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Seapage takes placs.
L]

subjected to additional pore water
upward direction.

* Nommal stress on failure plane CD,

G, = 0,C08i~U
= Y, cos? -y hcos?

= cos?i (yz-y, )
and tangential stress,

T = @, Sini = yZ ¢osi sini

Letus consider a condition in whiich the water table is &t a depth ' above the failure plane and

Since steady seapage takes place paralle! to the siope, Hence failure plane is aiso being
pressure ol magnitude ¥,h cos? normal to the plane in

FOS = L. Satane _ {yz -y, hycos? itand

T T

- Xuh)tane
FOS = [1 ﬂ)tqqi_ |

where, ¥ = Average unit weight of soil above f'ai'h:xlré btane.
if (z~ h) depth of soil has
condition then, :

yzcosisini

total unit weight y and soil below water table will be in saturated

foye 10 rvach_ v (z-heyg h

(z-h)+h z

It water table rises to ground level, then entire soil become saturated and hbecomes z.

. * tan
»  FOS= [1-7—"—2 and _fy-Yu |tang _ Y 400
) Y-z )tani Ysau Jtani — Ysa tanf
Yo = 2Yw
Hence, FOS = 13N¢
2 tani

An infinitely long slop in dense sand having an inclination of 28° to the
horlzontal. Compute the factor of safety against shear failure if the angle of internal friction of the soil is

33°.

Solution:
Vertical pressure on CD,

- ety

Normal stress on fallure plana,
G, = 0, C08i = yzcos?
t = 0, sini
= ¥ Z2cosi sini

and tangential stress,

;..,;g

MR erar—s s

. Scanned by CamScanner -



wrx w

' - e m e ——————

shear strength of soil on failure plane,
T, = C+o,tand
= 0 + yZcos?itané
=y 2cos¥ tand
Factor of safety against shear failure,

Y zcos?i-tang  tand

FOS = = ”
r YZsini-cosi tani
For given soil, ¢ = 28° and i = 33°,
tan33°
= tanzes -

A granular soil has G = 2.70, e = 0.5 and = 35°. A slope has to be made of

this material. If & factor of safety of 1.15 is needed against failure, determine the safe angle of slope

when

(a) The slope is dry or submerged without seepage.

(b) If seepage occurs at and parallel to the surface of the slopa.

(c) If seepage occurs parallel to the slope with the water table at a depth of 1.5 m, what is the
factor of safety available on a slip plane parallel to the ground surface at a depth of 4 m?

Assume /= 30‘.
Solution: v
(a) If soil is dry or submerged but no seepage, the factor of safely is given by
FOS = tang
tani ;
.s tang tan35° . s
i =z —=0 ,
FOS~ 1.15 608 .

~ i= tan"'(0.608)=31.36" - -
(b) When the flow occurs at and parallel fo the surface of the s!ope

tan¢ - . H R tn s e
Tm tani 0 et e etk L seais

G+e 2.70+05 '
= | = =& T 81=20. 2
We know, Yat (1+e]7" ( 1305 )x98 20.928 kN/m

and Y = Yo~ V= 20.928-9.810 = 11.118 kN/m?
11.118 y tan35°
20828 1.15
i= 17.92°
(c) When seepage occurs parallel to the slope with the water table at a depth of 1.5 m, then factor of
safety is given by ‘

v 1tand , .
FOS = [1 - ]tan, )

=0.323

& tani =

reunare e reeaeees
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Here.z=4mandh=z—1.5=4—1.5=2.5m

and ¥= YGX1'5+Y=aIx2'5
1.5+256
Gy, 2.70x9.81 ,
where, = LA —
%= Tre TT0E 17.658 kN/m®
17.668x 1.
y= x 5+20.928><2.5___19_70 KNJm?
) 15+25
From equation (i),
9.81x2.5Y tan3s®
=11~ . _
FOS ( 19.70x4) tanage = 0.835

2. Cohesive Soils (¢c-¢)

In cohesive soil mass, the shear strength is derived from friction and cohesion both.

w=c+otan¢g
and factor of safety is given by, ’

1
Fos = -+ ,
- 1
a) Dry soil: @
(a) Dry so 5 &éf:;o (LR
A | 1 YZCoSi-sini L7
*  Incohesive soils, if slope angle i  frictional angle A Stable siope
¢ for any given value of normal stress; shear f |~ & Lo w
stress will be less than shear strength of soil C| 977 ’;w,.«p 5
i.e., T < 1, which leads to the development of _L (2N S ¢
stable slope. - .« c Gt ° %
* Ifslope anglex>fr|cttonal angle ¢, therewilbe . =~ - - . Fig.125 |

two cases

(i) upto the point F, for any value of normal stress, shear stress is still less than the shear
! strength of soil. Hence slope will be stable.
(ii) Beyond point F, if i > ¢, but for any given value of normal stress, shear stress exceeds the
shear strength of the soil, which leads to the development of unstable slope.

The height of the slope corresponding to the critical point ‘F is called critical height ‘H; and
“factor of safety, FOS = 1

:,7 , &oat z=H,

- c+yH, cos?i- tang _
yH, cosi-sini

c +yH cos?iytan ¢ = yH,cosi-sini

FOS =

c
ycos? i-(tani - tand)

e =

Scanned by CamScanner




anmemmessents 1+ UDLHCATIONS "

since, h=zand y= Yat

_c+o,lang _ c+yzcos?i-tang

FOS -
T Ysa ZCOSSINI

12.3 Definitions of Factor of Safety

y 1. Factor of safety with respect to shear strength is defined as,

Shear strength of soil {z;)
= Mobilized shear stress (z)

_ C+aotang
B T . ;
2. Factor of safety with respect to cohesion,

FOS = —-

Cn S

where, ¢ = unit cohesion of soil
G,,, = mobilized cohesion of soil

o H
Also, = -
'FOS z\\,_ s T i g i POy
where, H_= critical depth
= f—etan(45° + q>)
3. Factor of safety with resp(;,ct to friction,  ~-- o e o v S
R o m e
__ Lr FOS= g - :
where, g =fricionangle ofsoil ... ..
i = slope angle with horizontal = 7 & iho -
tan¢
AISO- FOS - tan¢m

where ¢,, = mobilized friction angle.

An infinitely long slope having an inclination of 26° in an area is underlain by
firm cohesive soil (G = 2.72 and 6 = 0.65). There is a thin, weak, layer of soil € m below and parallel to
the slope surface (c = 25 kN/m?, ¢ = 16°). Compute the factor of safety when the slope is dry. If ground
water flow could occur parallel to the slope on the ground surface, what factor of safety would result?

Solution:
Given, i=26°, c=25kN/m?, ¢=16"andz=6m
When the slope is dry, the factor of safety is given by the equation
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C+yzcos?i-tano
T1Z cosi-sini

FOS =
where y= dry unit weight of sail

_ Gy, 2.72x9.81
" 1+e 1+0.5

FOS = 25+17.8x6xc0s%26° x tan16°

=17.8 KN/m®

17.8 x6 x c0526° x 5in26°
_ 22473
T 4207

When there is Sespage of water, the factor of safety can be obtained from the following equation,

)

C+7'2cos? i tang
FOS = Ysat - ZCOSIsiNi - _
where - (G__) _(272+05)g 5y :
- %= /™ = {Tiros )00 =21.05Km
¥ = Yoar =%, = 21.05-9.81 = 11.25 kN/m?3
ko = 25+11.25x6xcos? 26°-tan16
: 21.05x6 x c0526° x 5in26°
i 4063

G AP R A canal having side slopes 1: 1 s proposed to be constructed in a cohesive
soil to a depth of 10 m below the ground surface. The soll properties are $=15° c=12kPa, 6 =10,
G = 2.65. Compute the factor of safety with respect to cohesion against failure of the canal bank slope,
if Taylor's stability number S, is 0.08.

Solution: B R
When the canal flows full, the canal bank sio

€T ol PUTIN -
e ! S g

pes will be will subrierged uinder water,

Y = ( 1+e )‘Yw = ( 191 )X981=809 kN/mS
We know Taylor’s stability no. is given by
‘ c
Sn = E. Y; H
¢ 12
F=8,7H = Coaxe0oxig_ 85 |
=
12.4 Stability of Finite Slopes
Assumption: .
e Failure of the finite slopes takes place due to rotation.
e Soil is homogenous.
o Failure surface is of circular arc shape.
BB I mranes o . -
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12.4.1 TypesofFailure
Slope fallure:

* Ifthe failure surface intersects with the slope above

the toe, it is referred as slope failure.

This type of failure is observed when soil mass below

the toe is strong and soil in upper part Is relatively
weak

.

* -Iwo type of failure occurs in steep slope.

Toe Failure:

Fig.12.7

This type of failure occurs when, failure surface passes through toe.
This is most common mode of failure WhICh is being observed in finite slope.

+ This type of tailure occurs when slope is steep (¢ > 53°) and soil above and below the toe is
homogenous. : :

Base Failure:

et R v R R

B
ST L PPE TR R |

¢ . This type of failure is cbserved when the sol mass . below the toe is soft and weak in compression and
the slope is flat.

+ Inthis case, the failure plane passes below the toe.
¢ Two type of failure occurs in flat SI0Pe.. v e

R R . T

Method based upon Total Stress analysis:

1. Total stress analysis for purely cohesive soils.
2. Swedish slip circle method
3. Frictioncircle method ”

F R N e T (SR |

12,42 Total Stress Analysis for a Purely Cohesive Soil S
« Thisis also called '¢ = 0° Analysis' ~ ™
¢ This analysis is"applied to the case of a newly-built" T
embankment immediately after its construction. (therefore,
undrained conditions)
« The slip surface is assumed to be along the arc of acircle,
having its centre somewhere above the slope.

¢ Let Wbe the weight of the wedge acting vertically downward
through G and ¢, the unit undrain shear strength of the soil.

/ .
A ¢, = 0 analysis
Fig.12.8

Disturbing moment = Wx ¥
Shear resistance force along AB = length of Arc AB x unit cohesion .
= (R-08)c,
Resisting moment due to shear= ¢, - R8- A= c,Fé-0

Resisting Moment _ ¢,R%0
Thus, factor of safety, F= DisturbingMoment W

e e, G I G, G D W T — - e
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The maximum depth of tension crack s h, = %9- and ts effect s to shorten the arc along which

shearing resistance gets mobilized and thus to reduce cent_ral angle 6t0 6,

e modified FOS = ——_—W¥+Pw~l |
where, 8,= changedcentralangle N
. . 1 . . ’

12.4.3 Swedish Method of Slices (for c-¢ soils)
* Inthis method, the soil mass above the slip plane o
is divided into a number of slices of equal width,
¢ The forces acting between these slices is
neglected and each slice is assumed to act as an
independent column.
Normal component of weight, N = W cos a and
Tangential component of weight, T= Wsina
* Considering the whole slip surface ABof length L.
Total driving force = £T-
Total resisting forces = EcL+ ENtang - c- > oomo s - i
cL + ENtan ¢ . . Fig.129
. Drivingmoment = XT- R
Resistingmoment = (cL + INtan ¢) xR
FOS against sliding is given by

Resisting moment _ cL+XNtang

. 707 -DivingMoment T ET .

Since, N= Wcos o and T= Wsina - - B T S
. TR .- cL+tan¢ZWeosa s, .- -1 . .

FOS = TWsina T e

* Effect of tension crack is to reduce the arc length, but the depth of erack is given by
- 2¢ ¢)
= —-tan| 45° + %
rom S+

. Partially saturated clays under drain or undrain both gives results similar to that 6? silt.
* Thismethod is a general approach whichis equally applicable to homogenous soils, stratified
deposits, partially submerged cases and non uniform slopes.
12.4.4 Friction Circle Method . »
* Inthis method, friction angle of the soil is used to analyze the stability of the slope.

« This method is based on the fact that the resultant reaction between the two portions of th soil mass
into which trall sfip circle divides the slope will be tangential to a concentric smafler circle of radius
rsing’. '
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* Due to tension cracks, the factor of salety against stability reduced.

" Flg. 12,10 The friction circle method P

2L CRFERE  Stability analysis by the method of slices for 1 : 1 slope on the critical slip
gave the following resuits: . e 7 |

Sum of tangential forcas - : = 150 kN

Sum of normal forces C- = 320 kN

Sum of neutral forces =50kN -

Length of failure surface - =18m W& e

Effective angle of shearing rasistance = 15° "

Effactive cohasion = 20 kN/m?

Calculate the factor of safety with respect to the shear strength.

Solution: C ' -

Given, £T=150kN
"7 SN=320kN 3 .:

T = 50kN == e tae a Ym0 Roeds b

Resultant Normal force, . EN = IN—~EU = 320 =60 = 270 kN/m? ¥ = »vr
We know, as per Swedish method of slices, factor of safety is given by,

cL+EZNtan¢
T
Here, c=20kN/m? L=18m
6= 150

FOS =

FOS = 20x18+;2;8xtan15 =288

12.5 Effective Stress Analysis

«  If pore water pressures exist in an embankment under certain conditions of drainage or seepage, an
" analysis in terms of effective stress is made.

¢ This method is applicable at any stage of drainage frorrno drainage to full drainage.

N
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12.5.1 Steady Seepage

e : ' s critical,
* This condition is encountered in an earth dam or embankment and is considered &

*  The effect of pore water pressure is to reduce the effective stress and thereby reduce the stabiliy,

because the shear strength mobilized would be decreased.
* The factor of safety is :

C’r0+tan¢’Z{N-u)

7T
Where ¢’ and ¢’ are effective stress parameters

LU= Total force because of pore pressure
INand ZThave usual meanings

F=

LU can be obtained from flownet. In the absence of flownet fdllowing approximate value of Fcanbe
used. :

Fe CTO+tang’ZN'
T
Hera normal components A" of the weights of the slices have to be obtained using submerged unit
weight (y,,,,) and the Tangential Components T using the saturated unit weight (y,,) -
Values of Franging from 1 25 to 1.50 are generally accepted.

1252 Caseof Rapid Drawdown

* Sudden or rapid drawdown represents a critical T

condition since the seepage force in this condition v befo",f";;mg'm
adds to the sliding moment while it reduces the shear ==~~~

resistance mobilized by decreasing the effective
stress,

In this case Factor of safety is calculated by same
formula as in case of sleady seepage, excepl, a
change in value of u. In this case, s el . ¢

. . . . Fig.12.11
u=1y,(h-#)instead of u=1y,,. h, (in earher»case) R
where, h,, h, & it are as shown in fig. '

1253 Case of Immediately after Construction

* Rapid construction creates excess pore pressures which affect factor of safety.
* lfinitial pore pressure is negligible then pore pressure at subse
pore pressure which is obtained from Skempton's concept of p

Au = BlAg, + A(Ae, - Ac,)]
Au day Acy
a0, = B= B[T+A[ " Ao,

Ty A0|

Quent slages is given by change in
ore pressure parameters.

Now, pore pressure ratio,

Ao, can be taken nearly equal to the weight of material = yz
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& "= B
! AB=17
E =7

f, = pore pressure ratio

Now B can be obtained from triaxial test, This helps to know pore pressures. Once they are known
factor of safety can be obtained in usual manner.

12.6 Effective Stress Analysis by Bishop’s Method

« This method takes into account the effect of the forces on the vertical sides of the slices in the
Swedish method.

¢ The procedure is shown below:
* The factor of safety is given by:

F
k]

1 e goce =

" e 3|0 )

and ervor.) e

B A R S h et B B AR e s

(Since Fis on both sides, solution is by Trial

u N
Where, 7, = '-FE = pore pressure ratio

U= pore pressure;
W = Weight of slice

o. = angle between p and vertical
p = Total Normal force acting onttlg

base of slice. . $ Trial failure surface

b = Breadth of slice (= [, cos @)~ ;<72: " P ;| (Ciroularare
¢ and ¢ are effective siress Fig. 12.12
parameters.

Z = height of slice
I, = length of slice along curved surface. . .
s Now, if the effect of forces R, and R, is completely ignored and u is expressed in terms of r;,
1
IWsina
(which is same as that tor steady seepage condition)

F =

.2[c’l, +W(cosa -1, seca) tan’]

12.6.1 Taylor's Stability Number Method

e Taylorintroduced a dimensionless parameter, called Taylor's stability Number, which is given by
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- m=nvauURg

Where, H= vertical height of slope

H, = critical height of siope
Cm = unit cohesion mobilized
F=FOS
In this method, Taylor's stability number is read from Taylor's stability chart in order to analyze the
stability of slope for a given values of strength parameters of the soil.
Taylor's method is suitable for c-¢ soils and for ¢ = 0 (pure clays)

*

A

Under dry condition, y, and undrain friclion angle ¢, shouldbe used.' \ e
If soil is fuity submerged, the submerged unit weight ¥ and effective friction angle ) \
should be used, - : ) - ' v

If slope is saturated but not submerged, such a case of capillary or sudden draw.down of
water table. Then, Ysat Should be used along with weighted friction angle of the soil ¢wanq :

ls given by
YI
= e X ¢
_ % Yeat
where, Y = submerged unit weight
Ysa = Saturated unit weight
¢ = Friction angle of soil N _ -

A canal having side slopes 1 ; 1 Is proposed to be constructed in a cohesive
soil to a depth of 5 m below ground surface. The soll proparties are given below:

$,=15%c,=12kN/m% 6= 1.0: and G = 2.65
Given, the Taylor's stability No. of soil is 0.08, find the factor of safety with respect to Cohesion
against failure of the bank slope,

(i) When canal is full of water e g e

(i) When there is a s'uddenLdrawdown of water In th
(§)=0.126forp=5-7> - o

Solution: R IS B SR Rl I N

A xS

G+e 265+10
Year = (1+9 )YW = (—T’-—TB—-—)XQB" = 17.9 KN/m?3

and Y =Y~ Yy=17.9~9.81 = 8,09 kN/m3
(8) When canalis running full, the soil will be in submerged condition, Hence ¥ will be used.
Hers, S,=0.08, ¥ = 8.09, ¢, = 12 kN/m?

S _ 12 =37
S,;YH 008x809x5 -
(b) For sudden drawn down, saturated unit weight along with reduced ¢, 18 used,

Y p =899 156780
Ysat 179

e canal. Use Taylor's stability number

Here, S,=0.126

_ ¢, 12 -
PO = S = OiZex178x5 " 106
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LN Find the factor of safety (i) with respect to

1

shear sttength; and (ii) with respect to height along the indicated sliding s0r lom

surface AB in the figure below.
Normal eftective pressure on siiding surface AB s 255 kN/mZ. T 10m SA“
Downward tangential disturbing force along A8 s 840 kN. 2

) : é6m ¢ = 50 kN/m

Solution: 1 ¢=10
The total disturbing moment is caused by the tangential dlsturbing 8 . ¥= 18 kNm’
force, given as 840 kN.

The disturbing moment(M,) = B40kN x r

= B840 kN x 10 m = 8400 kN-m perm run ‘
The resisting moment is provided by the shear strength developed along the failure arc AB: lts magnitude

: =0 L+Ntan¢
Normal effective pressure along AB .
_ = 255 kN/m2 (given) _ \ ¥
Total normal effective force N=255x AB wwﬂwf;'m%m yl
60° 20rn
But "~ AB = 80° _20% _ 46 47m
AB 21:r 360“ 2nx10x360° 5

N 225 x 10.47 kN/m mn 2669 85

¥ ;’myi‘ er = i

kN ~ N
Shearing resnstance 50 -5 X 10 47m+ 2669 85 5—— X tan 10"

= 523.5 +470.8 = 994.3kN permrun .
Resisting moment : o

kg’ T v Bed

- 9943 xr= 994.3 % 10m =9043kN-mimrun 0

() FOSwrt shear strengm =

'-p 2 -..> A S Rty

(i) Tocalculate FOS with respect to he:ght of tha cut we have to hnd the max. depth of cut which will

be self supporting. This height is given as 220 TR e 2R
where A i
" o
2x2x50-
- Max. depth of unsupported cut = g XT—"ka
‘ 1-sing 1-sin10°  140.1738
where | Ka = Tising ~ Trsni0s = “Ty73g - 0704
2x2x50
Max depth of cut = 18XJ(>)<_70— =13.24m
Since the actual cut is of 6 m depth,
‘ 13.2
Factor of safety available = 8 ;m =22
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342 GEOTECHNICAL ENGINEERING

9.4 ILLUSTRATIVE EXAMPLES

Example 9.1: Fig. 9. 27 shows the details of an em-
bankment made of cohesive soil withé¢ =0 andc =30
kN/m?. The unit weight of the soil is 16.9 KN/m®. De-
termine the factor of safety against sliding along the
trial circle shown. The weight of the sliding mass is
360 kN acting at an eccentricity of 5.0 m from the
centre of rotation. Assume that no tension crack de-
velops. The central angle is 70°.

Sliding moment = 360 x § = 1800 kNm

Restoring moment

=c.r9=30x9x _86 XK
= 2970 kNm
Factor of safety against sliding,
F = 2970/1800 = 1.65. :

Example 9.2: A cutting is made 10 m deep with sides sloping at 8 : § in a clay soil having a
mean undrained strength of 50 kN/m? and a mean bulk density of 19 kN/m3, Determine the
factor of safety under immediate (undrained) conditions given the following details of the im-
pending failure circular surface: The centre of rotation lies vertically above the middle of the
slope. Radius of failure arc = 16.5 m. The deepest portion of the failure surface is 2.5 m below
the bottom surface of the cut (i.e., the centre of rotation is 4 m above the top surface of the cut),

Allowance is to be made for tension cracks developing to a depth of 3.5 m from surface. Assume
that there is no external pressure on the face of the slope.

 Fig. 9.27 Trial slip circle (Ex. 9.1)

: (S.V.U—B.E, (R.R.}Sep., 1978)
The data are shown in Fig. 9.28. :

10m

Fig. 9.28 Trial faiture sudace {Ex. 9.2)

Mean undrained strength = 50 kN/m?, :. ¢ = 50 kN/m?
Factor of safety F_ = cr?8/W. e

Scanned by CamScanner



=50 x 16,52 x (93/180) x & x 1(3040 x 5)
= 1.45.

(Note: Here, W and e are obtained by dividing the shdmg mass into six slices as shown in Fig.
9.28 and by taking moments of the weighta of these about the centre of rotation).

Example 9.3: An embankment 10 m high is inclined at an angle of 36° to the horizontal. A
stability analysis by the method of slices gives the following forces per running meter:

Z Shearing forces = 450 kN
Z Normal forces =900 kN - -
Z Neutral forces = 216 kN

The length of the failure arc is 27 m. Laboratory tests on the soil indicate the effective
values ¢’ and ¢’ as 20 kN/m? and 18° respectively. .

Determine the factor of safety of t.he slope with respect to (a) shearing strength and (b)
cohesion.

{a) Factor of safety w1th respect to sheanng strength
‘ ¢’ rO+ (XN - U)jtand’

F,= T |
20 x 27 + (900 - 216) tan 18°
= 450 vl
(b) Factor of safety with respect to cohesion
A
2027
=450 = 1.20.

