger Layer (¢’- ¢ soil )

The following points need to be kept in mind in
determining A,
1. The term

Is defined as the stability number.

2. If B<H, use the curves for N, = 0.

3. If B>=H, use the curves for the calculated stability
number N, .




EXAMPLE 5.8

Example 5.8

In Figure 5.19, for a shallow continuous foundation in a clay, the following data
are given: E=I.Zm;ﬂ;=l.zm;b={}.Em;H=ﬁlm;H=3ﬂ“; unit weight of
soil = 17.53 kN/m™; ¢ = 0 and ¢, = 50 kN/m". Determine the gross allowable bearing
capacity with a factor of safety FS = 4.

Solution
Since B < H, we will assume the stability number N, = 0. From Eq. (5.43),
ql='clﬂn]'
We are given that
D12
B 12
and
b 08
—=—= (067
B 12 Figuire 5.79 Shallow foundation on top of a slope

For @ = 30°. D/B = 1 and b/B = 0.67, Figure 5.21 gives N_, = 6.3. Hence,

g, = (50)(6.3) = 315 kN/m?

and

ge 315
Gu = oo == = 788 kN'm’ m



EXAMPLE 5.9

Example 5.9

Figure 5,22 shows a continuows foundation on a slope of a eranular soil. Estimate the

Fgure 5.22 Foundation on a granular slope

Solution
For granular soil (¢" = 0), from Eq. (5.42),
|
Gu = ETEHT!
We are given that b/B = 2/1.5 = 1.33, ﬂ;fﬂ = L5/1.5 = 1, ¢" = 30°,
and g = 30¢.

From Figure 5.20, N, = 41. So,
g, = %[15:.}{1.5}{41} = 476.6 kN/m? -



EXAMPLE 5.10

Example 5.10

Refer to Figure 5.19. For a shallow continuous foundation in a clay, the following are
give: B=12m Dy=12m b=08m, H=62m B = 30, unit weight of soil =
175 kEN/m*, & = 0, and ¢, = 50 kN/m*. Determine the gross allowable bearing
capacity with a factor of safety FS = 4.

Solution

Since B <2 H, we will assume the stability number &, = 0. From Eq. (3.43). i B_’|
'ql=leJ:q'
D_12_
B 1.2 k!
b 08 ¥
E—E—ﬂ.'?:‘r

Figure 5.79 Shallow foundation on top of a slope

For B = 30°, D, /B = 1 and b/B = 0.75, Figure 5.21 given N, = 6.3. Hence,

g, = (50)(6.3) = 315 kN/m®

_ g, 315

==y



Bearing Capacity of Foundations on a Slope

{y = €4Nogy (Tor purely cohesive soil, that is, ¢ = 0)

Gu = 7 YBN., (for granular soil, that is ¢ = 0)

{(Notez N, = yH/c)

Figure 5.24 Variation of N, with .

10




Foundations on Rock

d,=C’N,+qN,+0.5yBN,

N.=35 lan"(45 + %) .
Hq = tan 45 + £] 7 . .EII B g, PRIk r: ame
’ Soil
Ny=Ny+1 : SO R,
- o N
Rock
' "
gz = 2c'tan] 45 + ? 5

where

e = unconfined compression strength of rock
¢" = angle of friction

'q.I:I:I:Ill:llfhl:l':l - qnmq[ﬂ:



EXAMPLE 5.13

Example 5.13

Refer to Figure 532, A square column foundation is to be constructad over silistone.
Given:
Foundation: BX BE=25mx25m N
Soil: ¥= 17 INII'IIJ o [ . : .:_- ] _ - .I.:.
Siltstone: ¢’ = 32 MN/m? B I

¢ =317

¥ =25 kN/m® Dy S;I
RD(Q} = 50%

Estimate the allowable load-bearing capacity. Use FS = 4. Also, for concrete, use N P e e T Tt
2 =30 MN/m*. = B =

Rock
Soluljon cl
From Eq. (4.17), &
gy = 1.3¢'N, + gN, + 0.49yBN,

N,=sm‘(4s+%)=sm 4s+37')=4s.s

N,=tan°(45 +-‘;—) = tan®| 45 +221)=30.5
N,=N,+1=305+1=315
Hence,
g, = (1.3)(32 X 10° kKN/m*)(48.8) + (17 X 2)(30.5) + (0.4)25)2.5)31.5)
= 2030.08 X 107 + 1.037 X 10° + 0.788 x 10°
= 2031.9 X 10° kN/m? = 2032 MN/m?
Gumonines) = @(RQD) = (2032)(0.5)* = 508 MN/m*
G = —52—8- = 127 MN/m?

Since 127 MN/m? is greater than /', use gz = 30 MN/m’. =