Example 9.4: An embankment is inclined at en angle of 35° and its height is 15 m. The angle
of shearing resistance is 15° and the cohesion intercept is 200 kN/m?. The unit weight of soil is
18.0 kN/m3. If Taylor’s stability number is 0.06, ﬁnd the factor of safety with respect to cohe-
sion. - (S.V.U.—B.Tech. (Part-txme)—Apr 1982)
H=15m
¢=15°
¢ = 200 kN/m?
y=18.0kN/m®
Taylor's stability Number N = 0.06 '

Since N-;};

006=T8x15

s Mobilised cohesion, .
¢,, = 0.06 x 18 x 15 kN/m?
= 16.2 kN/m?
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344 GEOTECHNICAL ENGINEERING
Cohesive strength ¢ = 200 kN/m?
~ Factor of safety with respect to cohesion:
’ c _ 200
Fc= cm 16.2 ”12.3.

Example 9.5: An embankment has a slope of 30° to the horizontal. The properties of the soil

are:c = 30 kN/m?, ¢ = 20°, y= 18 kN/m3. The height of the embankment is 27 m. Using Taylor’s
charts, determine the factor of safety of the slope.

From Taylor's charts, it will be seen that a slope with 8 = 20° and f = 30° has a stability

number 0.025. That is to say, if the factor of safety with respect to friction were to be unity -

(implying full mobilisation of friction), the mobilised cohesion required will be found from
cm
N=Su
Cn
T8x27
¢, =18x27x0.025= 12151:NIm2
« Factor of safety with respect to cohesion
F_=clc, =30/12.16 =247 °
But the factor of safety F, against shearmg strength is more appropriate:
. c+otand

_ T
F may be found be successive approximations as follows:

Letustry F=1.5

0.025 =

-

F =

L ]

tan °
F¢ = 0.364/1.5 = 0.24267 = tangent of angle 13 %—-
With this value of ¢, the new value N from charts is found to be 0.055.
¢ =0.055x 18 x 27 = 26.73
s Fwith respect toe = 30/26.73 = 1.12
TryF=13

tan d
5 ® - 0.36471.3 = 0.280 = Tangent of 15 %
From the charts, new value of N = 0.045

c=0.045 % 18 x 27 = 21.87

' F,_=30/21.87 = 1.87
Let us try F = 1.36

né
F = 0.364/1.35 = 0.27 = tangent of angle 15°.1
From the charts, the new value of N = ¢ 046

¢ =0.046 x 18 x 27 = 22.356
F,=30/22.3956 = 1342(=F )
This is not very different from the assumed value.
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. The factor of safety for the slope = 1.35. ‘
E:vample 9.6: A cutting is to be made in clay for which the cohesion is 35 kNi‘m2 and¢ =0°. The
dgnsnty of the soil is 20 kN/m?, Find the maximum depth for a cutting of side slope 14 to1if

* the factor of safety is to be 1.5. Take the stability number fora 1 —% to l1slopeand¢ =0°as 0.17,
(SV.U—B.E,, (N.R.)—Apr., 1966) %~
¢ = 35 kN/m? $=0° - e
- Y=20kN/m* N=0.17
F =156 S
¢, =¢/F,=385/15= 19 kN/m2
m .
L e R,
Y Cm X100 70x100
? 017 = "90xH ~3x20xH
: 70x%100
I H= goxo17™
‘ = 6.86 m.
Example 9.7: At cut 9 m deep is to be made in a clay with a unit Weight of 18 kN/m® and a
cohesion of 27 kN/m2, A hard stratum exists at a depth of 18 m below the ground surface.
. Determine from Taylor’s charts if a 30° slope is safe. If a factor of safety of 1.50is des1red what
is a safe angle of slope ?
Depth factor D = 18/9 = 2
! From Taylor’s charts,
D for D=2;p=30°
N=0.172
Cm
- 0.172= 189
" ¢, =0.172 x 18 x 9 = 27.86 kN/m?
¢ =27 kN/m?
F =clc,, = 27/27.86 = 0.97
The proposed slope is therefore not safe.
For F, =150
- ¢, =c/F, = 21/15 = 18 KN/m?
N=18/18x9=19=0.11
For - D=20,and N=0.11
8 from Taylor’s charts,

we have f§ = 8°
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. Safe angle of slope is 8°.
Example 9.8: A canal is to be excavated through a soil withc = 16 kNIm’, ¢ =20°%¢e=0.9and
G = 2.67. The side slope is 1 in 1. The depth of the canal is 6 m. Determine the factor of safety
with respect to cohesion when the canal runs full. What will be the factor of safety if the canal

is rapidly emptied ? L o ‘ _ -
S : v G+e 267 x 0.90 3
= | —ly, =] =——""|x981KkN/
Toat (1+e )7‘” ( 1+090 ngal -
] 357 W
= — 3= 8
190 x 9.81 kN/m’ 18 43 kN/m
T’ =Y =Y, = 8.62 kN/m?
B = 45°, ¢ = 20°. l
(a) Submerged condition: v
From Taylor’s charts, for these values of  and ¢, the stability number N is found to be 4
0.06. :
. o Sm___Cm :
. 0.06 = % = T e I
=

c,, =8.62 x 6 x 0.06 kN/m? = 3.10 kN/m?.
Factor of safety with respect to cohesion, F, = c/c,, = 15/3.10 = 4.48.

{b) Rapid drawdown condition:
&, = (Y H) x o= (8. 62/18.43) x 20° = 9.35°

For P = 45° and ¢ = 9.35°, Taylor's stability number from charts is found to be 0.114.

Cm Cm
B 0.114= 1~ H ~1843x6 .
¢, =0.114 x 18.43 x 6 kN/m? = 12.60 kN/m? =
. . 15.0
Factor of safety with respect to cohesion F, =c/c, = e~ 12
"&i""

(Note: The critical nature of a rapid drawdown should now be apparent).

Example 9.9: The cross-section of an earth dam on an impermeable base is shown in Fig. 9.29.
The stability of the downstream slope is to be investigated using the slip circle shown. Given:

Yoo = 19.5 kN/m?
¢’ = 9 kN/m?
¢ =27
r=9m..
, 0 = 88* : _ .
For this circle determine the factor of safety by the conventional approach, as well as

the rigorous one.
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The line of action of U will pass through the centre of the circle.
The resultant of W and U is the actuating force B.
The triangle of forces will consist of the forces B, C,, and R.

9.3.4 Taylor's Method

For slopes made from two different soils the ratio ¢, /yH has been shown to be the same for
each slope provided that the two soils have the same angle of friction. Thls ratio is known as
the ‘stability number’ and is de51gnated by the symbol, N.

KX N=c WH - «(Eq.9.43)
where N = stability number (same as S, of Eq. 9.15)

¢,, = Unit cohesion mobilised (with respect to total stress)

¥ = Unit weight of soil
and H = Vertical height of the slope (Similar to z of Eq. 9.15).

Taylor (1948) prepared two charts relating the stability number to the angle of slope,
based on the friction circle method and an analytical approach. The first is for the general case
of ac - ¢ soil with the angle of slope less than 53¢, as shown in Fig. 9.25. The second is for a soil
with ¢ = 0 and a layer of rock or stiff material at a depth DH below the top of the embankment,
as shown in Fig. 9.26. Here, D is known as the depth factor; depending upon its value, the slip

circle will pass through the toe or will emerge at a distance nH in front of the toe (the valuc of
n may be obtained from the curves). Theoretically, the critical arc in such cases extends to an

infinite depth (slope angle being less than 53°), however, it is limited to the hard stratum. For .

¢ = 0 and a slope angle greater than 53°, the first chart is to be used.

0.24 ]
!
% 0.20 /,5},0.
Y o016 AT 2ry)
E- A 5 —ZV]
g o012 -
g 7 .4/
o 08 P P g
2 0
3 T
B 004 P
AV P
M 4

0 10 20 30 40 50 60 70 80 90
Slope angls, p° —p

Flg. 9.25 Taylor's charts for slope stabllity {After Taylor, 1948)
(for ¢ = 0° and P < 53°, use Fig. 9.26)
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p=53° Dephlactor,0 —» NeOtBlelDew . - .«
0‘81.}..2--- %o 4 5K . g for all slopes 7

7as, 1 -
g‘:: \ 4/ ~ T }
0-15 r3 - = 3 v ooy
2 . "
0.4 F ‘ Whan sup circle can pass below too
0.13 { X e use {ull fines.

oz i ("ls,'"dm:'edb.’.mm,’d"_"_“')
0.41 4 o
0.10 n=C
0.09

0.08 - R A7
e e 007 i . When slnp circle cannot pass below toe,
S 0.06 / . usedashed lines.

0.05 Key figures

Stability number, N = C,fyH —»

Flg. 9.26 Taylor's chart for slopes with depth lnmltahon
(After Taylor, 1948) (for B > 53° use Fig. 9. 25)

. (Note. For ¢ 0° and P = 90°, N = 0.26. So the maximum unsupported henght of a vertlcal-cut in
pure clay is ¢/yN or 4c/y nearly). _
. 'The use of the charts is almost self-explanatory For example, the ﬁrst chart may be
used in one of the two following ways, depending upon the nature of the problem on hand:

- 1.1If the slope angle and mobilised friction angle are known, the stability number can be '
obtained. Knowing unit weight and vertical helght of the slope, the mobthsed cohesmn can be
got.

" The factor of safety may be evaluated as the ratio of the effectwe cohesmnal st.rength to
the mobilised unit cohesion.

2. Knowing the height of the slope, unit welght of the earth matenal constntutmg the
slope and the desired factor of safety, the stability number can be evaluated. The slope angle -
can be found from the chart against the permissible angle of internal friction.

If the slope is submerged, the effective unit weight 7’ instead of y is to be used.
For the case of sudden drawdown, the saturated unit weight y,,, is to be used for y; in
addition, a reduced value of ¢, ¢, should be used, where: ‘
¢, =Y ) xd «(Eq.9.44)
Taylor’s charts are based on the assumption of full mohlhsatlon of friction, that is, these
give the factor of safety with respect to cohesion. :

This is all right for a purely cohesive soil; but, in the case of a ¢ - ¢ soil, where the factor
of safety F, with respect to shearing strength is desired, ¢,, should be used for ¢:

tan ¢, = tan ¢/F, v .(Eq. 9.45)
(Also ¢,, = ¢/F)) ’
The charts are not applicable for a purely frictional soil (¢ = 0), The stability then de-

. pends only upon the slope angle, irrespective of the height of the slope.
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The pore pressure coefficient B may be determined from a triaxial test in which the
sample is subjected to increases in the principal stresses Ag, and Ac, of magnitudes gquted
in the field. The resulting pore pressure is measured and B is obtained.

. Once an idea of pore pressures is got, the factor of safety immediately after construction
may be obtained in the usual manner.

Effective Stress Analysis by Bishop’s Method

Bishop (1955) gave an effective stress analysis of which he took into account, at least
partially, the effect of the forces on the vertical sides of the slices in the Swedish method.

Figure 9.18 illustrates a trial failure surface and all the forces on a vertical slice which
tend to keep it in equilibrium.

LetR, and R, _, be the reactions on the vertical sides of the slice under consideration,
S N

1 Centre of ﬂ,"”'{ & t:“ ¢
walcicle  F

N
!.
!
if
i

n+}‘

S
~

I

A (=,

;/

Trial fallure surface
{Circular arc)

. Fig. 9.18 Bishop's procedure for effective stress analysis of slope stability
Let the other forces on the slice be: |
W : weight of slice.
P : Total normal force acting on the base of the slice.
S : Shearing resistance acting at the base of slice.
Also, let b ; breadth of glice

L, : length of slice along the curved surface at the base.
2 : height of the slice.

% : horizontal distance of the centre of the slice from the centre of the trial siip circle.
o : angle between P and the vertical.

Scanned by CamScanner



The shear resistance (stress) mobilised is:

¢’ +(0, ~u)tan ¢’
F
Total normal stress ¢, on the base of the slice = Pl

‘ t=—[c +{(P /1)~ ultanq>}
. Shearing force acting on the base of the slice, S = 1l,.
For equilibrium,
... Sliding moment = Restoring moment
or IW.x=ISr=Itlr

= Lz[c'z +(P-ul,)tan¢’]

F= W Zle’l, + (P - ul,)tand’]  .(Eq.9.29)
Let the normal effective force, P’ = (P~ ul)
Resolving the forces vertically,

W=Pcosa+Ssino . «(Eq.9.30)
(The vertical components of R, and R, _ , are taken to be equal and hence to be nullify-
mg each other, the error from this assumptxon being considered negligible). Here P= P’ + ul
S=VF(c'l,+ P tan¢’)
Substituting these values of P and S in Eq. 9.30, we have:

W=(P +ul)cosa+ ('L, +P t;n¢ )sin o |

= P (cos o+ ta;«b’ sin a) + 1, {ucosa +(c’/F)sin a)

W ~L{ucosa +(c’/F)sina)

S ‘ P =

! © .(Eq.93D
COSOL+ tan¢’sina | ( q
Substituting this value of P for (P - ul)) in Eq. 9.29, we get L~
r c'l, +(W ~ul cosa-ﬂ-sma)tand; ‘
F= W b cory<m ..{Eq. 9.32)
x (COS(I + ———-F-—*-) ‘
Herex=r éin o
b= cosa
ub_u _
W yz ¢ '
Substituting these into Eq. 9.32,
| | secq -
= ’ 1- i PRk B ...(Eq. 9.33)
F | EWsinaz {¢'b+W(l-r,)tand l(1+ mn;a.nu) (Eq }
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Since this equation contains F on both sides, the solution should be one by trial and
error.

Bishop and Morgenstern (1960) evolved stability coefficients m and n, which depend
upon ¢'/yH, ¢, and cot B. In terms of these coefficients,

F=m-nr, (Eq934)
m is the factor of safety with respect to total stresses and n is a coefficient representing the

cffect of the pore pressures on the factor of safety. Bishop and Morgenstern prepared charts of
m and n for sets of ¢'/yH values and for different slope angles.

If the effect of forces R, and R, ,,is completely ignored, the only vertlcal force acting on
the slice is W.

Hence P = Weos o

F= WZ[cl +(Wcoscz ul )tantb]

sinc_e rsino=x,

" Ifuis expressed in terms of pore pressure ratio r

u=sryz=r.—

But b=1 cosa
= ﬂ-—-: W .seca
lycoset ]
- 1 ’ : . R o -
. F= TWona Zle'l, + Wicosa - r, seco)tan¢’] ..(Eq. 9.36)

This is nothing but the Eq. 9.22, obtained by the method of slices and adapted to the
case of steady seepage, pore pressure effects being taken into account.

This approximate ap-
proach is the conventional one while Eq. 9.33 represents the vigorous approach.
9.3.3 Friction Circle Method

The friction circle method is based on the fact that the resultant reaction between the two
portions of the soil mass into which the trial slip circle divides the slope will be tangential to a
concentric smaller circle of radius r sin ¢, since the obliquity of the resultant at failure is the

angle of internal friction, ¢. (This, of course, implies the assumption that friction is mobilised
in full). This can be understood from Fig. 9.19.

This smaller circle is called the ‘friction circle’ or ‘d-circle’,
The forces acting on the sliding wedge are:

(i) weight W of the wedge of soil
(ii) reaction R due to frictional resistance, and

(ii) cohesive force C, mobilised along the slip surface. These are shown in F‘ig 9.20
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Fig. 8.19 Concept of (riction circle Fig. 9.20 Forces on the sliding wedge

The total reaction R, strictly speaking, will not be exactly tangential to the friction
circle, but will pass at a slightly greater radial distance than r sin ¢ from the centre of the
circular arc.Thus, it can be considered as being tangential to modified friction circle of radius
kr sin ¢ where k is a constant greater than unity, the value of which is supposed to depend
upon the central angle @ and the nature of the distribution of the intergranular pressure along
the sliding surface. The concept will be clear if the reactions from small finite lengths of the arc

are considered as shown in Fig. 9.21, the total value of R being obtain
such small values,

ed as the vector sum of

: ]
(Y ]
LY ] [}
4\
~h‘::‘_-“"’ : l\
SO
Modified N L
friction circle \“1\ {
L \\I
Vi
\
h
. }
4 |

ry

Fig. 9.21 Resultant {rictional force-tangential to modified friction circle
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The value of £ may be obtained from Fig. 9.22.

120 /
1.16 .
. )
% 1.12 /
€ _
% o0 "4
. 104 S

e

1.00

0 20 -40 60 80 100 120
Central angle 8°

" [Note: (1) The relationship I is valid for sinusoidal variation of intergranular pressure with |
zero values al the ends of the arc, which is considered nearer the actual distribution.
(2) The relationship I1 is valid for uniform pressure distribution.]

Fig. 9.22 Central angle versus coefficient k for lhe_ modified friction circle

Similarly the resultant mobilised cohesive force C,, can be located by equating its mo-
ments and the cohesive forces from elementary or finite lengths, into which the whole arc may
be divided, about the centre. If ¢, is the mobilised unit cohesion, the total mobilised cohesive
force all along the arcisc,./; but the resultant total cohesive force C,, can be shown to bec, .l
only where [, is the chord length since the resultant of an infinite number of small vectors
along the arcis the vector along the chord. Putting it in another way, the components parallel

to the chord add up to one another while those perpendicular to the chord cancel out on the
whole, o

Thus, if a is the lever arm of the total cohesive force mobilised, C,, from the centre of
the circle, .

C..a=c,.l.a= e lr
l

a= Z-.r _ «(Eq.9.37)

It may be noted that the line of action of C,_ does not depend upon the value of C, .
m

Fig. 9.23 illustrates these points clearly in addition to showing all the forces and the
corresponding triangle of forces.

The lines of action of W and C,_ are located first. A tangent is drawn to the modified
friction circle from the point of intersection of W and C.,.s to give the direction of R. Now the
triangle of forces may be completed as shown in Fig. 9.23 (b) drawing W to a suitable scale.

The factor of safety with respect to cohesion, assuming that friction is mobilised in full,
is given by:

F =cl,,

..(Eq.9.38)
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(a) Resultant cohesive force and other forces . {b) Triangle of forces

v Fig. 9.23 Location of the resultant cohesive force and triangle of forces , :
. The factor of safety with respect to friction, assuming that cohesion is mobilised in full,
is given by: : A AL e ,
R : tan¢’ '
- ™ R Ay 9

where ¢’ and ¢, are the effective friction angle and mobilised friction angle. If the factor of
safety with respect to the total shear strength F, is required, ¢,, is to be chosen such that F,
and F, are equal, This is common-sense and may also be established mathematically:

F =sh : _ .(Eq. 9.40)
where s =¢’ + G tan ¢’ (shear strength) _ ..(Eq.9.41)
and t=¢, + G tan ¢, (shear gtrength mobilised) .(Eq. 9.42)

If there were to be neutral pressure due to submergehce; it will add to the actuating
force as shown in Fig. 9.24.

\
Fig. 9.24 Effect of nebttal prassure on the stabllity of a slope
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fow carth dams, designed rationally, suffered any damage during earthquakes. However, it is now well
understood that ignoring seismic forces is to invite disaster.

Cyclic loads induced by earthquakes decrease the stability of a slope by increasing shear stresses,
increasing pore pressures and decreasing the sail strcngth Indeed liquefaction is an external manifestation of
the decrease in shear strength,

Rigorous approaches are available to study the dynamic response of an earth dam, but they are somewhat
complicated and, therefore, are not discussed here. A pscudostaue analysis is one in which the dynamic effect
of the earthquake is replaced by a static force, If the maximum acceleration due to earthquake is known, the—
inertial force on an element of soil is obtained by multiplying the mass of the element with the acceleration,
In considering the equilibrium of the sliding mass, this force is included and a factor of safety of more than
one is allowed, thus ensuring that no movement of the sliding mass ensues. The inertial force acts only for a
brief period in a cycle and lasts for only afew cycles. But the pseudostatic analysis makes no distinction between
this transient inertial force and other static forces acting for a much longer duration.

If k % g is the earthquake acceleration and W is the weight of the slice, the inertial force on it is taken
as k X W. The inertial force should be taken at the centroid of the slice, but to simplify the calculations, it is

moved down to the base of the slice like the other forces acting on the

/ slice, Fig. 11.18 shown the forces acting on a typical slice. It can be seen

that the effect of the inertial force is to add the force kW cos 6 or k N in
‘ the tangential direction while a force kW sin @ or k T is decreased from
T - the normal direction. Thus, the expressnon for the factor of safety now

o changes to . i -
' cL+I(N- U - kT) tan & e .
oW \|/ | F= ST+ kN) (11.45)

-~ A minimum factor of safety of just over one is considered acceptable

Tangent Nommal.  when considering the effect of earthquake forces. The seismic coefficients

) commonly used in Japan range from 0.12 to 0.25, depending on the

~ Fig. 1118 Inertial forces due  Jocation of the dam, type of foundation and the failure potential down-
to earthquake stream of the dam,

EXAMPLES
Example 11.1 An embankment is to be made of a soil which has the followmg shear strength parameters
under the existing conditions:
¢’ =30kN/m? ¢’ =15°
If it is assumed that different margins of safety are available for cohesion component and friction

component of shearing strength and the mobilised values of cohesion and friction are: ¢, = 22 kN/m?,
¢, = 12°, what is the factor of safety with respect to (a) cohesion, and (b) friction?

.~ If the average value of narmal effective stress on the failure surface is 120 KN/m?, what is the value of (a)
true factor of safcty Fg, (b) F, when F, =1 and (c) Fy when F‘. =17

Solutloxr

" Given: ¢’ =30 kKN/m®% ¢'=15°
€y =22 kKN/M%; by =12°
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Factor of safety with respect to cohesion F, = L:%—g =136

Cm

Factor of safety with respect o friction Fy = t‘:“g =126

When . e 0’,==120kN/m \
= Avcrage shcanng strength on the falluresurfacc

L y=cd+ g’ =30+ 120 tan 15° = 62.15 kN/m’
Average valuc of shearing stress on the fanlure surface

= cptdytan tn=22+ 120 tan 12 ° = 47.50 KN/m’
Ny "Ih_u;, factor of safety with respect to sheanng strength .

| Y _6215_ ..
F' T 4750 131

thle the factor of safety with rcspect to sheanng strength F; is l 31, the value of F, is 1.36 and
F, = 1.26. In fact, for the same mobilised shearing resistance T of 47.50 kN/m’, there can be so many different

combinations of F; and F,. The one combination in which' the two factors are the same is where
F,.=Fy=F,= 131, which is the true factor of safety '

.. Tofind Fy when F= l

1= 47 5=30+120 222 F 1L ——=—, giving Fy a value 1.84
\
To find F, when F',— 1; '

T = 475-7..-+120tan 15° giving F.=1.95

Thus, out of an unlimited combinations of F, and F, values that wlll yield the same mobilised shearing
resistance, a few of them are: '

F, 1.00 131 136 1.95
Fa 1.84 131 126 1.00

- Asan altcmauve to the true factor of safety F, the final combination in the above table is often employed
in stability analysis. The cohesion required for stability (with full friction mobilised) is directly proportional
to the height of the slope—that is, factor of safety with respect to cohesion F, is equal to the factor of safety
with respect to height Fy;, and it is the ratio of the critical height to the actual height of the slopc—cntncal height
being defined as the maximum height upto which a slope remains stable,

Example 11.2 A granular soil has ¥, = 19 KN/m’, ¢’ = 35°, A slope has to be made of this material. If
factor of safety of 1.3 is needed against slope failure, determine the safe angle of the slope (a) when the slope
is dry or submerged without seepage, (b) if seepage occurs at and parallel tq the surface of the slope. (©) If
seepage OCCUTS parallel to the slope with the water table at a depth of 1. 5 m, what is the factor of safety
available on a sllp plane parallel to the ground surface at a dcpth of 4m ? Assume = 28°
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Stability of Slopes L 3
Solution:

(a) If the soil is submerged but no seepage is occurring, the factor of safety against slippage will be the
same as for ‘dry’case, as long as there is no change in the value of ¢/
_ Frpm Eq. 114, _, '

F= tan ¢
tan f}
tanp = 5“113;—53-.-.0-5386

p = 28° for both dry and submerged soil.
(b) When the flow occurs at and parallel to the ground surface,

,.F= iitmg' o
Yo~ tan B
. _ (19-9.8\tan 35° _
Stanfp = ( 9 ] 3 =026
B = 14.6° ‘
e NN - ' 92\tan35° . .
. If the slope angle f is kept at 28°, the factor of safety_wouldbereduced 0|79 |tan 285" that is, 0.367.

» % (c) FromEq. 115, "

Yz |tanf
z=4m h=4-15=25m;p=28°

F o). 98x25)tan35
U 71T 19%4.0 Jtan28°

=0.426

-y (I—M)M

Comparison of case (a} with (b) and (c) highlights the influence of pore water pressure on the factor of
safety.. - '

Example 11.3 An infinite slope is made of clay with the following properties
y= 18 KN/m® 7* = 9 kN/m’; ¢’ = 25 kN/m’; ¢’ = 28°. If the slope has an inclination of 35°and height equal
to 12m, determine the stability of the slope, when (a) the slope is submerged, and (b) there is scepage parallel
to the slope. »

Solution:
(a) From Eq. 11.8, using submerged unit weighty’,

¢

¢ .

H, =
¥’ (tan B ~ tan ¢') cos’p
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25
~ 9(tan 35 ° —tan 28 °) cos’ 35

=246m

Since the height of the slope H (12 m) is less than the critical height H, (24.6 m), the slope is stable under
submerged condition

(b) From Eq. 11. 8 (a),

’

H - [
‘ v (an - Lan ¢ cos”
t

25
18 (tan 35° - % tan 28°) cos*35°

443 m

Since H (10 m) > H, (4.43 m), the slope is unstable under condition of seepage patallel to the slope. No
slope of height greater than 4. 43 m can stand,

Example 114 Fig. 11.19 shows the cross-section of a cutting in a homogeneous, saturated clay soil
inclined at a slope of 2 horizontal to 1 vertical, with a height of 8.0 m. Bulk unit weight of the soil is 18 kN/m®
and undrained unit cohesion is 27 kN/m? (¢, = 0). What is the factor of safety against immediate shear failure
along the slip circle shown in Fig. 11.19, (a) ignoring the tension crack, (b) allowing for the tension crack but
without water, and (c) allowing for the tension crack filled with water?

Solution:

A ‘total stress’ analysis is made to determine the factor of safety against immediate shear failure,
(a) Ignoring the tension cracks, let the ci
Radius of the slip circle, R=14.5m
Sector angle at centre, 6 = 121°
Area of the sliding mass = 110 m?
Moment arm of weight of sliding wedge =3.75 m

rcular slip surface be AB

2
From Eq. 11.15, F=GRe

T Wx (1115
< %1458 x 121 xn/180
110x180x375 =161
(b) Development of _tcnsibn crack reduces the arc length from AB to AD

2c
Depth of tension crack = -7"- = 2—)](521 =3m

Reduced sector angle of centre, 8, = 109°
Area of sliding mass = 110 - 1.5 = 108.5 2
Centroid distance from 0 =3.60 m
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s
Fig. 11.19 Example 114
Feff8 27x145x109x2/180 _ o
Wx 1085x180x36 +
(c) When the tension crack is filled with water, the hydrostatic force P, will cause an additional

disturbing moment.

Pw = '21'7.,23=‘%X9.3><32=44.l kN/m

Moment arm of P, ie.,{=4.75m
From Egq. 11. 16,

o CuRO 27145109 x x/180
T Wrx+PJ 1085x18x3.6+44.1x4.75

= 149

Example 11.5 Determine the factor of safety in terms of effective stress of the slope shown in Fig. 11.20 using
the Fellenius method of slices, The relevant soil properties are as follows: ¢’ = 10 KN/m?; ¢’'=32%y=20 KN/m’

. Solution:

The position of the top flow line for the ‘steady seepage’ condition is shown in Fig. 11.20. This line has
been sketched as explained earlier in Chapter 7. The pore pressure at any given point on a final slip surface
can be obtained with the help of the equipotential line passing through that point. For example, in Fig. 11.20,
the pressure head at point P is equal to A,; that is, the pore pressure u is equal to ,, Y., Hence, from the flow
net, the pore pressure distribution along the slip surface can be worked out. This will enable the computation
of total pore water force acting at the base of each slice as equal to ul, where u is the pore pressure at the middle
of the base and /, the length of chord at the base of the slice. .

The factor of safety is given by Eq. 11.17 (a), that is,

F= c’L+tand’IN"
IT
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Fig. 11.20 Example 11.5

where N' = N—ul.
The soil mass is divided into 8 slices of width equal to 2.06 m. If the average height of each slice is h, the
weight of each slice W is given by :

W=ybh=20x206 ?(h=4l.2hkN/m

The weight of each slice (W) is represented by setting off the average height of the slice (4) below the
middle of the slice. The normal and tangential components of W(N and 7} are determined graphically, as shown

-

in Fig. 11.20. The calculations are tabulated below:

Slice h W h, L N ul N’ T
No. {m) {(kN/m) {m) (m) ° (kN/m) (=98h0) (kN/m) (kN/m)
L. L5 61.8 09 27 60 . 238 36.2 -15
2. 33 - 136 - 2.1 26. .13 - 535 825 -8
3. 48 198 39 28 19 107 89 31
4 63 260 42 30 247 123.5 (23.5 80.3
5. 69 284 45 33 283 145.5 1075 129
6 69 . 24 42 - .33 235 135.8 99.2 169
7. 54 2245 2.7 42 147 111 36 169

8.

2.4 % . 06 39 .. 495 23 2S5 85.7
‘ ' IN' = 6004 LT =631

0

180

86 :
17.4 % 180,’“‘_26'12 m

Length of the failure surface L = Rx

XN
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ot Lttng IN’
T

= 10x26.12 + tan 32° X 6004
631

Example 11.6 A proposed cutting in a homogeneous cohesive soil will have a slope angle of 25° and

will be 8.0 m deep. Using Taylor's stability chart, determi . Ture;
of the following soils: Y ermine the factor of safety against shear failure in respect

= 1.008

(8) ¢, =45 kN/m% 9, =0; y= 19 kN/m’ ; D is large.

= 2.4 —n
(@) ¢, =45 kKN/m"; ¢, =0; Y= 19 kN/m’; The cohesive layer overlies a hard layer of shale, present at
adepthof 12 m,

(¢) cu =25 kN/m% ¢,=15°; y=18.5 kN/m’
Solution:
(a) From Fig. 11.13 (b), for, =0, f < 53° and when D is large , S, = 0.181. When ¢, =0, factor of safety
with respect to shearing strength F, , is equal to the factor of safety with respect to cohesion Fe.

From Eq. 11.26, 5, = FC"—;F
[

¢ 45
H = = L] = =
enee, Fo=Fe=g p=0mixoxs - %

(b) Depth factor D=%= 1.5. :
D=15,Bor N=25"and ¢,=0
From Fig. 11.13 (a), S5,=0.157and n=03,

— cu — 45 -
TS.yH 0157x19x8 1.89

(c) 9, = 15° and hence, it will be atoe failure.
The true factor of safety will be determined by the method of trials.

tan tan 15°
Let Fy=2.0;tan ¢,,=—-54—’!=—4“T

Hence, F,=F,

O = 16°
For B = 25° ¢n=16°5,=0068.

F = Cu 25 -
¢~ S, yH 0.068x185x8

248

This is not correct, since F > Fy

tan 15°
Let Fy=2.1; anbm = "
om = 1.3°
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For B=25° ,=73,5,=0.08
25
= eeeem = 2. 1 = F,
Fe= ooaxissxs ~21=F
Hence ' F, =21

Example 11.7 A canal having side slopes 1 to 1 is proposed to be constructed in a cohesive soil to a
depth of 5 m below ground surface. The soil properties are given below:

¢, =15% ¢, = 12kN/m*; e=10; G, = 2.65

Using Taylor's stability chart, find the factor of safety with respect to cohesion against failure of the bank
slopes, : ¥ ,

(a) when the canal is full of water and

(b) when there is a sudden drawdown of water in the canal

Solation:

l+e

(265410 . ... 3
= (——-Hm ]9.8- 17.9 kN/m

Yot = (—Gﬂ) Yo

Y = Y= Te=179-98 =8.1 kN/m’
(2) In this case, the submerged unit weight ¥° is used.
$,=15%B=45foral:1 slope
From Fig. 11.13 (b), 5, = 0.08

G _ 12 _
TS, yH 008x8.1xS5

(b) For the sudden drawdown case, a reduced value of ¢ is used, according to Eq. 1127, y=vy,,.
=[X o= (2L )15 = 6.0
AT .

For B=45° ¢, =6.8° 5,=0.126.

Fe

37

o/ ' Cy 12

Fe= g ™ 0126 % 17955~ 1%

Example 11.8 A cutting, 10 m deep, is to be made in a soil having the properties: 7;_: 19.5kN/m’, ¢,

=20 kN/m?, 6. = 15°. What is the maximum angle of the slope that will have a factor safety against failure
of 157 . .
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Solution:
. . st
Fy= 1.5 is required, that is, F,= Fy=F, = 5.
‘ e
tan 15° |
tan ¢, = L5 : giving §,, = 10° 3l
: F
F.= S 20 ___0.1026 2+
SaYH S,x195%10 S, 15
‘Trial 1l :B=15°, !
For 9= 10° B =15° S, =0023 0% fsﬂ’z’o 3530 5%
- Fig. 11.21 Example |11.8
_0.1026 _
=002 =446
Trial2 : = 30",

For ¢n=10° B =130 5,=0075

01026,
Fe="0075 =137

Trial3: P =25°
For ¢, =10°B=25°, S,=0.049

- 0.1026 _
€~ 0.049 =21

Plotting B vs. F (Fig. 11.21), one can see that for F = 1.5, B = 28.5°

Example 11.9: An excavation is made with a vertical face in a clay soil which has
¢, = 50 KN/m?, y,= 18 kN/m’. Determine the maximum depth of excavation so that the excavation is stable.

Solution:
B =90° .
For ¢, =0° and [ =905, =0.26l, from Fig. 11.13 (b).
For the maximum depth of stable excavation, F=1.

. _ G
Hence, maximum depth H A

0
T 0261 x1x18

A vertical excavation in a clay soil becomes unstable when the stability number becomes less than 0.261.
Example 11.10 A cutting, 20 m deep, is made in a clay soil with its slope at 3 horizontal to | vertical.
The average value of pore pressure ratio 7, is 0.3. The soil has the following propertics:

¢’ =15kN/m% ¢’ =20°, y=20 kN/m’

=10.6m
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Using the Bishop-Morgenstern effective stress stability coefficicnts, determine the factor of safety of the
slope.
c’ 15

Solution: }7{- = 0x20° 0.0375

,
Since there is no chart for this value of -'Yqﬁ , the interpolation procedure is adopted.
For c'/yH = 0.025 and D=1.00 [Fig. 11.16 (d )],

re = 0.55

Since r,, > r,, use D= 1.00 chans,
From the chart [Fig . 11.16 (d )], m = 1.55, n = 1.30.

Y Fy=m-nr,=155-130x03=1.16
For ¢ ‘/yH=0.05,D=1.00 (Fig. 11.16 (a) ],
r.=0,ie<r,

So use the chart with the next higher value of D,

’

For cﬁ=o.o5. D =1.25 [Fig.11.16(b)],

r>08>r,

Hence, use the D = 1.25 charts.
From the chart [Fig. 11.16 (b))},

m=1380,n = 140
o Fa=m-nr,=180-140%x03=138

To determine the actual factor of safety value F, intcrpblate between £, and F, for _c_: =0.0375
Tk .

0.050 - 0.0375

F=1.16+(138-1.
16+ (1.38 - 1.16) x 0.050 - 0.025

giving F=127

PROBLEMS'

1. Aninfinite slope in a sandy soil is inclined at 20° to the horizontal. The properties of the soil are;
c'=0; 4" =34% y= 1TkN/m®; ¥, =21 KN/m".

A hard layer exists 5 m below and parallel 1o the surface. Whal is the fa
when (a) the slope has negligible water in it, (b) the slope is completel i

] . 1y subm
parallel to t.hc surface, and (c) the water table level is parallel to the ground surt?:f: :l\;llshriﬁ ;E:tg;
seepage being parallel. . (@) F=1.85; (b) F=0.99 (;:) F=132

ctor of safety against slip

Scanned by CamScanner



Stability of Slopes 387

2. An infinite slope is to be constructed of a clay soil at a slope angle of 30°. The ground water level
is at the ground surface itself, with seepage paratiel to the ground. The soil properties are;

¢ =15 kN/m* N3 =22°.'ym=20kN/m

What is the factor of safety against movement along a plane paraliel to the ground surface at depths

of 4m and 5.5 m? (Atz=4m,F=0.79; Atz=5.5m ,F=0.67)
3. F'ind l:\e critical angle of an infinite slope in a clay soil having ¢ = 20 kN/m?,

¢ =20° G,=2.72 and ¢ =0.9 for the following cases:

(a) soil isdry,

(b) the slope is submerged with seepage paralle] to the surface.

A hard stratum exists at a depth of 6 m parallel to the ground surface.
(a) 40° ; (b)27.5°

4. A cutting in a clay soil has the section as shown in Fig. 11.22. The shear strength parameters
applicable for the soil are:

Fig. 11.22 Problem 4

c,=25 kN/m® and ¢, =0

The factor of safety of the slope is considered inadequate and hence the section was altered by

removing the hatched portion as shown in Fig. 11.22. Determine the factor of safety before and
after the proposed alteration.

5. An embankment is made of soil having ¢’ =10 KN/m?, ¢’ =23%andy= 19 kN/m®. The embankment
is of 9 m height and has a slope of 30°. The average pore pressure ratio may be taken as 0.30 for the
condition of steady seepage. Using the Fellenius method of slices, determine the factor of safety
against shear failure, for a slip circle passing through the toe. Locate the centre of rotation by the
Fellenius method. (F =1.52)

6. Using the Bishop's simplified method of slices, determine thc factor of safety for problem 5.
_ (F=183)

7. If in Problem 5, secpage pressure is not acting, what is the factor of safety associated with the same
slip cricle? Assume ¢’, ¢’ and ¥ to be unchanged. ) (F=2.18)

8. A canal bank is made of a soil having ¢, = 30 kN/m, 19,=12° withy=20 kNlm The canal bank
has a height of 10 m, with a slope of 1.5 horizontal to 1 vertical.

-
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To determine the factor of safety of the bank, use any trial slip surface passing through the toe
and top of the bank. Using the friction circle method, find the factor of safety of the bank slope with
respect to shearing strength by trial and ervor.

. A cutting is to be made in a soil deposit for adepth of 15 m in ahomogeneous soil with the following

properties: (F = 1.50)
=25 kN/m?, ¢, = 18°, y= 18 kN/m’
(a) If a true factor of safety of 1.5 is needed against slope failure, what is the steepest slope angle
that can be provided?

(b) For this slope, what would be the factor of safety with respect to cohesion?

_ (@) B=30°;(b) F.=2.65
An embankment is to be made from a soil with ¢, =20 kN/m?, ¢, = 20° and y= 20 kN/m’. If a factor
of safety of 1.5 with respect to shear strength is required for the embankment slope, determine
(a) the limiting height of the slope if built at a slope angle of 25°, and
{(b) the scepage angle of the slope if the embankment height is to be kept at 18 m.

(@H=148m@®)p=23°

A cutting 8 m deep is to be made in a saturated clay soil with y=20kN/m’ ¢,

=28 kN/m* and $. =0. A hard stratum exists at a depth of 12 m below ground level. Determine
the angle of the slope at which failure would occur. If a factor of safety of 1.4 is required, what

-maximum slope angle can be permitted? (2) Pran =45° (b) f = 14°

An embankment of 12 m'height with side slopes of 1 : 1 is to be built of a saturated clay, whose
properties are as follows:

¥ = 20kN/m’, ¢, =kN/m? and ¢, =20°

The slope is presentily completely submerged, but it is anticipated that a ‘sudden complete
drawdown’ may occur in future and the water table may reach below the toe of the slope. Determine

(a) the factor of safety with respect to height corresponding to the submerged and sudden
drawdown cases, and

(b) the factor of safety with respect to shear strength corresponding to the submerged and sudden
drawdown cases, and (a) F,=385;F.=1.136 (b) F,=22;F,=1.1

A cutting in a clay soil has a slope of 3 horizontal to 1 vertical and has a depth of 16 m. The soil has
¢’ =14 kN/m% ¢’ =22%y= 20kN/m’, The average pore pressure ratio can be taken as 0.2. Using
the Bishop-Morgenstern method, obtain the factor of safety for the slope. (F =1.56)
A natuaral slope of height 18 m is made at a slope of 2 horizontal to 1 vertical of a uniform saturated

clay with =20 kN/m’, c ‘=9 kN/m” and ¢ * = 30°. If the the average pore water pressure ratio
r, on the most critical failure surface is 0.39, determine the factor of safety of the slope by the use
of stability coefficients.

It is desired to increase the factor of safety either by draining the slope or by reducing its
inclination, ‘ ' '
If the desired value of factor of safety is 1.40, estimate:

%
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- (a) the average value to which r, must be reduced if the slope profile is left unchanged and

(b) the inclination 1o which the slope must be trimmed back, assuming r, to be unchanged.
(F=103;(a)r,=0.13 (b) 3 hor. to | ver.)
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passive earth resistance plays a major role. Coulomb’s theory with curved rupture surfaces,
such as the logarithmic spiral, should be used. o ' '

For cantilever and counterfort walls, Rankmo 8 thcory is uscd for grﬂViW and semi-
gravity walls, Coulmb's theory is preferred. - : DA

13.9 ILLUSTRATIVE EXAMPLES

Example 13.1: A retammg wall,6 m hxgh retams dry sand wnth an anble 0”""-'“0“ 0f 30° and
unit weight of 16.2 kN/m3. Determine the earth pressure at rest. If the water table rises to the
top of the wall, determine the increase in the thrust on the wall. Assume the submerged unit
weight of sand as 10 kN/m?. :

{a) Dry backfill: . . L et
SR ¢=30° H=6m
K,=1-58in30°=0.5
(Also K, = 0 5 for mcdlum dcnse sand)
G =K1 H .. )
05x16,2x600Nlcm2m W
1000 .. - -
=48.6 kN/m? .

FThrust per metrc length of the wall 48 6 x 2 x 6= 145.8 kN

2 it .
) Water level at the top of the wall - oo L - .
"' The total lateral thrust wﬂl be the sum of effectwe and neutral laterai thrusts.n

Effective lateral earth thrust Po = %K ot-H 2 S

--;—xo.sxloxsxﬁkNlm run
=90 kN/m. run
Neutral lateral pressure P, = -2-’)',,H 2

- $X10X6X6KN/mrun .,
=180 kN/m. run

Total lateral thrust = 270 kN/m. run
Increase in thrust = 124.2 kN/m, run

This represents an increase of about 85.2% over that of dry fill. _
Example 13.2: What are the limiting values of the lateral earth pressure at a depth of 3

" metres in a uniform sand fill with a unit weight of 20 kN/m?® and a friction angle of 35°? The

ground surface is level. .. . (S8V.U.—B.E.(R.R.)—Feb., 1976)

If a retaining wall with a vertxcal bﬂck face is interposed, determine the total active
thrust and the total passive resistance which will act on the wall.

el A 4 D™
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Depth, H=3m

= 3} . ! !
Y=20KN/m"} for sand fill with level surface.
¢ =35
Limiting values of lateral earth pressure: Y
1-8in35°
Actis C - N T T
Active pressure _- =K yH 1+sin35°x :
=0271x60 0 . i oowohod
= 18.26 kN/m?3 R
- 1+8in35° |
: = = ———X Dxa
Passivepressure. =K. yH T X2
= 3.690 x 60
Guwosiz e Lo " =221,4 kKN/m?

Total active thrust per metre run of the wall

webviin s .o Pym EvHEK, =16.26)<§-X3 =2439 kKN
Total passive resistance per metre run of the wall

1,0, 1
Pp=§7H .K,,-221.4x-2-x3=332.1kN

Example 13.3: A gravity retaining wall retains 12 m of a backfill, y = 17.7 kN/m? ¢ = 25° wit?a
a uniform horizontal surface. Assume the wall interface to be vertical, determine the magni- .
tude and point of application of the total active pressure. If the water table is a height of 6 m,
how far do the magmtude and the point of application of active pressure changed?

R I R S - (SVU—-Four-yearB Tech-—Oct 1982)

3wk
i
|
i
!
|
!
’

— Ol PP

k—as-z—vl — |l—58.9—
@ (%) S
Fig. 13.53 Retalning wall and pressure dlstnbutton (Ex. 13, 3)
(a) Dry cohesionless fill: ' '
H=12m ¢=25* y=17.7kN/m?3
1-8in 25°

o= Treinzs 0
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| 1-6in2%  177x12
Active pressure at base of wall = K. YH = 17 5in 95° ¥LLEREE,

 =86.2 kN/m?
The distribution of pressure is triangular as shown
2K = % x12% 862 = 517.2 kN

in Fig. 13.63(b). -

1
Total active thrust per metre run of wall = EYH

This acts at (1/3)H or 4 m above the base of the wall.

(b) Water table at 6 m from surface: —_ .
Active pressure at 6 m depth = 0.406 x 17.7x 6= 43.1 kKN/m

Active pressure at the base of the wall = K, (1.6 +¥ ", 6)+Y, 6 .
= 0.406 (17.7x 6 + 10 x 6) + 9.81 x 6 = 67.5 + 58.9 = 126.4 kN/m

(This is obtained by assuming y above the water table to be 17.7 kN/m? and the sub- |

merged unit weight ¥/, in the bottom 6 m zone, to be 10 kN/m?. R
The pressure distribution is shown in Fig. 13.53 (e).

Total active thrust per metre run = Area of the pressure distribution diagram

=-;-x6x43.1+6x43.1+%x6x24.4+%x6x58.9

=129.3 + 258.6 + 73.2 + 176.7 = 637.8 kN
- The height of its point of application above the base is obtained by taking moments.
5 = (1203 x 8 + 2586 x3 +73.2x2+176.7 X 2) =‘3£2 m

. o , : 6378 ‘ .
Total thrust increase by 120.6 kN and the point of application gets lowered by 0.38 m.

Example 13.4' Awall, 5.4 m high, retains sand. In the loose state the sand has void ratio of 0.63
and ¢ = 27°, while in the dense state, the corresponding values of void ratio and ¢ are 0.36 and
45° respectively. Compare the ratio of active and passive earth pressure in the two cases,
assuming G = 2.64. -
(a) Loose State: _.
G=264 e¢=063 B
Gy, _ 264x1
Ya= Wee) (1+063
=27 T
1-8in27° 148in27°
2= Trmmar 210 Ky = 1 gy = 2668
Active pressure at depth H m = K_.1.H = 0.376 x 16.2 H = 6.09. H kN/m®
Passive pressure at depth Hm =K. y = 2.663 x 16.2 H = 43.14 H kN/m?
(b) Dense State:

~162KN/m? *

\
1

G=264 e =‘o,3s

_ 264 %10
Y= W+ 038)
v

=194 kN/m?

4
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¢ = 45°
1-gin45° . 1+8in45°
e = 1+ gin46° =017% K, = T gin45°

Active pressure at depth Hm = 0,172 x 19.4H = 3.34 H kN/m? -
Passive pressure at depth H m = 5.828 x 19.4 H = 113.06 H kN/m®

= 5,828

033¢ .
0609 = 058
11306

Ratio of passive resistance in the dense state to that in the loose state = 1314 = 2.62

Example 13.5: A smooth backed vertical wall is 6.3 m high and retains a soil with a bulk unit
weight of 18 kN/m3 and ¢ = 18°. The top of the soil is level with the top of the wall and is
horizontal. If the soil surface carries a uniformly distributed load of 4.5 kN/m?, determine the
total active thrust on the wall per lineal metre of the wall and its point of application.
H=63m y=18kN/m3 ¢=18° -
g = 45 kN/m?2 ‘

1-sinl8®
T T ;
Active pressure due to weight of soil at the base of wall = K H
=0528%18x63 -

Ratio of active pressure in the dense state of that in the loose state =

=59.9 kN/m? - . :
q =45 kN/m® -
63m
Watt
¥ e m———
238 599
(a) ‘ ()

Fig. 13.54 Retalning wall and pressure distribution (Ex. 13.5)

Active pressure due to uniform surcharge = K. .q
IR =0.528x 456
=23.8 kN/m? -
" The former will have triangular distribution while the later will have rectangular dis-

tribution with depth. The resultant pressure distribution diagram will be as shown in
Fig. 13.54 (b). Co
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Total active thrust per lineal metre of wall,
1
... P, = Area of pressure distribution diagram = 3 K, yH 2+K «aH

- % x59.9 % 63 + 238 x 6.3 =1887 + 1499 = 338.6 kN

The height of its point of application above the base may be obtained by taking mo-
ments: - . .

o

(188.7 X -;- x 63 +149.9 x % X s:s)
, f e

3368 m=256m . :
Example 13.6: A vertical wall with a smooth face is 7.2 m high and retains soil wu;h a uniform

. surcharge angle of 9. If the angle of internal friction of soil is 27°, compute the actwe earth
pressure and passive earth resistance assuming Y=20kN/mé

H=72m p=9° L
=27 . y=20kN/m3

“d

Tpee

72m :
: PgorP,

-
=zTuTl o..

- Fig. 13.55 Reiaining wall with inclined surcharge
and pressure distribution (Ex, 13, 6)

Accordmg to Rankine's theory,

% K - cosﬂ[cosB—Jcos B - cos? ]

cosB-i-Jcos B-cos®¢

B c039° + y/cos? 9° - cos? 27°
e -, =0988x0.397 =0.392

osB cosB+\/cos B -cos?¢ = 0988 x -1 *2;468
cosf ~ st B -cos ¢ . 0397

., Total actlve thmst per metre run of the wall

ps Lk, = L x20x(72) % 0392 = 2082 kN L

T : - 200 _ nnal 070
= msgo[cosg“ Jcos 9° - cos*® 27 }

2 2
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Total passive resistance per metre run of the wall
1
. 2
The pressure is considered to act parallel to the surface of the backfill soil and the
distribution is triangular for both cases. This resultant thrust thus acts at a height of (1/3)H or
2.4 m above the base at 9° to horizontal, as shown in Fig. 13.55. '
Example 13.7: The Rankine formula of active earth pressure for a vertical wall and & level fill
is much better known than the general form and sometimes it is used even when it does not
apply. Determine the percentage error introduced by assuming a level fill when the angle of
surcharge actually equals 20°. Assume a friction angle of 35° and the wall vertical, Comment
of the use of the erronecusresult. =~ . (S.V.U~B.E.(RR.)—Nov,1974)
et Bt ,”._1’:350; . o - | | )
Active pressure coefficient of Rankine for inclined surcharge: e N . -

P, = ~yH ©.K, = -;- % 20 x (7.2)" x 2488 = 1289.8 kN

K, = cosp. cosP — cos* P - cos” ¢ .. WP j
oene . \cosPyfcos? B cos® ¢ )
when = 0° for horizontal surface of the backfill, - - ° - -~ BT h
PR A C S N HEFUEE S s . l_isin¢ . R Co T iR 1 "’( ’4“ “ £
| s 1+sing '
K, for p = 20° and ¢ = 35° is given by
B - | é(-)s20°-‘..c05220°-c05235° _' ‘ i.
K, = cos20° ‘l_ = 0.322
7 L cms20°-|j~/¢:o.&x2 20° ~ cos® 85°
K, forp=0° and ¢ = 35°isgivenby . - R R T S T
B R A 1 —-sin35° T L VI T TR

- 0271 . . - e
s~ 1+8in36° = S --

Percentage error in the computed active thrust by aésﬁzﬁiﬁé a level fill when it is actu-
ally inclined at 20° to horizontal L

) (o.aé;'z'; 0271

0322

*. .. The thrust is understimated by assuming a level fill, obviously. -
Example 13.8: A retaining wall 9 m high retains a cohesionless soil, with an angle of internal
friction 33°. The surface is level with the top of the wall, The unit weight of the top 3 m of the
fill is 21 kN/m® and that of the rest is 27 kN/m3. Find the magnitude and point of application of

the resultant active thrust. _ |
It is assumed that ¢ = 33° for both the strata of the backfill.

)x100=15.84v

Scanned by CamScanner



520 QECTECHNICAL ENGINEERING

£P
289m - -

K

-_-_.._-_--
- i
o
7

. l'-—*--ﬂa—*l
(8) ' S ® -
Flg. 13, 56 Laletal prassure due to stratifiad backfill (Ex 13 6)

o _ 1-sin33° '
= = 0.295, for both the strata of the backfill,
= 1+5in8%° _

Active pressure at 3 m depth ' ST e N

K .oc,=0.295(21 x 3) = 18, 6kNIm3
Active pressure at the base of the wall

K,0,=20295(21x3+27x6)= 664kNlm2

The variation of pressure is linear, with a break in the slope at 3 m depth, as shown in

Fig. 13.56 (b). The total active thrust per metre run, P, is given by the area of the pressure
distribution diagram. .

P —-;—x3x18.6+6x18.6+;x6x478=283kN |

The height, above the base, of the point of apphcatwn of this thrust is obtamed by tak-
ing moments about the base 4

(279 ><7+111.6x3+1434x2)
233 m=289m

Example 13.9: A retaining wall, 7.5 m high, retains a cohsionless backfill. The top 3 m of the fill
has a unit weight of 18 kN/m? and ¢ = 30° and the rest has unit wexght of 24 kKN/m3 and ¢ = 20°.
Determine the pressure distribution on the wall. -

-h
[+

am ye=18 kM

=g m———
B
-
)
]
]
]
T

- - . H . B
b N\ Z=224m
: v+

18.6

g o

T T k—-—7933kmm —
' {b)
Flg. 13.57 Stratified backfill with different K -values for different layers (Ex. 13.9)

-
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LATERAL EARTH PRESSURE AND STABILITY OF RETAINING WALLS 521 :
1—5m30° 1
K, for to —_—a
or top layer = T 3 3
' 1-ain20°
for botto 2 ———— =
K_ for m layer 13 8in20° 049
Achve praasure atSmdepth-consldenng ﬁrst layar .-
et R TRV R DR ST N O TR T
R : Ku,-Uu“%XBxls ulskNlmn R I G N SRR LV
" Active pressure at 3 m depth — considering second layer N
.
K,,0,=049%3x18 = 26, «i.tikNlm2 :
Active pressure at the base of the wall : - S
Ko, x3x18+K, x45%24 = 26.46 + 0.49 x 4.5 x 24 = 79.38 kN/m?

The pressure distribution with depth is shown in Fig. 13.57 (b).

Total active thrust, P, per metre run of the wall
= Area of the pressure distribution diagram

- —1-x3x18+4.5x26.46+—12-x4.5x52.92

=27 + 119.07 + 119.07 = 265.14 kN .
The height of the point of application of this thrust above the base of the wall is obtained '

by taking moments, as usual.
- (27 x55+ 119 07 % 225 +11907 x 15)
z 26514 =2.244m

Example 13.10: Excavation was Being carried out for a foundation is plastic clay with a unit
weight of 22.5 kN/m3. Failure occurred when a depth of 8.10 m was reached. What is the value

of cohesion if ¢ = 0° ?
- ¢=0° y=225 kNlms
Failure occurs when the critical depth, H,, which i u — ‘f is reached.

Since ¢ = 0, N, = tan® (45° + $/2)=1

4¢
®1 =8,
225x1 8,_10

». Cohesion, ¢ = 45.6 kN/m?
Example 13.11: A sandy loam backfill has a cohesion of 12 l_:me2 and ¢ = 20°, The unit weight

is 17.0 kN/m3. What is the depth of the tension cracks ?
Depth of tension cracks, z,, is given by

[Ny =tan (45° + ¥2) = tan 55° = 1.428

. Scanned By CamScanner ~
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ce 12kN/mt
Y= 17T0kNm® =~ o
2x12 I
= X Lo
= qro MB/m
=2.00 m

Example 18.12: A retaining wall with a smooth vertical back retams a purely cohesive fill,
Height of wall is 12 m. Unit weight of fill is 20 kN/m3. Cohesion is 1 N/cm? What is the total

active Rankine thrust on the wall? At what depth is the mtensxty of pressure Zero and where
does the resultant thrust act? ' *°

H=12111=='{==20kN/ms ¢=0°
N =tan?(45°+¢/2)=1
Lo 87 1 Nfem?= 10 KN/

2m

| | — 220 —{
AR S ¢ I,.___ 240 ____’i

(a) (b) _

Flg. 13.58 Retaining wall with purely cohesive fill (Ex. 13.12)

& The intensity of presgufe is zero at a depth of 1 m from the surface.

H_20X12 40 kN/m?
N, 1
% _2x10

The net pressure diagram is shown in Fig. 13.58 (b).
The total active thrust may be found by ignoring the tensﬂe stresses, as the area of the
positive part of the pressure diagram. _

: f
4

1 . .
P = rte 220x11 =1,210 kN/metre run
This acts at a height of 11/3 m or 3.67 m from the base of the wall.

‘Scanned by CamScanner
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LATERAL EARTH PRESSURE AND STABILITY OF RETAINING WALLS 523

Example 13.13: A smooth vertical wall 5 m high retains a soil with¢ = 2.5 N/em?, ¢ = 30°, and
_y= 18 kN/m?. Show the Rankine passive pressure distribution and determine the magnitude
and point of application of the passive resistance. -

H=6m ¢=30° c=2.5kNIcm2;25kN/m2 RESTRT
¥ = 18 kN/m?

2( 4po . 30°) S o
N’=t¢m (45 +—2—-]=3' ,
Pressure at the base: | '
VH.N,=18x5x3=270kN/m? |
2Ny =2x25x |3 =86.6 kN/m?

86.6 kN/m®
o

. : : - -~ ." ‘P’
‘_"' ‘\2T=2m
‘ ¥

868 . .. o S
@ . ) , Sl e T
Fig. 13.59 Passive pressure of a ¢ - ¢ soil (Ex. 13.13)

" ’_fhe distribution of the first component is triangular and that of the second component
is rectangular with depth and the pressure distribution is as shown in Fig. 13.59 .
The total passive resistance, P,, on the wall per metre run is obtained as the area of the
pressure distribution diagram. . o ' SR
s P 5x86.6+%x270x5 = 433046750 =1,108 kN - -
The height of the poir{t of application above the base is obtained by taking moments as
usual. : S

(433 % 5/2+675x5/3)
= 1108
Example 13.14: A retaining wall 9 m high retains granular fill weighing 18 kN/m?® with level
surface. The active thrust on the wall is 180 kN per metre length of the wall. The height of the
wall is to be increased and to keep the force on the wall within allowable limits, the backfill in
the top-half of the depth is removed and replaced by cinders. If cinders are used as backfill
even in the additional height, what additional height may be allowed if the thrust on the wall
is to be limited to its initial value? The unit weight of the cinders is 9 kN/m3, Assume the
friction angle for cinders the same as that for the soil. ’

.
e

m =2.00m

n|
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.., He8m
=1-18kNlm°-,~- P e
P,élBOkNlm;rtx_n e B I BT : -
1 -
P,=-§yH’.K,

\  Backil
\ Cinders y =9 kNm® -
x = 2,223(h + 4.5} . 9

Granular backi
1= 18 KNIm®

) e X =~ 2 ¥ .
@ - . m "

Fig. 13.60 Retaining wall with backfill partly of cinders (Ex. 13.14)

Let the increase in the height of wallbe k m. L
" The depth of cinders backfill will be (k + 4.5} m and bottom 4.5 m is granular backfill
with K, = 0.247. Since the friction angles for cinders is taken to be the same as that for the
granular soil, K, for cinders is also 0,247, but y for cinders is 9 kN/m?. )
The intensity of pressure at (h + 4.5)m depth = 0.247 x 9 (h + 4.5) kN/m?
) =2.223 (h + 4.5) kN/m? |
Intensity of pressure at the base = 0.247 (9 (h + 4.5) + 18 x 4.5] kN/m?
: = 2.223 (h + 4.5) + 20 kN/m? |

Total thrust P’ = 1.112(h + 4.57 + 2.223 x 45 (h + 4.5) + -]é x 4.5 x 20

Equating this to the initial value P,, or 180 kN, the following equation is obtained:
AY 4 1.112h2+ 20h-675=0

- Solving, h=2.90m
Thus, the height of the wall may be increased by 2.90 m without increasing the thrust.

Example 13.15: A _gravity retaining wall retains 12 m of a backfill. y=18 kN/m?, ¢ = 30° with
a uniform horizontal backfill. Assuming the wall interface to be vertical, determine the magni-
tude of active and passive earth pressure. Assume the angle of wall friction to be 20°. Deter-
mine the point of action also. . (S.V.U.—Four-year B.Tech.—Dec., 1982)
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LATERAL EARTH PRESSURE AND STABILITY OF RETAINING WALLS 525

Since wall friction is to be accounted for, Coulomb's theory is to be applied,
Y=18kN/m®and H=12m

K - sin(o + )

~ ° 9
02 o s ey  [sin(¢ + 8).sin(¢ - B)
Bin“ a.sin(a a)[1+Jsin(a-5).sin(a+l3)]

| .,a=90‘andB=0°intlliscase.¢=30'and8=20"
“ ¥ . & Kc = c°s2 ¢‘
o8 [1+ Jsinw + 8).5in¢ ]2

&

cosd

cos® 30° BN
- =0.132

] . c0820°1 +- Jsin50°.sin30° A . ‘
t _ : cos 20° PP,

k= . sin®(o—¢)

P . u z
- sin® wsin(a+8)|1- J Sin(p + 9).sin(o + B)
sin(ax + 8).sin(a + B)

Putting o = 90° and B = 0%, -

| cos® ¢

p _
cos5l1—- sm(¢ sin(¢ +3).sin¢
T cos?s

cos? 30°
= = =2.713

cos20°I:1- sin50°.sin30°J

cos 20°

P = —;-yﬂz.lfa =—;-><18><122 x 0132 =171 kN/m..

1 2 __I_ 2 ‘ el
P,= §YH ,Kp_2x18><12 x 2713 =3.516 kN/m.

Both P, and Pp act at a height of (1/3)H or 4 m above the base of the wall and are

inclined at 20° above and below the horizontal, respectively.
Example 13.16: A retaining wall is battered away from the fill from bottom to top at an angle o
of 15° with the vertical. Height of the wall is 6 m. The fill slopes upwards at an angle 15° away
from the rest of the wall. The friction angle is 30° and wall friction angle is 15°. Using Cou-
lomb’s wedge theory, determined the total active and passive thrusts on the wall, per lineal f
metre assuming y = 20 kN/m?,
" ' ' H=6m

f=15°

o = 75° from Fig, 13.61
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anp. L
d=15"
1= 20 kN/m?

Fig. 13.61 Batlered wall with inclined surcharge (Ex. 13.15)

sin®(o + &)

sin(¢ + 8).sin(¢ — P) ’
sin(o - 8).sin(o + )

K =

sin® eLsin(o ~ 8)[1 +

sin?105°

= = 0.542
8in45°.5in15°
sin60°,5in 90°

sin?75° sin 60°[1 + J

sin?(o - ¢)

sin? c.sin(oc + 8)[1 - Jsin(qn +5).5in(¢ + ) ]2

sin(a + 8).sin{o +B)

K, =

sin? 45°

2
sin 45°.5in 45°
sin 90°.s5in 90°

Total active thrust, P,, per lineal metre of the wall

= 6.247

\ gin275°.sin 90°[1 - J

= lsz.Ka =-;-x20x 62 x 0542 =195 kN

N 2
. Total passive resistance, Pp, per lineal metre of the wall
: 1 1 a2 ’
= E‘YH .Kp =-§X20X6 % 6247 = 2,249 kN

Example 13.17: A vertical retaining wall 10 m high supports a cohesionless fill with y= 18
kN/m3. The upper surface of the fill rises from the crest of the wall at an angle of 20° with
the horizontal. Assuming ¢ = 30° and § = 20°, determine the total active earth pressure using
the analytical approach of Coulomb. (S.V.U.—U.Tech. (Part-time)}—Sep., 1982)
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% H=386m ¢=20* f=20° o=81° §=12° y=a-5=69°

Since f = ¢, the special case of Rebhann’s construction for this canditiox} is applied. The
triangle CGL is constructed from any arbitrary point C. :

P,= 3w siny=2x189x (385 5in69" = 131 KN/m. run

; The rupture surface cannot be located in this case.

‘(e

Wall

36m

e eccmcmm e

[~
]
o
pers
L4

Fig. 13.66 Special case of Rebhann's construction when B.= ¢ (Ex. 13.21)

Example 13.22: A masonry wall with vertical back has a backfill 5 m behind it. The ground
level is horizontal at the top and the ground water table is at ground level. Calculated the
horizontal pressure on the wall using Coulomb’s earth pressure theory. Assume the unit weight
of saturated soil is 15.3 kN/m3, Cohesion = 0. ¢ = 30°. Friction between wall and earth = 20°.

; . (8.V.U.—B.E,, (N.R.)—Sep., 1968)
H=5m ¢=0 ¢=30° §=20° y_ =15.3 kN/m}

K, = sin® (0 +¢)

7’
C B sin(¢ + 8).sin(¢ - p) ,
sin® a.gin{o ~ §) [1+ J Sin(o = 5) sinte s ﬁ)]

since o = 90° and B = 0° in this case,

cos® ¢

Kd = 2 ' .
ms[u Jsin(¢+5).sin¢]

- cosd
= == 3 ~=0132 . R

- e0s20°|14 Jsin50°.sin30° -
‘ cos 20°
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531

P
wall e

267m

PEmprm—

Fig. 13.67 Horizontal thrust on wall irom submarged fill
from Coutomb’s theory (Ex. 13.22)

P.zl = Esz.Ka = -“15 % (1630 - 9.8)><.52 X 0132 kN/m =9.06 kN/m
(since ¥ =7, -7,) '
This is inclined at 20° with the horizontal

K Its horizontal componeﬁt Pau. =9.06 X c08 20‘ = 8 50 kN/m

Water pressure, P, = —-'Y.,,ILI2 = E x9.81x 52kN/ m = = 1226 kN/m

 Total horizontal thrust P b= P,, +P, =85+122.6 = 131. 1 KN/, |

This will act at (1/3) H or 2.67 m above the base of the wall, as shown in Fig. 13.67

Example 13.23: A retaining wall 4.5 m high with a vertical back supports a horizontal fill

weighing 18.60 kN/m? and having ¢ = 32°,8 = 20° and ¢ = 0. Determine the total active thrust
on the wall by Culmann’s method. - (S.V.U.—B.E.(R.R.).—Sep., 1978)

v=18.6 kN/m? ¢=32° c=0 o= 20°fortheﬁll
Active thrust, P,=FF '

=51.5 kN/m. run -

Check:
K_ from Coulomb’s formula = - 3
5 sin52°.5in32°
cos20° 14 | —m
cos 20°
= 0.2755

P, = ‘;—YHZKG = 1 X186 4 x5 02755 = 519 kN/m

“The Culmam; value agrees excellently with this value.
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A c‘ ‘.‘ CZ c ) 03 04 CS CB(D)

L:tangent parallel to §-line

t-
2 F

Wall

------------

" Fig. 13.68 Culmann's method (Ex. 13.23)

Example 13.24: A retaining wall with its face inclined at 75° with horizontal is 10 m high and
retains soil inclined at a uniform surcharge angle of 10°. If the angle of internal friction of the
soil is 36°, wall friction angle 18°, unit weight of soil 15 kN/m?, and a line load of intensity 90

kN per metre run of the wall acts at a horizontal distance of 5 m from the crest, determine the
active thrust on the wall by Culmann’s method.

Modified
culmann ling

o""

Culmann fina
withaut ling load

-----------

Flg. 13.69 Culmann's method for line load on backflll (Ex. 13.24)
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¢’ t": Tangent to the modified Culmann line, parallel to ¢-line.
=75 ¢=36" §=18° P=10° y=15kN/m? |
Active thrust, P, on the wall per metre run = Vector F'G" = 860 kN.

Example 13.25: A retaining wall 4.5 m high with vertical back supports a backfill with hori-
zontal surface. The unit weight of the fill is 18 kN/m? and the angle of internal friction is 36°.
The angle of wall friction may be taken as 18°. A footing running parallel to the retaining wall
and carrying a load of 18 kN/m is to be constructed. Find the safe distance of the footing from
the face of the wall so that there is no increase in lateral pressure on the wall due to the load
of the footing. £t: tangent to the Culmann-curve without line load, parallel to the ¢-line,

The safe distance beyond which the line load does not increase the lateral pressure is
3.5 m in this case. , o ‘ :

The Culmann-curve without the line load is drawn as usual. Now the modified Culmann-
curve, with the line load included at C,. C,, Cq ..., the borders of each of the wedges such as
ABC,, ABC,, ABC,, ..., is drawn. A tangent t to the Culmann-curve without the line load is
drawn parallel to ¢-line to meet the modified curve with line load in F*. BF is joined and

produced to meet the surface in C, which gives the critical position of the line load, beyond
which location, it does not affect the lateral pressure. - = : : ’

e 3sm: ' »q :
— / ", ‘
Culmann curve
with line load

Wall

Fig. 13.70 Locatlon of critical position of line load Culmann's method (Ex. 13.25)

Example 13.26: A masonry retaining wall is 1.5 m wide at the top, 3.5 m wide at the base and 6
m high. It is trapezoidal in section and has a vertical face on the earth side. The backfill is level
with top. The unit weight of the fill is 16 kN/m? for the top 3 m and 23 kN/m3 for the rest of the
depth. The unit weight of masonary is 23 kN/m3. Defermine the total lateral pressure on the
wall per metre ran and the maximum and minimum pressure intensities of normal pressure at
the base. Assume ¢ = 30° for both grades of soil, (S8.V.U.—Four-year B.Tech.—July, 1984)
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1 —8in 30°
= 30° —_— =1/
?"30 K,= 1+8in30° 3

Horizontal pressure of soil at 3 m depth = K y,H, = % x16x3 =16 kN/m?
- Lateral earth pressure at 6 m depth = K (y,H, + v,H,)

= -(16x3+18x3) =34 kN/m?
Total active thrust per metre run of the wall

" P,= §x3x16+3x16+-;-x3x18=24+48+27 = 99 kN

]‘_.mw

m : . 8m  y=16 KNm®
\
P, = 99 kN/m
‘\ T 3m '
3
4

Toe E el e 18—
H-2m— 5m

Flg 13.71 Retaming wall (Ex. 13. 26)
Let z metres be the height of the point of action abové its base.

_ (24x4+48x15+27
By taking moments about the base, 7 = (24x4+48x15+27x1) =1.97m

99

Weight of wall per metre run, W=6 x 1.5 x 23 + % x2x6x23

= 207 + 138 = 345 kN
Let the distance of its point of action from the vertical face be ¥ m.

(2o7x075+138x191

By moments, ¥ = )-1.317m

345

Let x metres be the dnstance from the lme of action ofW to the pomt where the resultant
strikes the base.

< 3

. 197x 99'

x l' x-
7T 346

= 0665 m
97

__ s|;v"
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Eccentricity, e = (1.317 + 0.566 — 1.750) = 0.132 m -
Since this is less than (1/6) b or (1/6) x 3.5 m, no tension occurs at, the base.

. 345 6 x 0132
Vertical pressure intensity at the base, o= E(l * Ge) (1 * ]

b b) 3b 35

Opnax = 120.88 kIN/m? at the toe.
Oin = 76,26 kN/m, at the heel.
Example 13.27: A trapezoidal masonry retaining wall 1 m wide at top and 3 m vnde at its
bottom is 4 m high. The vertical face is retaining soil (¢ = 30°) at a surcharge angle of 20° with
the horizontal. Determine the maximum and minimum intensities of pressure at the base of
the rets‘nmng wall. Unit weights of soil and masonary are 20 kN/m? and 24 kN/m®respectively.

Assuming the coefficient of friction at the base of the wall as 0.45, determine the factor of
safety against sliding. Also determine the factor of safety against overturning.

(8.V.U.—B.E., (Part-time)—Dec.,1981)

or
and

y=24 KkN/m’®

W?
Toe te— ¥ —»{ Heal
-3 m ————>i

Flg. 13.72 Retaining wall (Ex. 13.27)
For backfill, .
y=20kN/m? ¢=30° B=20°

{cosp - \/cus2 B - cos?¢)

K.= .
oi =08 (cosB + y/cos? B - cos? §)

- cos20°. (cos20° - J cos? 20° - cos? 30°)

O . (c0320°+Jcos 20° - ¢os? 30°)
’ =0.414 '

h-l

P-=-;-'YH2-K' —x20x4"‘x0414=6624kNlm

N
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This acts at 1.33 m above the base, at an angle of 20° with the horizontal.
. P, =P, cos P =66.24 cos 20° = 62.25 kN/m = "
P, =P, sinp = 66.24 sin 20° = 22.66 kN/m
W,, wt of the rectangular portion of the wall = 1 x 4 x 2¢ = 96 kN - -

W,, wt of the triangular portion of the wall = % X2x4x24 =96 kN

W, acts at 0.50 m and W, at 1.67 m from the vertical face.
T V=W, +W,+ P, =96 +96 +22.66 = 214.66 kN
The distance of the point where the resultant strikes the base from the heel,

e }:M=(96x0.50+96xl.67+62.25x1.33)
ST IV 21466 .

e =_% — ¥ =1500-1367=0143m

6,0y 8 the heel = 5"—(1 + 2) - 21466 (1 +8X 0‘“3) = 92 KN/m?

=1357m

b\ b 3 3
IV : 143"
G,y at the toe = T(I' %e-]= 21‘;65 (1- %% 2143) = 51 kN/m?
These are intensities of normal pressures at the base,
Check for sliding: ’
. ‘1 pN
Factor of safety against sliding, n, = T
045 x214.66 »
= ez - °
This is 0.K.
Check for overturning:

Factor of safety against overturning, 1, -
' _ _ Restoring moment about the toe
"~ Overturning moment about the toe

- (96 x 2.5 + 96 x1.33 + 22.66 x 3)
62.25x1.33

= 5.256
This is excellent.

SUMMARY OF MAIN POINTS

1. The property of soil by virtue of which it exerts lateral pressure influences the design of earth-
retaining structures, the most common of them being a retaining wall,
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0.30m to HN2

°
. IMinimum
“~ batter
1:48 —
H
12D to D
H/8 to H/6
O ) 4

|0.5 to O:IHl
Fig. 1230 Tentative dimensions for a gravity retaining wall

4. Width of stem at top: Min. of 200 mm but preferably 300 mm for case of casting.
s. Batter of front face: 1 hor. to 48 ver. (min.} to 1: 16. )

The gravity walls are proportioned such that the resultant falls within the middle one-third of the
base. The trial dimensions are shown in Fig. 12.30. ' 0 ‘
EXAMPLES

Example 12.1 A retaining wall with a smooth vertical back retains sand backfill for a depth of 6m. The
backfill has a horizontal surface and has the following properties:
¢=0,§=28°;7=16 KN/ 3 Your = 20 kKN/m?
Calculate the magnitude of the total thrust against the wall for the conditions given below:

(a) Backfill fully drained but the top of the wall is restrained against yielding; (b) backfill fully drained
and the wall is free to yield, and (c) wall free to yicld, water table at 3 m depth and there is no
drainage. Determine the point of application of the resultant thrust for case (¢).

Solution:

(a) If the wall is restrained against jicl’d’ing. the lateral pressﬁrc that would develop against the wall would be
_ earth pressure ‘at rest’. '
Coefficient of carth pressure at rest K can be calculated from the equation Kp=1 - sin ¢’

Hence . ' Ko=1-sin 28°=0.53

\

For this case, - Y=16kN/ m’., -
/
Fig. 12.31(a) shows the pressure distribution diagram for this case.
Lateral pressure, po=KoY2

At 2=6m, po=0.53%16x 6= 50.88 kN/m*

- .- . . __M
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TN b

SR £}
Fig. 1231  Pressure distribution diagram — Example 12.1

(a)

Total thrust per meter length of the wall is

. - Po=%x5088x6—15264kN

(b) For this case again, y= 16 kN/m?, but the lateral pressure is the active earth pressure.

]+s ¢
_ _ ) Pa=Kkyyz \
at z=6m, P =036 X 16X 6=34.56 KN/’
and. / P, = Ex 34.56 % 6 = 103. 68 kN/m length

Fig. 12.31(b) shows the pressure distribution.

(¢) Fig. 12.32 shows the pressure distribution dlagram Above the water table. ¥= 16 KN/m" and below
the water table, Y=y’ =Ysar =T =20~98=102 KN/ m>.
The lateral thrust due to water is shown as Py.

4 k|
IMH. 036 %16 x3=17.28 kN/m? | m~L!'I-___
= KAY Hz 036)(102)(3"]]“/!‘" m .
P1=Yy Hy=98X3=294 kN 1

Tue wtal thrusts which are .. . in Fig. 12,32 are

calculated as shown below: Fig. 1232 Retaining wall and pressure

- distribution diagram—Example 12, 1

P,-%XI‘TZSXS 2592anctmgat (3+|><3) 4mfrombasc

P = 1728x3=51. 84kNac!mgat%-1 5 m from base
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P, x11x3=16.5 kNamngat—x3—lmfrombase

3

Py = ><294x3 44|kNacungat;x3—lmfrombase

It can be seen that the Iateral thrust duc to walcr contnbutcs subslanually to the total lateral thrust,
Total thrust P= P, +P’+P2+P3

= 25.92+51.84 + 16.5 + 44.1
= 138.36 kN/m length e

The distance of the resultant P from the base of the wall can obtained by taking moments about the base.

o

H_2592x4+5184x15+l65xl+44|xl 242
13836 - 13836

Example 122 What is the i increase in total pressure in Ex I2 1 case (c), if the backfill supports a
uniformly distributed load of 25 kN/m??

Solution:

=175m

If a uniform surcharge load g per unit area is applied over thc backﬁll surface, the i increase m active earth
pressure A p, at every point on the back of the wall is g:vcn by: '

Apa=Kpg
=036x%x25= 9kN/m (Fig. 12.33) :
Hence the increase in total lateral pressure APy=9x6=54 kNIm lcngth T
The point of application of the thrust is at a distance ; X 6=3 m from the basc - 6m e— AP,
Example 12.3 A retaining wall with a smooth vertical back is 10 m high and J.
retains a two layer sand backfill with the following properties: _
= ¢
0~ 5m depth: ¢’ =0, ¢ =30°, 7= 18 kN/m’ BRI
Below Sm:c'=0,0'=34% y=20kN/m’®  Fig.1233 Earh pressure due

to surcharge — Example 12.2
- Show the active earth pressure distribution, assuming that the water tablc is , -
well below the base of the wall,

Solution:

When the backfill consists of more than one soil layer, the lateral pressure distribution for each of the layers
is worked out and a combined diagram drawn. At the interface of two layers, there will be a break in the pressure
distribution diagram, since there will be two values of pressure ~ one value at the base of the upper layer and
~ another at the top of the lower layer. For the lower layer, the upper layer will att as a surcharge.

1 - sin30°

1% sin30° = 0333

K}, for the upper layer =
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| —sin34°
1 +sin34°

Active pressure distribution for the upper layer: .

Ky, for the lower layer = =0.283

z = O m; vertical pressure py=0; ps=0
z =5 m; vertical pressurep\}= 18x5= 90 IFNh.n? .\
Pa = Kz py= 0333 %x90=30 -".Nf".“?, _
Active bressure distribution for the lower layer: : ,
z = 5 m; vertical pressure py=90 k}}llmz -
Pa= Ky py=0.283 x 90 =25.47 kKN/m?
2 = 10 m; py=90+20x 5 = 190 KN/m?
' pa = 0.283 X 190=53.77 kN/m?

The active pressure distribution is shown in Fig. 12.34. . '
In reality, there cannot be a sudden change in lateral pressure since shear stresses which develop along thc

intérface have not been considered. But this does not introduce any serious emror in the magmtude and direction
of the resultant thrust,

t ¢z 0,§'x30°
Sm |7=18kN/im3

* C= =
Sm | ¥ =20 kN /m3

4

5377 —|
Fig. 12.34 Retaining wall and earth pressure diagram—Example 12.3

' Example 12.4 A retaining wall, 8 m high, with a smooth vertical back,
¢’=15kN/m? ¢’ =15°and y= 18 kN/m®. Calculate the total ac
cracks may develop to the full theoretical depth.

Solution:
* The active pressure at a depth z in a ¢ ¢ soil is given by:

‘ Pa = KAPV"zc JKA

retains a clay backfill with
tive thrust on the wall assuming that tension

o Jzsing
l+sing =0.588
At z=0,py=0 .pA-—-2xlS‘10588 = =23 kN/m?

At z...8m,py-—lsx 8kN/m PA=0588x18x8-23= 6167kN/m
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% 2x15
0 = = =
Pa=laty —‘T‘Y X, 18 V0588 247m

‘ From Fig. 12.35, it can be seen that the lateral pressure is negative or tensile upto a depth of 2.17 m. The
soil ten'ds to break away from the wall and tension cracks develop in the soil. Hence, the resultant active thrust
is obtained by determining the area of the hatched portion of the pressure diagram..

(L 4Py = 3X6LETX 583 =198 KN/m .
23 e .
Y —1;-—
N 247m
-
8m
' ‘ 5.8Im

e 6167 —]

Fig.12.3§ Earth pressure diagram—Example 12.4

Example12.5 An excavation was made in saturated, soft clay (&:,, = 0), with its sides more or less vertical.

When the depth of excavation reached 6 m, the sides caved in. What was the approximate value of cohesion
of the clay soil? Take unit weight of clay=20 KN/m’,

Solution:
. Thedepth of tension crack zpina ¢ ~ ¢ soil is equal to —%-c— and the depth for which the total net pressure
VKA ,
is zero is equal to 2 Zy or —%-c— An excavation in such a sail should be able to sustain its vertical faces upto
YVK4
4c .
a depth of m without any lateral sup?ort
. de .
Critical depth of cut in a ¢, = 0 soil is, therefore, equal to —’Y—“ since Ky =1 for ¢, =0.

. o |
e 4 -—

6 );20 = 30 kN.Im2

or =

Exatnple 12,6 Fig. 12.36(a) shows a 3-layered backfill behind a 15 m high retaining wall with a smooth
vertical back. Draw the active earth pressure distribution. .

Solution:

_ 1-sin35°
. 1+sin35°
z = 0; vertical pressure py=0

- Layer 1: (¢ =0 soil) K, 027
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H Layer Y c
HieSm (kN/m?) (kN/m3 )’

+ 1 20 0 35 Ny
B

Ha=5m 2 1 20 25

+ ' 120
‘ 523

Hy=5m | 3 1 335 0

200
(ay - o TS

Fig. 12.36 (a) Retaining wall with backfill (b) Earth pressure diagram—Example 12.6

Pr = Kxpy=0 ,
z=5m;py=20%5=100 kN/m®
_ © ps = 100x0.27 =27 kN/m?
Layer 2: (c - $ soil) K, = 1=sin2 _, 4

1+ sin 25°
= Sm;pv---=20><5=lOOi_cN/ni2 |
Pa= KAPV-ZC\,E \ ,.
Py = 041 X 100-2 x 20 Y0.41 = 15.4 kN/m>

z=10m;py=100+ 18 x 5 = 190 kN/m?
| | Pa = 041%190-2x20Y041 = 52.3 kN/m>
Layer 3: Ky = 1($,=0s0il)

z = 10 m; py=190 kN/m?
Pa = py—-2¢,=190 -2 x 35 = 120 kN/m?
z2=15m;py=190+ 16 x 5 =270 kN/m?

Pa = 270-2x 35 =200 kN/m?
Figure 12.36(b) shows the active pressure distribution (not to scale)

_ Example12,7 A retaining wall 6 m high, with a smooth vertical back is pushed against a soil mass having

¢’ =40 kN/m? and ¢'=15°;y=19 kNIm; - What is the total Rankine passive pressure, if the horizontal soil '

surface carries a uniform load of 50 kN/m?? What is the point of application of ihe resultant thrust?
Solution :
The passive pressure at a depth zinac- ¢ soil is given by:

| Pr=Kppy+2cVKp

where py is the vertical pressure at that depth
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q=50kN/md
6m
R (6%
v E———
‘ 580.8 -

(849) (104) (193.6)
Fig.12.37 Retaining wall and earth pressure diagram—Example 12,7
For the case of a uniform surcharge q acting over the backfill surface, py=yz+¢
e = KpYz+Kpq+2cVKp

_ 1+sing _1+5in15°
P 1-sing 1-sin15°

= 1,698

At z = 0,
pp = 1.698 x50+ 2 x 40X 1.3 =849 + 104 = 188.9 kKN/m’
At z=6m,
pp = 1.698 X 19 X6+ 84.9 + 104 = 193.6 + 188.9 = 382.5 kN/m’

The passive pressure distribution is shown in Fig. 12.37. The contributions of surcharge, cohesion and
weight of the soil to the passive pressure are indicated separately on the diagram. They have been calculated
by considering the area of the respective pressure dlStnbuU{

The total passive earth pressure

Pp=509.4 4+ 624 + 5808 = l7l42kNIm

" The distance of the point of application of the rcsultam passive thrust, H from the base can be determined
by taking moments about the base. :

6x849x3+6x104x3+ xl936x6x—

2 3
1714.2

_ 15282+ 1872+ 1161.6
17142

= 2.66m

Example 12.8 The retaining wall shown in Fig. 12.38 retains a soil with the following properties:
¢=0,¢ =34, y=19kN/m’, 5 =20°
The backfill surface is sloping at an angle of 20° to the horizontal.
(a) Determine the total active thrust by Culmann’s graphical construction.

(b) A vemca] line load of 60 kNflinear meter is acting at a horizontal distance of 3.5 m from lhc wall
- parallel to the crest of the wall. What is the magnitude of total active thrust?

H=
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7.5m . Cs
c
Cy / .
1 / R
‘ // / // ™~ - W
\ / € x
1 ‘ I € ~— &
\ v )
6m o ¥/ 6a
\ ) Eq : 5
\ / // 02 Linear scale —1: 100
(3 \\El / , Load scale —1cm =59 kN
A \| /4 1
7L ,
MEE 55 (90%0-6

E
.P' h'ne

' G
- Fig.12.38 Culmann's graphical construction—Example 12.8
(c) What is the minimum horizontal distance at which the line load can be located from the back of the
wall, if there is to be no increase in the total active thrust?

Solution:

(@) In Fig. 12.38, the section of the wall has been drawn to scale. Trial planes such as ACy , AC; etc., have
been selected to intersect the surface at points Cy, Cy etc., such that BC,=C, C;=C3C; (=2 m)and soon.
When the backfill surface is planar, each triangular sliding wedge such as ABC,, ABC, etc., has its base on

the ground surface and a constant perpendicular distance L from the common vertex A. The area and, hence,
the weight of each sliding wedge is, thus, proportional to its base length measured from B. The weight of a
wedge can, therefore, be represented by its base length, In Fig. 1238,

he weight of wedge ABC, is represented
by AD; (=BC)), thatof ABC, by AD,(=BC,) so on. The Culmann curve is drawn, as explained in Section
12.7. The magnitude of the total active thrust comresponding to the critical plane AC is given by:

DE 1 __BC.DE |
P, = Wﬁ:zyLT='2‘7L.DE(‘.' AD=BC)
From Fig. 12.38, |

L=62m DE=25%m
i Py = 3X19X62X2.5= 14725 kNim length |
Note: The load scale works out to 1 cm = 59 kN '
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(b) When aline load is acting on the soil surface, the weight of any trial wedge that has the line load acting
on it will be increased by the magnitude of the line load and shall accordingly be represented on the ¢ - line,

as shown in Fig. 12.38. The new Culmann curve is now completed. From Fig. 12.38, DE =2.9 cm. Therefore,
the magnitude of the total active thrust is: ~ .

P, = 29x59=170.8 kN/m length

(c) The tangent drawn to the old Culmann curve (when no line load was considered) is continued to
intersect the new Culmann curve (when line load was considered). The line joining this point of intersection
with point A is continued till it intersects the backfill surface at P. If the line load were to act at P or beyond
P, the active thrust would be the same as for the case without any line load. " i 4 '

From Fig. 12.38, the horizontal distance of P from the back of the wall is equal to 7.5m.

Example 129 In Ex. 12.8(a), if the retaining wall is to be designed to withstand the effect of ﬁn
earthquake, what would be the magnitude of the dynamic component of active earth pressure? o, =0.1g.
Show the point of application of Py, and the dynamic component of the active earth pressure.

Solution: , »
W,
| x=tan"—-;“£=tan" 0.1=57°
Hence, the modified slope line AF is drawn at an angle (¢ - A)° = (34 - 5.7)° i.e., 28.3° to the horizontal
at A. The resultant of the weight of the wedge W, and 0.1 W is plotted along AF , instead of only W. Rest of

the construction is similar to the case of the static load. Fig. 12.39 shows the modified construction. The linear
scale and the load scale are the same as the ones used in Fig. 12.38. '

<
A = tan! 04
=5.7"
Resultant = {w+(0.1 )2
o = 1.00SW
PA(st) ‘
2m
l 1 0w

" Fig. 1239 Culmann's graphical construction—Example 12.9
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Case-ll: For Submerged Backfill
Net pressure in submerged backiill is due to the effect of '
(i) Lateral earth pressure due to submerged soil
(i} Hydrostatic pressure due to pore water
P=p +p,
Where, p. = Lateral earth pressure due to submerged soil = ky'z
and p,, = hydrostatic pressure due to pore water = y,,.2

b= ky'ze1,z i)
Atpoint A, z=0 Pe
=0 T ERE
At point 8, z = H’ Hi ‘:f'T e e i > P2
Py = ky'H Cene B 5 3 \\
and Py =py=v,H et esth | ) t .
Total lateral thrust, ' + - hw{ﬁ BEaaL i
Pepief, Fig.11.9 |
= lkT’H"’__+-1-1wH2 o
2 2

' H o
The total thrust acts at a height of 3 from the base.

L
Remember * Never calculate total thrust due 1o submerged backiill as follows:

1 1 | o
= Ekys,,H2+EywH2 | | (a)
*  Weknow, Yo = ¥ + Yy

L 1
P= 'é'k(‘Y +7w)H2+'2'?wH2

1
2

1

ky. H?
Yl +2

1, 2 2 |
= -é-kYH + Yo H _ ‘ (b)

2
with hydrostatic theory, which not true.

R 1 .
* |n above relation term ~kaH2 indicates that water follows earth pressure theory along

A 15 m high rigid retaining wall with smooth vertical back retain a mass of
moist cohesionless sand with horizontal surface and following properties: _

y= 16 kN/m® and ¢ = 32° . _
(a) Compute the total lateral earth pressure at rest, and its location
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(b) If subsequently the water table rises to the ground surface, determine the Increase the
increase in earth pressure at rest. Take k, = 0.45.
Solution:
(a) Total earth pressure at rest,

Py = *;-RQYHZ = %x0.45x16x152 =810 kN/m

Total earth pressure acts at

-g—’ = -155-.—- 5 m from base
g
(b) When waler table rises to ground surface, the soil becomes submerged
Now total lateral thrust,
Py=Fc+ PRy,
- l »4.12 _1 2
= Sk +Zv.H

SX045x(14-9.8)x16% + 2 x9.8x 16" = 1315.125 kN/m

L

+ Increase in earth pressure,
= 1315.125-810.000 = 505.125 kN/m

RS Aty

Example11.2 A cohesionless soil with a void ratio of e = 0.6 and specific gravity of sail
solids, G, = 2.65 exists at a site where the water table is located at a depth of 2 m below the ground
surface. Assuming a value of coefficient of earth pressure at rest k, = 0.5, calculate total latera! pressure
at rest. Assumae soil to be dry above the water table and saturated below the water table, use ¥, =9.81.

Solution:

_ Gy, _ 2.65x9.81
T 1+e 14086

Dry unit weight of soil, Y =16.25 kN/m®

Saturated unit weight of soil,

_(G+e)y, _(265+0.6)x9.81

= = 3
wt = g 1706 19.93 kN/m

~ Submerged unit weight of soil,
' Y = Y- T, = 19.93-9.81 = 10.12 kN/m?

Lateral earth pressure at B(2 m from top)

Pg = K3¥,Z =05 x 16.25'x 2 = 16.25 kN/m2
Lateral earth pressure at C (5 m from top)

Po= KXYy X2+ kyxyx3

= 0.5{16.25 x 2 + 10.12 x 3) = 31.43 kN/m?
Hydrostatic pressure at C (5 m from top) -
' Pw =¥, % 3=981x3 = 2943 KkN/m2
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_g 1625 kN’ __ 16.25 k/m
AN —\
N
‘ -~ N\
¢ -— S,
- o
3143 kNm’ 20.43 ¥NIm®

60.85 KN/m"

Fig. (a) Lateral earth pressure (b) Hydrostatic pressure () Total pressure
Total thrust,

P = Areaof lateral earth pressure dia. + Area of hydrostatic pressure dia.

1
= [%x16.25x2+%x(16..25+31.43)x3]+[§x29-43><3]

= 87.770 + 44.145 = 131.915kN/m

11.5 Active and Passive Earth Pressure
11.5.1 Active Earth Pressure

In active state where wall moves away from the backfill, the portion of the backfill that is |ust behind the
wall also moves alang with it, leaving the rest of soil mass

This portion of the backfill which moves along with the wall is termed as failure wedge
The movement of the wedge is being

resisted by the shear strength of the soil which
develops over the rupture surface upward direction ¢

that causes the decrease of pressure actmg on |%
the wall,

-

movement of the wall takes place upto anextent 4
when the entire shear strength of the soil is being
mobilized and the pressure acting on the wall

become minimum and is referred as aclive
pressure,

.

H B
.« .

[

4.

l' 1
‘I " N . = ":
o Ve e
This decrease in pressure with the i\
‘ [

AH _ 8
For active state strain vy x100] is

(i) 0.2% for dense soils
(i) 0.5% for loose solls

Fig. 11,10

11.5.2 Passive Earth Pressure

On the other hand, when wall moves towards the soll, a block of soll has tendency to move up and mslde
towards the fill. Hence shear resistance setup against the wall and resulting into increase in pressure at rest
condition,
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11.7 Various Cases of Earth Pressure in Cohesionless Soil

/
friction 35°. The surface is level with the top of wall. The unit weight of the top 3 m of the fill is 1.6 t/md
and that of the rest is 2.0 t/m®. Find the magnitude and point of application of resultant active thrust.

Dry or Moist Backfili
* Active earth pressure per unit length of wall
Py = K2
AtpointA(z=0), p, =0
Alpoint B(z=H) p, = kyH
Total active thrust per unit length of wall

Py = %x(k‘,'yz)me T 2
- ;
'&‘ = _2_ B.YHZ
¢ Similarly, Passive earth pressure per unit ¥

length of wall P, , P,
- p,= kpyz : !_;_
AtpointA 2=0 p,=0 i IR
Atpoint B,z=H p,=kyH Y fa— kg YH = fe—kpyH —f

Total passive thrust per unit length of wall - Fig.11.16

P

1 - 1 ~
P, = Ex(kpyz)xHﬂ = -é-kp'sz

, u :
* Line of action of total thrust (both p, and p,) pass through 3 height from the base of wall.

LZETREER A retaining wall 10 m high retain a cohesionless soll with an angle of internal

Solution:
A A
7 TRRS
T c=0
= 35
am ¢ . P,
B 1|=1.6!Im E
T c=0 8
6=135
3
7m 72'2.0Vrn H;T -‘-—Pz
- o P,
A T ’
2 73 .
L e !
Cl——gte—— 379UM’ ~—eiD
13Um

Coefficient of active earth pressure,

_ 1-sin¢® _ 1-sin35°

= = —— =0.271
® {+sing®  1+8in35°

Active pressure at 8, 3 m below the top of wall
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I oA

i pl= .'11H|=0.271x1.6x3=1.3l/m2 -
Active pressure at C, 10 m below the top of wall

P, = K0, = k(y, X347, x7)
=20271x(1.6x3+20x7)=13+3.79

= 5,09 Ym?
’ Point of Application _ TPH,
SNo. Thrust of thrust {H) from P H; H= —fl-’-,
base of wall L .
Peltxiaxsxt | g 3
1. FgXiaxox Ay=T+3=8m =105%8
=1.95 Vm =158
P=13x7x1 7 oaxas | A=l22
: Chal x7Tx g..7_ =04x3 —24‘33
2 =9.1Um Hy=3=35m =3185 «322m
1
Pa==x3.79%x7x1 7 =13,28x 233
3. 372 Ry=3=233m =364
=13.265 Vm
ZP[ =24.33 S ZP,F?, =78.39 A=322m

Hence, the resultant active thrust of 24.33 t/m acts on the wall at 3.22 m above its base.
2, Submerged Backfill |

For submerged cohesionless backfill, the lateral active pressure at any depth can be split into two viz.
one due to soil grain and other due to hydrostatic water.

Pa= Py g+ Py
= KYZ+ 7,2

H . .

P, P
A

B + kyH b beyH - | kyH steyoH
Fig. 11.17
¢ AtpaintA (z=0) p, = ky'z=0, Pp = %,2=0
At point B(z = H), p, = ky'H, p, =y H

¢ For total active thrust per unit length of wall,

1 . 1,
P, = -z-xkanyHﬂ:EkayH?
by HxHx 1= Ly H2
Fp = gXNAxAXi=2y, .
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2 Total active thrust, Po= R+R= lk,y’Hz + %YWHZ
. Slmalarly. total passive thruslt per unit length of wall

P, = P1+P2---kp'y’H2+ dyH?

H .
+ Line of action of total thrust (both P, and P,) pass through 3 height from the base of wall,

T R R T Ry

Example 11.4 A retaining vertical wall 5 m high, retaining a sand of unit weight 17 kN/m?3
for which @ = 35°, the surface of the sand is horizontal and the water table is below the bottom of wall.
Determine the percentage change in the active thrust on wall, if water table rises to ground level. The
saturated unit welght of sand i 20 kN/m?. | ' '

Solution:

Coefficient of active pressure, : N
1-sin¢ _ 1-sin35° _

a~ 1+sing 1+sin35° 211

5 m .“l * .:.“
Yoot 2 '?O kNIm

B mekgHe L kkyH e Rr H e H e
(a) Casa - .. (Casedt

R N

Case-l:Pressure at bass of wall,
p, = k.0, = k;yH
= 0.271 x 17 x 5 = 23.035 kN/m?

Thrust, P, = ?12- S yHxH ><1=-;- YH
- %x0.271x17x52 = 57.58 kN/m
Case-li:
pz = pE+ pw
= KyYH+y H
1 ,
and thrust, P,= -2-x(k,,y H+y,H)xHx1

LI 1
= E aY Hz*“é‘TWHz
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Here, ¥ = Submerged unit weight
. = Yy~ Y, = 20-9.81=10.19 kN/m3

2,1 2
P, = -2-x0.271><10.19x5 +2><9‘81x5

= 34.52 + 122.63 = 157.15 kN/m

AP = PzP P 100 = 15_7_15§7_sg_1_5§. %100 = 172.92% (increased)
1

3. Backfill Subjected to Uniform Surcharge

!_HHHHH*H-H*

.
.:ll . ov ll.-. !I 4 o'.
s 84+ o0 L Ld ac LI t.
A . 5. %0 Ve Ve te

.
‘,!. LISLLIY L

I..'I woes

L]
. *

Fig. 11.17

The vertical stress at any depth Zcan be split mto two viz. one due to son gram and other due to uniform
surcharge

, . U-YZ“? -
Let Pz = Active earth pressure due to sonl gra:ns Ty . " ;
Pa, = Active earth pressure due to uniform surcharge ™"« mua- T e e

Active pressure at any depth z from top,
p&= kacv"— ka (Yz+ q)

= 3Yz+ kaq = pa| +p32

s AtpointA(z=0) Py =
Pa, = k,q
and p,=0+kqg=kgq
s Atpoint B(z=H) Pay = kyH
Pa, = k,q
and p, = kyH+ kg
e Active thrusts, P&,1 = % aTHz
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=
"

g— from base

Peu“k

a

qH

%{ form base

Total active thrust, P = P P

=
]

* The point of application of total thrust,

Pa,H1+PAZH2 - ZPS‘H]
.P& +Fy, ZPQ

/

A retaining wall 10 m high, has a smooth vertical back. The backfill has a
~ horizontal surface in Ievel with the top of the wall, There is a uniformly distributed surcharge of 63 kN/m?
intensity over the backfill, The unit weight of backfill soil is 17 kN/m? with angle of shearing resistance,
¢ of 35° and cohesion Is zero. Determlne the magnitude and point of application of active pressure per
meter length of wall. : :

Solution:
Coefficient of active earth pressure,

1- sm¢ 1-sin35°

14sing ~ 1+sin35° =0.271

k .

Active pressure diagram:

* 83 KN/ ‘ TR T meerir e

uumum =

0-35" oo SN A UEOE DS s S

1-17RNIm

= e~k =

(a) (b
Effact of Effect of
surcharga  aoll graln

l. Effective of soll grains
| Pay = k;yz
A? point A(z=0), Ps, =0
At point B (2= 10m), Pa =0.271x 17 x 10 = 46.07 kN/m?
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Total thrust contribution,

Pay = 3% 460710 1= 230.35 kNim

Point of application of Pa| is at g— = léqm from ba_se.

ll.  Effect of uniform surcharge:

Pz, = k,q=0.271x63=17.07 kN/m2 (constant)
Total thrust contribution,

Fa, = 17.07 x 10 x 1 = 170.70 kN/m
Point of apphcanon of Paz is at -g- =5m from base

Total thrust on wau I p : Py +Po, = 230 35+ 170 70 401 05 kN/m
Point of application of total thrust . .
: 10
~ 230. 35x-—-+170 70x5
= A H’ +h, Hz =— 3 = 4.04 m from bage
, P51 +P AT ‘ ,;} . 401-0'5 5 3 L -

Partially Submerged Backfill: S ST U TR RN,

_]_ A i .

H, P.1
c i} g .
H|
ST |
. Pla ,Pl‘ £
+

e R A AR B e e G

s T i el eekyHate KHy o
Fig. l1.l’8

Now this situation can be analyses by assuming separate soil layers of depth H, and H,
For fist layer, ‘

S D Im‘m e
e N
- — g kM, b
_ B
Fig.11.1%
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At point C (z = H,) Pay, = v},
Total thrust contribution, Poy, = %X TwH X H x1= %yng
. . H,
Line of action of P, , H, = 3
® Netthrust on the wall, P = Pa1 +Pa2 "’Paa +P&4
. . ngi:‘l
* Line of action of total thrust, § = —=—
P,

Example 11.6

. Aretaining wall 6 m high supports earth with its face vertical. The earth is

coheslonless with particle specific gravity 2.69, angle of internal friction 35° and porosity 40.5%. The
surface is horizontal and level with the top of the wall Determine the earth thrust and its line of action
on the wall if the earth is water logged to level 2.5 m below the top surface. Neglect wall friction. Draw

the pressure diagrams.

l,.,.:é.. 2 s pind e

R e e

Solution: : g A
Given, H=6m,¢=35. AT T T ™o
Porosity, - n= 40.534», G =269 e s i i 1 25m *; =3§]
We know that, n= 1+e 1 |
n’_ 0405 . J
= = =0. asm ¥ =986 KN/m
8= T -=1-0.405 0681 i ':-.,' AERE -
Gy, _ 2.69x9.81 -
= 157kN
=% Tre S 140881 - . g [ [e }e
Sl (G+e) (2 69+0 681) 98 T
,Y i+e Y«f-»-1+0681 Y . ey
Y = Y~ Yw= 1967 - 981-—986kN/m3
1-sing _ 1-sin35° '
=0.271
= 1+sin¢g  1+sin35°
(i) Top soll layer AB: T A K SRR o Y
' Pey = K.Y 42 25m | . ’, . P,
AtpointA(z=0), P =0 LA .|'--1oe4-|
At point B(z=2.5m), Py =0271x157 %25
= 10.64 kN’m2 35m
Active thrust contribution 0
1
P,31 = -2—pa1x2.5x1 c o

= 13.3kN/m Fig.11.21
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Point of appilication of P, ,

= 25
H, = -—5—+3.5 m from base C
(i) Lower soil layer BC:
—3A
: q =Y,
r 3 ""'{10.64'"—
| y=csskum’
o H, P + +
_.iC 1 "
=1 10.64 l+- > 9.35 | 34.335 I~ ~110.64:+9.35+ 34,335 I
(a) (b) (c) A

effectof ~ effectof  effectof - - i nwtiis
surcharge  soilgrain -~ water +~

q =1
" Fig.11.22

(a) Effect of uniform surchai;ge: | ’ L
q=vyH, =157 x25=39.25 - oo il

Pa, = 0.271x 39.25 = 10.64 kN/m? (constant) - .
Thrust contribution, Pag = Pa, X 35=10.64x3.5=37.24 kN/m

Line of action of F,, Hp = =~ frombase C

(b) Effect of soil grain:, . . . s | o s
At point B(z-f Q), e ST

P Pa3=0271 S OBBXOL0 iR ERTRE

Atpoint C(z=3.5m),
Pay = 0.271x9.86x35=9.35

"y 1 ) :
Thrust contribution,  Fa 3% 9.35x 3.6 x1=16.36 kN/m

%éFrom base C

Line of action of P, Fs

'(¢) Effect of water:
Pa, =Y~

At point B (z = 0) Pay =0

Atpoint C(z=35), Pa, =981x35=343% kN/m?

L %35 1= 60.08 kNJ
Thrust contribution, P = 5% 347335 x 3.5 X ' m
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. , 3.5
Line of action of £, , Ay = =~ frombase C

3
Total thrust on wall, Py = Foy+Fy, +F, o

= 13.3 + 37.24 + 16.36 + 60.08
= 126.98 kN/m

Line of action of total thrust,
PmFl1 +P82H2 +P‘3H3 +P34H4
= P

a

133x[ 23 +35)+37.24x 32 +16.36x 32 + 60.08 x 32
3 2 3 3
2 . s+ 12688
- ; - 1.67 mfrombase e
Pressure diagram: =~ - .
A T S

t.* 1

S S . e
) <,;;,4,§!,_¢,\'y;,.,;i.@;.-«.: s R

1 25m

- C.o o s —+|10.64+ 9.35 fe—34.335 —»] PRI
Fig.11.23

i TR .y aRE Ty PR IOMRT g SN ity paeTRgmd g b
R S L SR P S ] f,:f._ STy BEFREE i SOt L §
roEs e 3 5 : S R ) = E vess

¢ v . VIRV

Example 11.7 Fé)r an earth retaining wall shown in figure below, skétch the earth pressure

m under active state and find total thrust per unit length of wall and its location.
14 kWm’

NI

1 4om Sand
¥ . s

el _g Yooy ® 15.7 kNI
: 3

Yoar = 19.8 kN/m
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Y = Yeat - Yw = 19.8 -9.81=9.99 kN/m®

14 kKN/m?
XERR] o 4.67 e

dml. P,
1 P,
] 467 9003
6 etedtot o) -
m ol effectaf te—p.
Sm soll grain s {Pad Ped
e 25,6 o '8\ 5088
(c) d (@ e t—ta——]
effect of effect of 256 19.98 58.86
s pa g, net uniform waler. i e
R surcharge effect of - e
. : goil gram T
. . Flg. Pressure dlagram
Top soil layer AB _ i N ne it
(i) Effectof uniform surcharge: T T ) R
g= 14 kNlm2 '

p;,l aq == x 14= 4.67 kNlm (Constant)

Thrust contribution, Paf: 467 x4=18BBKNIM e s

Line of action of FL'." H, =2+6=8mfombase
(li) Effect of soll grams M e o i

é
A et itk i es*-‘w f'eﬁ%- ﬁ»fg&we‘“&

Atpoint B(z=4m) P = 3x18.7x4= 2003 KJme -

-;-x20,93x4'= 41.86 KN/m

Thrustcontribution, P a

.~ 4
Line of action of F,, H, = -§+6 =7.33 m from base

Lower soil layer BC:
i) Effect of uniform surcharge
® o s 144 1M, = 144 157 x 4 = 768 KNIm2

1 . 2
Y= = 25.6 KN/m
Pay = Ka0' = 3 x 76.8 = 25.6 KN/m*® (constant)

Thrust contribution, ~ Fa, = 266x6= 153.6 kN/m

Line of action of Ps,, H; = 3mfrombase
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(il) Eftect of soil grains

. Pay = ky'z
At point B{z = 0), Pa =0

ALPOInt C(z=6m), Py = ~x9.99%6=19.98 KN/m?

3
Thrust contribution, Pa‘ = -;-x19.98 x 6 = 59.94 kN/m
Line of action Py, , A, = -g-- 2 m from base
(iil) Effect of water
At point B(z- 0). " _p;s = 0

e fome wlmwm{/wﬂa

At point C (z = Bm) - Pa _gme 5aaakN/m2

il.»ia-» Mﬁm&m.ﬁ-ﬁ

Thrust contnbuhon Pas = —;-x 58 86 XB 176 58 kN/m ‘
Line of action F;., H = -g =2m from base . 5
g M g e e e R e e 3 '.~.:«-_--:‘J-L:;-:L:_‘;-. DeEsel »es;:“"

The total thrust, - P, = Py +Fy +P +F,, '+P e
' é = 18.68 + 41 86+1536+5994+17658

2= 45066kN/m S s L

Line of action of total thrust, ot vty St i daline e VIR

: 8. 68x8+41 86x7 33+153 6x3+59 04 %2+ 176,58 % 2

[ s St il k- <Y ’3’ R PRI L SR EINS 450 66 g "'4'-: .; &\5
W

= 3.08m from base

Stratified backfill with different friction angles
Case-I: o> &
(i) Active pressure and thrust

A
T mc\ n.x\

. .H1 solll_._'__ .
1 : ‘1' .1 _..p" | kot e 5
v . . d

) * n‘.' . kl1YHi

. desirl—e = |
IR -_f: Lh - " Py L
] BTSRRI Y P ‘

b Koty stk el b kygyHy ~ste ke, b

Fig.11.24

WS VG B P e S e e =

.—-——,-r!
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Case-l: ¢,< ¢,
* Inthis case, ky >ky, and kp, < ko,
* Active pressure diagrams

d—-P"
‘-ﬁ = ‘-P.z
22
""'F'S ‘—P'S
| ket Kt Kt ‘."'z’f"’
_ " g 11.26 et
* Passive pressure diagrams '",“‘f o —

M
KpitH,
X P
o

Y MY R FO—
Poookdth | KMy Ry L
B S P R S W TR Fi9'1192’ A i

yleld sufficiently to develop active state. Use Rankine's active pressure theory and determine (a) active
force per metre of the wall and (b) the location ofthe_ resultant line of action.

y= 16 kN/m’

&=
¢, =0

You = 19 KN/M'
¢, = 35° 3m
Go=0

TRES 7RRY
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Solution:
ko 1-sing; _ 1—-si_n30° 1
& = {iging, 1+sin30° 3
k _1 sing, _1- §in35° _ 4 071
% = 1+sing, 1+sin35° ,
Y = Yoo =Yy = 19-9.81=9.19 kN/m?
A -
3m| |
-q-P.' ‘—P.|
) " ) PEEC I "
1SRN [ Ly c ek
3m| .3 Y=919kNlm’ - A BN LN L
l_ 4 o “-P'i R NG O N i O PN 3
v__;;'_f".g" ; - : : - :‘ B R o} Haiaesihiiwt ] o ‘3 4
¢ Fe—30.24 —+=17.37+1 —2043—1 h—3024—-+-1737~1 he-29.43—
v @ 0 @ e T :
L % effectof  effectof effect of
i = surcharge sol grain porewater
Top soil layer AB; - . i

- Py = KaSy -_-ka‘yz_;

AtpointA(z=0). Py =0

At point B(z=3m), __ _Pa = % x18x3 = 16 KN/’

1» i R
Thrust contribution, Py’ = 5X18x3x1=24 kN/m*

N .
SR AR AN WD S SRR WL 3 s Sy LN EY
3 ¥ B Yei5 31 RS

Line of action of Fy,, A, = 3t 3=4m from base

Lower soil layer BC:
(i) Effect of uniform surcharge due to top layer:
q = yH, = 16 x 3 = 48 KN/m?

Pa, = Ka,q=0.271x48 = 13,008 kN/m® (constant)

Thrustcontribution,  Fa, = 13.008 x 3 = 39,024 kN/m

Line of action of Py, H, = §Z-= 1.5m from base
{ii) Effect of soll grains
' Py = kﬂzcv = kag'Y'Z
Atpoint B(z=0),  Pxy =0
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Atpoint C(z=3m), Pg = 0.271 x 9.19 x 3 = 7.47 kN/m,

Thrust contribution, Py -;-x 7.47x3=11,20 kN/m

it

Line of actionof Py, A = §=1m from base
(iii) Effect of pore water
Pay =12

Atpoint B(z=0), Py =0
Atpoint C(z=3m), P =9.81x3=29.43kN/m?

Thrust contribution, P,

%x 29.43x3 = 44.14 kKNfm

LineofactionPy,, A, = %: im froni base
Total active thrust per unitlength of wall, = = <t
P,= Py +Fs, +Fy -;P& o
| = 24 +39.024 + 11.20 + 44.14

T = 118.37kN/m. .
Line of action of total thrust,
é_za&
Do aE 2P, »

R 4

. 24%x4+39.024x1.5+11.20x 1+ 44,14 x 1
X BERETTY _,
=1773mfrombase” -

£ PR
B W E e aeme L
R T -

For the retaining wall shown in figure below plot distribution of passive earth

R N

SR

R SR
£ dwa

l FRAN /?0(\3 AN\
¥= 17 KN/m

‘.| 3m &= 35°

¥ —¥
m Yo = 20 KN/m
$=25
N am You = 20 kNI
) -
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Solution:
Layer AB:
145in35° _ 9
P = {sin3s°
At point A(z = Q), Pp, =0 |
Atpoint B(z=3 m), pp| = 3.69 x 17 x 3 = 188.19 KN/m2
Thrust contribution, PpI = -;-x 188.19x 3 = 282.28 kN/m
Line of action of P, , F;, = -3--1»7 =8 m (from base)
Layer BC:
1+sin25° N
K. e —— o e o iR
Pz 1-sin25° 6 A

(i) Effect of uniform surcharge due to layer AB
q = tyH, = 17 x 3 = 51 KN/m?

ppz = Kp,q= 246x51 12546 kN!m

Thrust contribution, sz - 125.46 % 3 = 376.38 kN/m

3
Line of action of Fp, , Ffz = 5+4=55m from base

(i) Effect of soil grains :

At point B{z = 0) Ppa 0" e tmede L v 2

. L5 . f
3T LA TR .e,-:’;'“ 'z,_-:(‘.a.f Qﬁq K

Atpoint C(z=3m), Pp3—246x(20 9.81)x 3= ?520kN/m?"

. 1 .
Thrust contribution, Py, = 5% 75:20x3=112.8 kN/m

e Rl R A

3
Line of actionof Py, A = 5+4=5m frombase

(li) Effect of pore water
Pey = Y1,2
AtpointB(z=0), Pp =0
Atpoint C(z=3m), Pp, =9.81x3=2943

Thrustcontribution,  Fp,

1
-é-x 29.43x3 = 44,14 KkN/m

3
Line of actionof P, , A, = 3t 4=5m from base
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Layer CD:

' 1+ sin20°
ky, = — << -2
P = 1 sin2o° 2.04

(I) Effect of uniform surcharge due to layer AB and BC
q= Yih+yH,
=17x3+(20-9.81)x 3
= 81.57 kN/m?

Pps = Kp,q=2.04x81.57 = 166.40 kN/m? (constant)
Thrustcontribution,  F = 166.40 x 4 = 665.6 kN/m
Line of action of P, A = z=2mfrombase ' - v D
(il) Effect of soil grains T : .
pm = kpac,. kP.!YL;Z‘_ o MJ;«é PVEN YR
At point C(z:ﬂ o). » pm - o B N L T reten e qi:

At point D (z = 4 m), pm -204x(20 981)x4 83.15 kiNfm?

—3 S g e m < B e

1
Thrust contribution, Ppé_ = §x83 15><4 186 3 kN/rn

!
Line of action of F, . Hé = 5:1.33m frprp bagg

(lii) Effect of pore water

AtpointC(z= 0)

o

Atpoint D(z=4m), Pp, =081x4
= 39.24 kN/m?2

TR A
1 =17 kNim®
Thrust contribution, Fp, = '2‘><39-24"4 &  ¢=35° .
- T P‘
23.45 kN/m — TR
=20k
Line of actio of £, , H = 3 § 20 N %
= 133 miombase | |¢ *°% 28~ P
Total passive thrust on wall {12646 k- N 44144
£ Y, 20kNA® .
Fp = prl =. hd ¢=20° FS' -
= 282,28 + 376.38 + 112.8 + 44,14 b ) AT
= 1725.98 kN/m ri.2128
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Line of action of total thrust, A = )Y p'H'
Pl
_ 282.28x8+376.38x5. 6+ 112,85+ 44.14x 5+ 665.6x2+166.3x1.33+78.46x1.33
1725.98

= 3.92 mfrom base

6. Inclined back with horizontal backfill

In this case the total lateral pressure on animaginary
vertical surface passing through the heel of the wall is found T

and is combined vectorially with the weight of the soil wedge
between the imaginary face and the back of the wall, to gwe
the resultant thrust on the wall. T , H

* Let P, be the active or passive earth pressure on
imaginary vertical plane (A" 8) passing through
heel of the wall.

P = 'ék')‘Hz
where k = coefficient of earth pressure (kgor k)

* Resultant thrust on wall . N ‘
P= ,/Wz +P‘2 .
¢ Angle of resultant with horizontal, :

tana = -Vl

g

or (1 = tan [
AR TR T P1 N

;‘

where W= weight of the sonl wedge belween the Imagmary face and the back of wall.

7.  VerticalbackwithSlopingSurcharge ... 1 sf 2t lemmmal v am o

Rankine's theory for this case is based
on the assumption that a ‘conjugate’ relationship
exists between the vertical pressure and lateral
pressure on vertical plane within the soll adjacent
to a retaining wall.

The canjugate relationship direction of
one stress is parallel to the plane on which the
other acts.

H
H
The lateral pressure Is act 3 from base
and ls assumed to act parallel to the backfill
surface. A
o p,=kyHcosPandp,=kyHcos
1, .
« Thrust, Fa ?5357"’2 cosf  and _ _ rig.1130
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1
Fo=3 o 1H? cosp

|H=

~Jcos? B —cos?
e Where, K, = COsp ~+/cos®B-cos* ¢

cosP +4/cos? p—cos? ¢

. - coSP ++/cos? B - cos? §

? " cosp-ycos?p-cos?¢

* Line of action of thrust from base at an angle P with horizontal

T;t:l,;:;
w|X

8. Inclined back with sloping surcharge
Let P, be the active or passive earth pressure on imagmary vertical wall ( CB) passmg through heel of wall

-1-I<7H2 cosp ey

- ' 2 . : ) . _»‘ SIRIRCARI SR S /
; .k7= k ork _ ’ R ®) c
. | yoos? 2¢ . /f{’ﬂ(
COSﬁ— cos ﬁ CO0S A

-9
I

k = T
e COSﬂ.+\/C°32ﬁ—00522¢ S NG
; o ‘ P
’ 5 3 ) W /
. coth/cos p-cos¢ "
°- cosp - - Jcos?p - ccsch " A
¢ Horizontal component of thrust o - _él
F,.= PycosB | 1 S |
and vertical componentthrust S S et 8 .
f & W+ P smﬁ L e -.;-.ﬁg,",31

»  Resultant thrust on backofwall — s¥oafi mapn S Fonyy o

T & 3 oupdt

= /;:,2.,4:}, \[ P,cosﬁ +(W+P,cosﬂ)

¢ Line of action of resultant thrust,
wpsing - T3
P,cosB N

tan™* W) with the horizontal
P,cosf

from base at an angle o with the horizontal.

tana =

=]
[}

» {ocation of line of action, H=

wiX

17T RERLE A soil mass Is retained by a smooth Incline wall of 6.0 m height. The soll has
a bulk unit weight of 20 kN/m? and ¢ = 16°. The top of the soll Is leve! with the top of the wall and is
horizontal. If soil surface carries a uniformly distributed load of 4.5 kN/m?, determine the total active
thrust on the wall per meter of the wall and its point of application. .
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q-A.GIt.NIm'
NI

18%].

y= 20 kN’
o= 16°

fe———— H=6m ———f

Solution:
Total active thrust on imaglnary vertical wall (BC)

1-sing _1- .5in16° 0,568
1+sln¢ 1+sin16° O
S— ST
H ..:;, "-;PH
. --*p‘z
8
= "L

Tl kg e KH 4
(1). Effect of uniform surcharge AT
S Pu = kge0568 x 45 = 256 kNm? (qqgstgnt:)_';’i

fhrust contrlbutlon.m.w,P,,;, 2.256x 6= 15.?6 kNlm

6
Line of action of B, Ay = 5=3m frombass

(i), Effect of soll grains
Py = ko, = kyz

Atpoint C{z=0) Py = 0
At point B (z = 6 m), Py = 0668 x 20 x 6 = 68.18 kN/m?2

1
Thrust contribution, P, = 5x68.16x8=204.48 kN/m? |

: 8
Line of action of P, A, =3 =2m from base
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Total active thrust on imaginary vertical wall (C8),

Fi=F+F,
A c
_ TR AN
= 15.36 + 204.48 el
. = 219.84 kN/m HE\ - W = ME.97IkNIm
Line of action of P, ' S
_ R = 249.02 kN/m
2PH; S ws
A = &= ém L 28.01°
Y P iz ._T__P, = 219.84 kN/m
_ 15.36X3+204.48x2 sl 208m
- 219.84 g 1
=207m 4 8

Weight of soil within wedge ABC,

W= %xACxCBMxy=£—x6tan18°x6x1_><20 _

= 11697kKNmM . . .. 7
Resultant thrust on wall

Py= JPZ+ W2 = J(21934 ) +(116.97)°

: = 249.02 kN/m?
Angle of inclination of total thrust,

AN _1(116.97)~ .
a-;i.tan (R)-tan 51964 = 28.01

11.8 Active and Passive E_arth Pressure in Cohesive Soils

Cohesive soils are dartialiy self-supporting. Pressure exerted by these soils on the retaining structure in
active state is comparatively less than the cohesionless soil but the pressure exerted by these soils in passive
state is comparatively more than the cohesionliess soils.

Originally, the Rankine's theory considered the case of only cohesionless soil but this theory been extended
by Bell to cover the case of C-¢ backfill.

Consider a retaining wall of height H with a smooth vertical back, retaining a cohesive backiill.

The relationship between the major principal stress o, and minor principal stress g, at failure (Plastic
equilibrium) can be expressed in the form

o (1+sin¢~]+2c 1+sing

% = %\ 1=sne Y1-sing i)

11.8.1 Active State

In active state, lateral stress g, reduces to its minimum value i.e., p, while the vertical stress o, remains
unchanged.

Since, % > G,
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Hence, G, = G, =12
and - oa = o'h = pa
Substituting the values of ¢, and 6, in eq,. (i), we get

_ 1+5in¢

o, = Op ('—-—1 = Sin¢)+ 2c
1+8in¢

== A {ane )2

1-sing
Pa = (1+simp]yz"2c

Onrearranging,

p,= kayz-20k,
At point A (Z‘: O)' . pﬂ - -20@ _ .
At point B (z = H), p, = k,yH-zka—,'

1+sin¢
1-sing

14 sind
1-sing

1-sin¢g
1+sind

..k =_1.:.SM
"8 T 14 8ing

P TR am et

Negative pressure in cohesive soils in active state at top indicates that these soils are in the state of
tension and these tensile stresses gradually reduces to zero at some depth z, below the ground surtace.

' p,=0, -

2k, = k¥Zg

_ 2c
Zo-mr: L

For pure clays, . .. $=0 _

Hence ' L k=1
X
Zg=y

- when k,yz, —2¢c\Jk, =0

It is also clear that the net active thrust is zero
for a depth equal to 22, Thus, itimplied that inacohesive
soil, a vertical cut can be made upto a depth of 2z,
without providing any lateral support. This depth of 2z,
is referred as critical depth of unsupported cut.

2K,

4c
= 22y =
H, 0 1ok, :
4c ¢] - e .W"ZOK""
=~ —tan| 45°+—
- (g s
For pure cohesive soils (¢ = 0) Fig.11.32
4
CHo= ¥
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¢ = 30 KN/m2 and ¢ = 10°.

‘Example 11.11

An unsupported excavation Is to be made In a clay layer. If ¥, = 18 KN/,

(a) Calculate the depth of tension cracks;
(b) Calculate the maximum possibie unsupported depth; and
(c) Draw the active pressure distribution diagram.

Solution:
(a) Depth of tension cracks is given by

2c 1-sing _1-sin10° _ 0.826 =0.704
R Where Ka =1 sing ~ Tesini0® 1174
Y = Y= 18 kN/m? 50.34 kNim'
2x30 7N Tension

e W =3.973m . 4‘/

(b) The safe depth of unsupported excavation in clay is givenby

220 :
= —-,—_.— where F Is factor of safety 3 é\ Comp.

& Max. depth of unsupported excavation = 2z, (i.e., when F= 1) _—‘:“:’{

= 2x3973=795m o ‘ 50.34 kKN/m*
(¢) Compute maximum active pressure (—ve at top) Active pressure diagram
2cx JK

= 2x30x0.704
50.34 kN/m?

The active pressure diagram along the unsupported maximum, depth is shown in figure.

795 m

|

11.8.2 Total active pressure per unit length of wall

{a) When tenslon cracks do not develop

* Inthis case, for top z, depth, soll will remain just to the contact of wall Hence net thrust contribution

of depth 2z, will be zero.

=

MBI

H-22,
| y
8 b o |-
Kk, yH ~2c,k, KtH -2c.Jk,
Nat Prassure

Fig.11.33
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P, = -;—(ab+cd)x(H-220)x1

= %[Zc‘ﬂ?;+k,7H -Zcﬁ'r:] x(H=2z,)

1 4c 1
e =k yH|H—~— e —KyH: —2¢cH Jk
2 ‘Y [ Y ;k‘] 2 IV (]

Line of action of P, g = (Cd + 23b) H-2z,
* cd+ab 3

H=-22
3 - from base

[ tH-2c [k, +4cfk, }
kgtH - 2c [k, +20\Jky

Above results can_be found by using integration

P, = .[:Paxazx‘ = J (k “YH ZCJ_)
. ) zz H ’ H
a7 | -efaldh

_;. JH? - 2cH kg,

(b) When tension cracks develops:

.

“wall upto z, Hence wall will be free from any

In this case, soil will not be in conloﬁfwith the

thrust due to negative pressure developed in soil _‘
within Z,. The resultant active thrust will be due
to remaining (H - Z,) depth of soil. -

P‘ = E(kaYH-ZCJE)X(H-Zo) P,
n (k,yH 2k, )% [H--—- kot =20k,
I N
Fig. 11.34

- %[k,sz —2cH K, -2k H+ 3%

-
~n
LS

1, . K c?
2 a¥ v

Llne of action of P,

A= H; from base
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Above results can be found by using integration

P j;padeth:(kayz-Zcﬁ(:)dz

a

k,y[%z-r ~2cyk, [2];,

1 1
gkt - ol -2k, H+ 20 k2,

1 1 4¢2 2
3 S YH? _EYW—chEH+2cJE
]

2
= Ay -2cfign-2¢2, 48
2 ¥
2
= -;- 37H2—2c,[k:'H+g$—

WAt e

C

vWke

Rt £

NOTE: In general, in calculating the total active thrust on the wall, the tension zone is usually ignored and only
‘he area of the pressure distribution between the depth Z,and His considered.

L4

o
¢ =0 and y= 18 kN/m2. Determine ~

() The depth at which active earth pressure is zero.
(i) Depth of tension crack :
(iii) Depth at which total active thrust is zero
(iv) Plot of active pressure distribution = = .. = . LT
(v) Total active thrust per unit length of wall when tension cracks not developed.
Solution:
1-sing _1-0 _ 2c\fk, = 2¢
27 1ising 140 T = n—

A smooth vertical wall 4 m retains cohesive soil backfill with ¢ = 10 kKN/m2,

() The active pressure at any depth zfrom
surface is given by

L B

Pa = 372“20\/;: H=4m
For p, to be zero
K,yz—2cJk, =0 i
) 2cfky  2¢ ]
B 1K, 7\/’?8-

T TR Poe v e Bem e dpen Sve N 8
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2
= x10 = 1.11m Irom surface
. 18x1
(i) Depth of tension cracks

2t 2x10
= —_——1. f rlace
Zy = W T 1.11m fromsu

(iiiy Net active thrust will be zero upto a depth of 2%,

4c  4Ax10
H. = = e = ——— = 2,22 m from surface
e= 2 1Jky 18x1 222

(iv) Active pressure diagram

kyz - ZCJF:

Al point A (2 = 0),

P, = -2¢Jk, = ~2x10x1= ~20 kN/m?
At point B (z= 4 m),

Py= 1x18x4-2x 10 1=52kN/m?
Position of zero pressure, -

% 2x10
R Twas

Active pressure diagram is shown in ﬂgure
(v) Pressure at 2z,from surface

Py = kayx222- N ._
= 1x18x222 2x10x1
= 0MN? o et e g
Total active thrust,. = e .. oo .o ci roicee T il B i

= -;:(2o+ 52)x(4-2x1.11) = 64.08 kN/m
Line of action of total active thrust,

[52+2x ZO]X(H-Zzo)

52+20 3
52+2x20] (4-2x1.11)
= [ T390 ]x 3 =0.758 m from base

(2ELITPEERER A5 mhigh smaoth retaining wall with vertical face.retains a cohesive backfil
having ¢ = 30 kN/m?, y = 18 kN/m? and ¢ = 20°, Calculate the depth of tension crack and the total active
thrust, assuming the tension cracks has fully developed. The backfill surface Is hotizontal
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Solution; x ‘r_._.'ff_._____..’ 2w
Given: ¢ = 30 kN/m? .

Y= 18 kN/m? i‘

¢ =

1 smqs 1-8in20°
1+snn¢ 1+ sin20°

Aclive pressure at any depth z below soil surface is given by

=0.49 5m

Py = Ky0, ~ 2CJE: =keyz - 23\/‘;; 1 i
- B |
AtpointA(z=0), p,= -2c/k; = -2x30x0.49 = —42 kN/m? 24 ket

A_l Point B(z=6m), p,= 0,49%18x5~2x30xy0.43 = 2.1 kKN/m?
Since active pressure change sign, hence there must be a point of zero pressure

Ke¥Zo~2c\k, =0

_ 2c _ 2x30
2, = JT TN YT 476mfromtop

() Depth of tension crack

2c
Z. = -476mfromto
o ‘Y‘/F,; P

(i) Total active thrust, when tansion cracks has been fully developed

Py= Zx2.1x(H-z)x1 |

= x2Ax(5-476)x1 = 0252kNM

(c) Backfill subjected to uniform surcharge ™.

L =

------

MMM

*)

[ e I =
L)

A
Effect of uniform surcharge - Effectof c-9 so
Fig. 11.35
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' We know active pressure at any depth 'z below top is given by

= k,0, —ZGJ—

where o = vertical stress at a depth 4

={q+¥2)
- : Pa= Ki(@+12)- 20\kq
= kq+ (k2= 2cyky )
= Po,+Ps,
where, Pa, = Active pressure due to uniform surchargev

Ps, = Active pressure due to c-¢ soil
in 5a,seof uniform surcharge, tension crack may or may not be develop. It will depend upon the magnitude of g,

- A retaining wall with a smooth vertical back face has to retain a backfill of
c$soiluptoSm above the ground level. The surfaca of the backfill is honzontal and it has following
properties. T : ;

v = 18 kN/m?, cohesion = 15 kN!rn"’ $= 12" ) .

(a) Plot the distribution of the active prassure on the wall I

(b)  Determine the depth of tension cracks zong, -« esuimiei=

(c) Determine the magnitude and point of application of the active thrust.

(d) Determine the intensity of a fictitious uniform surcharge which is placed over the backfill
which can prevent the formation of tension cracks. ) %

(e) Compute the resultant active thrust after placing the surcharge

Solution:

A CTESCe Ygile 0 ”1:

duess ?ék A 1 s:nq: *1-s:n12° ":*“ :
&

PEn N S

= 0.656 -
(a) Active pressure at any distance z below top,

Py = ks1Z-2c K,

Atz=0, Pa= 0-2x15x J0.656
-24.29 kN/m?

0.656x18x5-2x15x v0.656
= 34.71 kN/m"’

2¢ __ 2x15
" vk, 180656

= 2.06m

Atz=5m, P,

TR B . B ———
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24.29 kg

T t
-}
Z;=206m

-------------------

T *)

34.71 KNm?
(b) Depth of tension cracks,

=206 m

TJ_

(c) Total active thrust, ignoring tension zone

| STt SEE-

P, = %x 34.71% 2.94 x 1= 51.024 kN/m

Line of action of P,, H= H;z° = 32-4—- 0.98m

(d) Lel ‘g be the fictitious surcharge. after application of surcharge pressure is given as
= k.0, - Zc,f_ )
= ka (Q"‘YZ) —20‘[:

Atz=0, P, = kq-2ck,
For no tension at top,

o Pa= k- 2c\/_-o'f" B
2"\/- 2 2x15
Y === =37.04
; N o it
(e) P,= §x34.71x2.94x1+k,q><H

= 51.024 + 0.656 x 37.04 x5
= 172474 kKN/m

NFESPRIRI® A 5 m high vertical wall .y S
supports a saturated cohesive soil (¢ = 0) with horizontal ' ¢=17 kNS
backfill, the top 3 m backfill has unit welght of 17 kNfm® 3m ¢ = 16 K2
and cohasion of 15 kN/m2. The bulk unit weight and s | y =0
cohesion of the lower backfill of 2 m is 19.2 kN/m? and ] Ry
22.5 kN/m?2 respectively. If tension cracks developed then am ¢ = 226 kNI
what would be the total active thruston the wall, Also draw e ] =0

the pressure distribution diagram.
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Solution:
Top soll layer AB;
k 1"‘S|n¢t 1-—0 _1
4 = TR TR
' 1+sing, 140
Py = kg12 =200k
At point A (z=0), Pay = 1x17x0-2x 1541 = -30 kN/m?

Atpoint B(z=3m), Py = 1x17x3=2x 151 =21kN/m?

2c _ 2x15

Depth of tension cracks, =176 m
P » zo . q 17 X J-
. 1
Thrust contribution, Pa =3 1xaix (Hy - Zo) X1= 'é"‘ 21X (‘??“LZP)M
wufa‘xmﬂ@a’ﬁ%
= 13.02 kN/m
Line of action of Py, - F]1 = (3‘-;'76]+ 2=2.41m from base
Bottom soil lower BC: ‘ | %%m%%“ i -

. _ 1-sing, 1- sinQ® _
%2 = 1+sing, 1+sin0°

(i) Effect of uniform surcharge due to top soil layer AB-- compBila bt
.. a= 7|H1-17x3 51_|»<r~u'm2

E

- _Paz;.:. 2 0=1%51= 51kN/m® (constant) it

Thrust contribution; ™= Fay"= 51x 2= 102 kN/m' RSP haks o

Line of actionof Fa,, H, = -§-= 1m from base
(i) Effsct of soil grain of soll mass:
= Key¥2-2CfKsy

Atpoint B(z=0),  Pa = 0-20,fk, =-2x22.61=—45 kNim’

Atpoint C(z=2m), Pg = 1x19.2x2-2x22.5x 1= -6.6 kN/m?

45+6.6
Thrustcontribution,  Fay- —-(-——é———l x2=-51.6 kN/m

66+2x45) 2
Line of actionof P, Hy = (m—)x§=1-24 m from base
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Total thrust per unit length of wall,
P, = Fa +Py +FPy

= 13.02 + 102 - 51.6

= 63.42 KN/m
Line of action of total thrust,

g - ZPuA,_13.02x2414102x1-516x1.24 _ 4 o0 0
qu 63.42

30 kNm? 30 kN/m?
- N————

V/A
/ . -— P, '

%a j}q TR o G
7

[ 21—+ \
21 kN/n? : N
S + i ‘\\\
Poy ) * ) N
\\\
c N
b 102 KN/m? —s{ . 6""‘W P L —— g

g, e,

RUNTIRERTR A retaining wall 4 m high with & smooth vertical back is pushed against &
soil mass having ¢ = 20 kN/m? and ¢ = 20° and ¥ = 19.2 kN/m3, Using Rankine's theory compute total

pressure and the point of application of resultant thrust; If horizontal soll surface carries a uniform
surcharge of 60 kN/m2, < -2 7:0s ¢ L S Tt T

. 5 e . =
R R R T e B R L S P
Solution: S

_ 14sing _ 1+sin20° _
T 1-sing  1-8in20°
(i) Effect of uniform surcharge

%

2.04

Py = k,q =2.04%60 = 122.4 KN/m? (constant)
Passive thrust contribution,

PPI = 122.4 x 4 = 489.6 kN/m

4
Line of actionof P, A, = 5 =2m from base

(ii) Effect of c-¢ soll mass
(a) Due to ¢-component of soll

ppz = kp'fz
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ALPOINtA(z=0), Py, =0

At point B(z = 4m),

Pp, = 2.04 x 19.2 x 4 = 156,67 KN/m? _

Thrustcontrioution, P, = ~x156.67x4 = 31334 KN/

Line of action of Fp,, R, % From base

(b) Duse to c-component of soll,
= 20,Jk, =2x20x2.04 =567.13 kN/m? (constant)
Thrustcontribution,  Fp, = 57.13 x 4 = 228.52 kN/m

Line of action of P, , Ay = % =2 m from base

A ! |¢179 13-|
+ + -.—Pp‘ ™
‘—P‘”a P %
B ' 1224 15667 51713 | 3358 -
Total passive thrust per unitlengthof wall, «... v v mm s sz
p Fo, +Fp, + Py
- 7 -48960+31334+22852
o = 1031.46KNm
AT WY, Sl e e # e s ;e ER ’2 T
A ZP 439 8024313, 34x(3)+228.52x2
. . P _ L
Lineofactionof P, A Z 103146

= 1,78 m from base

11.9. Coulomb’s Wedge Theory

Coulomb’'s theory of earth pressure involves the consideration of a sliding wedge which tends to break
away from the rest of the backfill upon wall movement. When the wall moves outward, the sliding wedge moves

downwards and outwards; the sliding wedge moves upward and inwards when the wall is pushed toward the
backfill.

Assumptions:

1. Soil is homogeneous, isotropic, semi-infinite, dry, elastic and cohesionless.

5. The face of the wall is contact with the backfill is vertical and inclined and rough. '
3. The failure wedge acts as arigid body and the stresses acting over it are uniform.
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4. Failure is two dimensional, failure surface is planer and passes through the heel of the wall.

5. Point of application and line of action of the resultant thrust between the wall and soil is known.

o InRankine's theory, elemental failure is considered whereas is Coulomb's theory, wedge _
failure is considered. . ' '

o In Rankine's theory, the face of the wall in contact with the backfill is considered to be
smooth and vertical whereas in Coulomb's theary, itis considered to be vertical or inclined
andrough. ‘

o InCoulomb’s theory, the failure surface in passive state is considered planar but in actual
itis circular. Hence, this theory is generally no suitable for passive state conditions.

o The main deficiency in Coulomb's theory is that in general it does not satisfy the static .
equilibrium conditions that occurs in nature.

i

o e A S R T e B e B

Tt i

11.9.1 Active State

Failure plana

----------------------

fsd'-(e-rm

8 = Angle made by inclined face of wall with vertical

8 = Angle of friction between soil and wall

A = Angle made by failure plane with the horizontal

¢ = Frictional angle of the soil

B = Surcharge angle ‘

In this theory, equifibrium of failure wedge ABC Is considered under three forces.
() Seli-weight of the wedge ABC acting vertically downward.

(ii) Resultant thrust between the wall and soif acting at a downward angle of § with the normal to the
inclined face of the wall, : :

(i) Resultant reaction R, between the two portions of the soll mass on either side of the failure plane
acting at a downward angle of ¢ with the normal to failure plane.
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Active earth pressure,
1

p‘ = -2- ¢YH2
p 2
| K, = secﬂcosé: —e; =
sin{d+ ¢)sin{¢ -
L,fcos(6+6)+“/ cos(B—0)
p=0°06=0"andb=¢
, 2
K = 1.cos¢ ____cos¢
a = : : = ¥ [SNo. Type Value of §
k,/cosq;.{..JSl_na_’ﬁn_g . (1+\[§S|n¢’) v
1 1, | For smooth wall 3
Line of action is at an angle § with normal to inclined face of the »
wall, ‘ 2. | Ordinary cetainingwall{
The wall friction angle § depends on the type of backfill and the < | Righ wets g:;

type of wall. .

N et i g e

oM TRYE A 5 m high retaining wall has a granular soll backfill with a level top. The
retaining face makes an angle of 85° with the base. Soil parametersy, $ and §are 16 kN/mS, 35° and 10°
respectively, Calculate active thrust per unit iength of wall by using Coulomb's method.

Solution: . A
in AABC, O T . i
0 = 180-(90+85%)=5° - . g
Here, p=005=10°¢=30° . T
4 S L 2;; s ;s.s,m
sec8cos(¢-6) T
k, = [sin(3 +8)sin($ - B) SN
cos(8+0)+ el e
St == ——
( 2 o
_ sec5°cos(35° - 5°) _ sec5°cos30°
: sin(10° +35°)sin(35° ~0°) : Jsin45°sin35°
,/ 5°+10°) + cos13° + o
| cos( ) J cos(0° - 5°) cosb

1.0038 % 0.8660 2
= (.09828+0.6380) =(0536)" = 0.268

A
Active thrust.F= 3 S1H

= %x0.288x16x52 = 57.8 kN/m

A, T S S—— S — o — "
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Example 11 19

An anchored sheet pile is to T : W"‘—"mv
support & mass of cohesionless soil up to a height of 6 m . -__ ;
above ground level with horizontal anchor ties spaced at ; 205
1 minterval and located at 1.0 m below ground surface. If ém % _31)
the unit weight of the soil is 21 kN/m® and its angle of internal :
friction is 30°, determine the minimum depth of the sheet » ¢ P, +
pile for stability. : T—rm 7R | (E:_g)
d Pr _ T&a i
Solution: 1 ;3
1 -sin30° 1 .
1+sun30° 5 -
- .
k = T{—_: 3

=L 3 .-(x««. *i',.h.a'

Py —-k,y(H-i-d) -%x;x21x(6+a‘) -35(6+d)

v P = —k 'yd --2-><3x21><d2 =31 5d2 __
Taking moment about tie rodie aboutE _ »

oo fooadoe

i
Mé:.» e

Awlidml g oyell

3.5(6+d) [———12+§d 3] 3t 5d2[15;2d] ;
£ . _‘g e

©+ a)2(9+2d) - 315d g za)

e AR «035, ,.ez‘,,{!

(6+ d2(9 4+ 20) = 9P (15 + 2d) '
By solving hit and trial, we get

d=23m

‘ @ ? Illustrative Examples |

Eﬁ GOl A verticalwallH = 7.5 m is having cohesionless soll at the back having

Yt = 22.5 KN/m?, ¢ = 35°. The water table behind the wall is at 3.0 m below top. The top 3 m soil is also
saturated due to capillary moisture. Find the total thrust and point of application.

Solution:

k = L8NG _1-sin35e 04264 _
1+sing 1+ sin35° . 15736

=0.271
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Soil Layer-1: o s
Pay = k¥pZ

Al point A(z = 0), Py =0

Atpoint B(z=3m), Py = 0271x225x3=1829KNm*

Active thrust contribution, Pa‘ = %x 18.29% 3 = 27.44 kKN/m

Line of action of Fy. * - = -g—+ 4.5=5.5 m from base

NOTE: Tension due to capillary potential may be neglected as it does not play any role in development of

cracks in soil .4 .
SOI| Layer-ll v e s
(1) Effect of uniform surcharge due to top Iayar

Pa, = k,g=02T1xYx3=0271x225x3=18.29 kN/m? (constant)

Active thrust contribution, P, = 18.29 x 4.5 = 82.30 kN/m

4.5

Line of action of Fa, , A, = T 225 m from base
(iii) Effect of sub}nerged soil mass
| Pay = kY2
At pointVB(z =0), ) Pay =0
At point O(z = 4.5 m) Pg, = 0.271x(225-981)x 4.5 = 1548 kNlmai
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Active thrust contirbution, P,a = -;-x 15.48x 4,5 = 34.83 kN/m

Line of action P, , F’a = %ﬁ = 1.5 m from base

(iii) Effect of hydrostatic pressure
Pay =2
At point B8 (z = 0), Pa, =0

Atpoint C(z=45m), Pay =981x45=4415kNm?

1}

Thustcontibution, P, %x44.1§x4.5; 9934 kN/m

- AT Fon B T E

.

Line of action of P, , Ay = 5§§= 1.5 m from base
Total active thrust.; }; PB = Pal +P52 +P&3 +Pa4

= 27.44 + 82.30 + 34.83 + 99.34
= 243.91 kN/m

_ 27.44%x5.5482.30%2.25+34.83%x1.5+99.34x1.5
- 243.91

TrmeaT. o =2203mbfrombase o o

Line of action of total thrust; x H

IZESIRERIR A retaining wall with a stratified backfill and a surcharge load in shown In
the following figure. Draw the earth pressure diagram. Also estimate the resuitant thrust on the wall and
its position, : .

10 kKN/m”
_abb
' =15 kNm'
¢=30°
3m c=0
B
+1
v=20 kN
: o=10°
ami c=10kPa
2
y 1€
o [P ——— 1 e ———————
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Solution:
Top 2oil layer:

1~sin §, - 1-sin30°
1+8ing, 1+sin30°

Ky =

=1
3
(i) Effect of uniform surcharge

Psy = k,q= % x 10 = 3.33 kN/m” (constant)

Thrust contribution, Py =333 %3 = 10kN/m
Line of action of £, , R, = %+3 = 4.5 m from base
(i) Effect of ¢-soil mass |
Pa, = ky¥1Z :
At point A (z = 0), Psy =0 T

AtpointB(z=3m), Py, = 3x15x3=15 KNim®

Thrust contribution, Pa; = %x‘l 5x3=225kN/m

Line of actionof Fa,,. - . A = §+3= 4m frombase, . .. . ...

j—3.33 15

M )
Effectof uniform  Effect of ¢-soil

surcharge mass

= 5N

Bottomn Soll Layer:

1-sing, 1-~-sin10°
. K, = . = ;
2 T 1+sing, 1+sin10°

=0.704

(i) Effect of equivalent surcharge -
| Q'=C1+'Y1H|=10+15x3=55k|\1/m2
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Thrust contribution,

Line of actionof £, , -

Pay = kg =0.704 x 55 = 38,72 kN/m?
Fa = 38,72 x 3 = 116.16 kN/m

Ry = %=1.5 m from base

(Il) Etfect of cohasion of soll

Thrust contribution,

Line of action of Py, ,

Pay = -2C Ky, =~2x10%/0.704 = ~16.78 kN/m?

P, = -16.78 x 3 = -50.34 kN/m

A = %-—- 1.5 m from base

(lii) Effect of internal friction of soil )

At point B{z = 0),
Atpoint C(z=3m),

Thrust contribution,

Line of action of Py ,

Pas = Ka¥32

Peg = 0 s )T

Pag = 0.704 x 20 x 3 = 42.24 kNjm?

Py = %g 42.24 %3 = 63.36 KN/m

Hs; = -g— = 1m from base

meww -u

= ()" | (%) *'-(-_) +)
I’ -\ P“
a1z 1678 4224 2184 4224
N {in {ily
effect of effect of effact of
equivalent c 4
surcharge .

Total active thrust

Line of action,

P, = Fay +Fay + Py +Fg +Py

= 10+ 225 + 116.16 - 50.34 + 63.36
= 161.68 kN/m

YL}
Z Pﬂ;

10x4.5+22.5x4+116.16 x1.5-50.34x 1.5+ 63,

161.68

1

1.8375 mfirom base

36 %1

Publications
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IfDp= 1.5 m, | .
1+sin ¢ 1+5in 18° Y
q D ( ] =18x1.5| ——"| =96.8 kN/m?2
ult = Yy sin o XIB(I-—smlB")

Example 14.3: Calculate the ultimate bearing capacity of a strip footing, 1 m wide, in a soil for

y=18 KN/m3, ¢ =20 kN/m?, and ¢ = 20°, at a depth of 1 m. Use Rankine’s and Bell's approaches.
¢ = 20° ,

In Rankine's approach cohesmn is not consxdered

quu > be +YD,N,
1

 where Ny=3 JNy N -D and N, = N}

N, = tan? (45° + $/2) = tan? 55° = 2.04

1
N1= 7 X tan 55° (tan* 55° — 1) = 2.256

N, = tan* 55° = 4.16

2

Qi = l x 18 x 1 x2.256 + 18 x 1 x 4.16 = 952 kN/m?
In Bell's approach, cohesion is also considered. R

1
' _ o —2-be?+ny1\!‘1 |
. 1 2 2
WhereNc= 2 1’N¢ (N¢ +D,Ny= 5’ 1’N¢ (NQ - 1), anqu= No
. N, =2tan 55° (tan® 55° + 1) = 8.682

Tt = CNc +

N, = -% tan 65° (tan? 55° ~ 1) = 2.256
Nq = tan® 55° = 4.16
g, = 20 x 8.682 + % x 18 x 1 x 2.256 + 18 x 1 x 4.16 = 268.8 kN/m?.

Example 14.4: A strip footing, 1.5 m wide, rests on the surface of a dry cohesionless soil
having ¢ = 20° and Y= 19 kN/m3, If the water table rises temporarily to the surface due to
flooding, calculate the percentage reduction in the ultimate bearing capacity of the soil. Assume
N, =50. (SV.U—B.E,, (Part-Time)—Apr., 1982)
$=20° N,=50 b=15m D;=0
Dry cohesionles soil, s =0

qu=cN, +5 yb N, + ny =3 yb N, in this case.

1
=-§x19)(1.5::50:7131{Nlm2

" If the water table rises temporarily to the surface due to flooding, reduction factors R
and R, shall be applied as the maximum values for the N, and N, terms respectwe]y

In this case, R =0.51s apphed forN. ;lerm.

Scanned by CamScanner



588 ' GEOTECHNICAL ENGINEERING

o

1
Qu =79 YoN,.R = % x19x 1.5 x 5.0 x 0.5 = 35.6 kN/m?
The percentage reduction in the ultimate bearing capacity is thus 50 due to flooding and .

consequent complete submergence. o
(No;e: y;a‘ is assumed to be y itself here, and ¥’ » % T..g] L

Example 14.5: A continuous footing of width 2.5 m rests 1.5 m below the ground surface in
clay. The unconfined compressive strength of the clay is 160 kN/m?2, Calculate the ultimate
bearing capacity of the footing. Assume unit weight of soil is 16 kN/m®. '

. S : (S.V.U.—B.E,, (R.R.)—May, 1969)

Continuous footing b = 2.5 m Df =15m . \

Pure clay. T e

$=0° q,= 150 k'NIm”Ii v = 16 kN/m?
: o ¢:=%’i="i5kN/m2 _
For ¢ = 0°, Terzaghi’s factors are: N, =0, N, = 1, and N, = 5'.‘_7.
Qug =N, + ';' Yo N, +yD,N, = cN;.+_nyNq, in this case.

g =5.7% 75+ 16 + 1.5 x 1= 451.5 kN/m? = 450 kN/m?.,

Example 14.6: Compute the safe bearing capacity of a continuous footing 1.8 m wide,
and located at a depth of 1.2 m below ground level in a soil with unit weight y= 20 kN/m®, ¢ =
20 kN/m?2, and ¢ = 20°. Assume a factor of safety of 2.5. Terzaghi's bearing capacity factors for

¢ =20°areN, =17.7,N, =74, andN7= 5.0, what is the permissible load per metre run of the
footing ? ‘ ' :

b=18m continuousfooting = D;=12m
y=20kN/m? + ¢=20kN/m? ‘
$=20° N,=17.7 .

N =74 N_=5.0 n=25 -
' 1 1

: qult=ch+-2'YbN.'+'f.Dl:Nq .

C=20%17.7 +-21- x20x18x50+20%x1.2x74
0 =62L6kNm?
. Qpetun = Gui~ ¥Dp= 621.6 - 20 x 1.2 = 597.6 kN/m?
Sy . q . 5976
i aate = "‘1‘]““ = 2?’5 = 239 kN/m?
_ Dyate = Tnet sate+ 1D = 239 + 20 % 1.2 = 263 kN/m?
Permissible load per metre run of the wall = 263 x 1.8 kN = 473.5 kN.
Example 14.7: What is the ultimate bearing capacity of a square footing resting on the sur-
face of a saturated clay of unconfined compressive strength of 100 kN/m?.

- (8.V.U.—Four-year B. Tech.—Apr., 1983)

: Square fo&ting. | _ .- ¢
Saturated clay,
¢ = 0°’ Df= O.
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Terzaghi's factors for $=0%are: N,=6.1, N =1, andN =0.

. --IOOkNIm2
. 1
B ¢=3 q, =50 kN/m*
_ . gue=13cN,=13x50x 5.7 = 370kNlm2
| gy, =370 KN/m?,

Example 14.8. Determme the ultimate bearing capamty ofa square footing of 1.5 m size,ata
depth of 1.5 m, in a pure clay with an unconfined strength of 150 kN/m?. ¢ = 0° andy=17 kN/m?,
, (S.V.U.—Four-year B. Tech. —Sept., 1983)
Square footing b = 1.5 m = 150 cm Di=1l5m= 150 cm
Pure clay ¢ = 0°, g, = 150 kN/m?, y = 17 KN/m? o

¢ =22 =75 kN/m?
Terzaghx s factors for¢ = 0° are N, =5.7,N, =1, and N, = 0.’

quu-13cN +7DN +04-1bN =13¢N +YD,Nq,mthlscase o

17 x 150
1000

—

g =13xTEx5.7+

s Q. = 580 kN/m?. : S :
Exampie 14.9: A square footing, 1.8 m x 1.8 m, is placed over loose sand of density 16 kN/m?
and at a depth of 0.8 m. The angle of shearing resistance is 30°. N, = 30, 14, N = 18 4, and
N = 15.1. Determine the total load that can be carried by the footmg e

' (CA'AL —Four—year B.Tech.,—Apr., 1983)

x1= 5801&N/m2 et

© ¢+'i Square footingb=1.8m
y=16 kN/m?, ¢=0,¢=230° D, =0.8m .
N, = 3014N-'184 N =15.1 .’ S . .
g, i=13cN, +04YbN "'YD,N =047bN, +’YD N, in this case
a0 g =04x%18x18x 16.1+16x 08 x 18.4= 174 + 236 = 410 KN/m?
The ultimate load that can be carried by the footing :
= g % Area = 410 x 1.8 x 1.8 kN = 1328.4 kN. .
Example 14.10: Compute the safe bearing capacity of a square footing 1.5m x 1.5 m, located at

+

- a depth of 1 m below the ground level ina soil of average density 20 kN/m?. ¢ =20°, N, = 17.7,

N, =74,andN,=5. 0. Assume a suitable factor of safety and that the water table is very deep.
Also compute the reduction in safe bearing capacity of the footing if the water table rises to the
ground level. _ (S.V.U.—B.Tech., (Part-time)—Sept., 1983)
b=15m Square footing Df- 1m
v = 20 kN/m? ¢ = 20° N 17.7, N 74 andN 5.0

~ Assumec= 0andn=3 .
g =13cN, +047bN, +YD;N, = 0.4Yb N, +'YD,N in this case.
_04x20x15x50+20x1x74 60 + 148 = 208 kN/m?
...'ny 508 ~ 20 x 1 = 188 kN/m?

: qnet ult © qul!
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qum=q—“:T‘£‘.‘.+ny=l§—8-+20x1=83kN/m2
If the water table rises to the ground level '
R=05 R
‘?uu=°47N R+TD,N R
=04X20x15x50x0t5+20x1x74><05 30+74 104kN/m2

qnetuu quu Y'Df‘ 104 10xl= 94 kN/mz

: qul;e qne_:lult +YDf"2£ +10 x 1-41kN/m2

Percentage reduction in safe beanng capacnty

42

=53 % 100 = 50.
Example 14.11: A foundation, 2.0 m square is installed 1.2 m below the surface of a uniform
sandy gravel having a density of 19.2 kN/m?, above the water table and a submerged density of
10.1 kN/m®, The strength parameters with respect to effective stress are ¢’ = 0 and ¢’ = 30°.

Find the gross ultimate bearing capacity for the following conditions:

(?) Water table is well below the base of the foundation (i.e., the whole of the rupture
zone is above the water table);

(i) Water table rises to the level of the base of the foundatxon, and
(iii) the water table rises to ground level.
. (For ¢ = 30°, Terzaghi gives Nq =22 and N = 20)
(S V.U.~—B. Tech. (Part-tune)—-Sept 1982)
Squareb=2m D;=12m ¢’ =0¢'=30°
v=19.2 kN/m? Y 10.1 kN/m?® N, =22 N, =20
(z) Water table is well below the base of the foundatlon :
0l gy =18e N +04YbN +yD,N =047YbN, y+1D;N,, in this case.
or qult-04x192x2x20+192x12x22 Bldelm2
(it) Water table rises to the level of the base of the foundation:
- 9u=04Y'bN +YD,N, - «
2 N -04!101x2x20+192x12x22 668kNIm’
(u:) Water table rises to the ground level: '
| 44 =047 BN, +YD,N,
-04x101x2x20+ 10,1 x12x22= 4281{NIm2
Thus, as the water table rises, there is about 20% to 50% decrease in the ultimate bear-
ing capacity. '

Example 14.12: The footing of a column is 2. 25 m square and is founded at a depth of 1 mon
a cohesive soil of unit weight 17.5 kN/m?, What is the safe load for this footing if cohesion =30
kN/m?; angle of internal friction is zero and facter of safety is 3. Terzaghi’s factors for ¢ = 0° are

N,=51,N,=1,andN,=0. . (8V.U—B.E,, (R.R.)—Feb., 1976)
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Square b = 2.25 m Di=1m y=17.6kN/m?

Que=18¢cN, +04% N, + WyN, =13¢cN, +yD,;N,, in this case since N, = 0
Fu=13x30x57+17.5x1x 1=239.8 kN/m2 :
Dnet ule = Jui = 'YDI= 239.8~17.5=222.3 kN/m? :

Tnetut 2923 S O T
Gaate = n"l" W= == + 175 =916 kN/m? . ..
~ Safeload on the footing: L

=‘I.greXArea =016 x 2'25 x 2.95 “,463 KN, e
Example 14.13: What is the ultimate bearing capacity of a circular footing of 1 m diameter

resﬁng on the surface of a saturated clay of unconfined compression strength of 100 kN/m??
Whatlsthesafevalueifthefactorofsafetyis3?'- AR Y ‘

Diameter, D=1 D=0 - P ORI
9u=13eN +03yDN,+yD,N, - - -
For saturated clay, oW L e
¢=0°
NrS7 N<l B0
Also IR c=5q,=50kN/m? .
Q= 1.3 %50 5.7 =870.5 kN/m? - ,

Quit .+ »
Cynte = T, in this case, -

since S ,Nq=1» _
. Dunte = 1750& =123.56 kN/m?, |
Example 14.14: A circular footing is resting on a stiff saturated clay withq, = 250 kN/m?, The
depth of foundation is 2 m. Determine the diameter of the footing if the column load is 600 kN.
Assume a factor of safety as 2.5. The bulk unit weight of soil is 20 kN/m?®. ‘
| . ' , ” .. (8.V.U.—Four-year B. Tech.—Dec., 1982)
Circular footing: ¢ = 0°, N, =5.7, N, = LN,=0 -. P

‘ 2
Column load =600 kN 7 =25  1=20kN/m®

qu=18¢N,+03YDN, +YD,N, =13¢N, +YD;N,, in this case.
gy = 1.3 x 125 x 5.7+ 20 x 2 x 1 = 966 kN/m?

q,=250kNMm? e=2gq,=125kNm®  De3m

P . - —- g - . = 2 B o
Gt = G~ 1Dy = 96620 x 2= 926 KN/ _
Gu= 5 41D, = 2 +20% 2= 410 kNm?

Safe load on thé coiui_nn

LS Area-= 600 kN
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2
600 = 310x nd” : nd

| 4 %600
310 m= 1365m

A diameter of 1.6 m may be adopted in t.hxs case.

Example 14.15: A column carries a load of 1000 kN. The soil is a dry sand weighing 19 kN/m?
and having an angle of internal friction of 40°. A minimum factor of safety of 2.5 is required
and Terzaghi factors are required to be used. (N, =42and N =21).

(i) Find the size of a square footing, if p]aced at the ground surface; and,

(i) Find the size of a square footing required if it is placed at 1 m below ground surface
with water table at ground surface. Assume v, = 21 kN/m3,

(§) At ground surface:

, ¢=40° Drysand, N = 42 N 21 -
Let the size of the footingbe bm.

Q. =04bx19 x42
Since Df = on qnet ult = qnlt

o d=

Quy 04b6x19x%x42

oo Quate = Tnetult = _T-]— =.T =128 b kN/m?
Q. =128 b x b = 1000
1000
-
b= o5 ™= Zm

(i) At 1 m below ground surface with water table at ground surface:

Y =Yy = ¥, = (21 = 10) = 11 kN/m?
N=42,N =21 '

: , ,.:: q,,u—04x1bN +.Y N .
R q,m-04bx11x42+11x1x21 (185b+231)kN/m2
' Guetuts = Qo — 1D, =185 5 + 231 - 11 x 1 = (185 b + 220) kN/m?

q - [(1855+ 200
o= 22y [0 )

3 185 b + 22 -
Q.= [—--—2-‘;——9 * 11] b2 =1000

Solving by trial and error, b=2m.
b=2m,

Example 14.16: What is the ulttmate bearing capamty ofa rectangular footing, Im x 2m, on

the surface of a saturated clay of unconfined compressmn strength of 100 kN/m?2 ?
Rectangular footing:

b=1mL= 2m D, = Oqu=100kN/m"
c= % .‘.’aOlcl\Um2
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Skempton’s equation:

Qoesuty =C - N, whereN 5(1+02 )(1+02D,/b)forD,Ib£25)

oo Ne = 5 (14—0.22(-%) = 5-5' Bince Df= 0-

Qe ue = 5.5 % 50 = 275 kKN/m?,

Since D,;= 0, gy, =g, = 276 KN/m?,
Example 14.17: What is the safe bearing capacity of a rectangular footing, 1 m x 2 m, placed
at a depth of 2 m in a saturated clay having unit weight of 20 kN/m? and unconfined compfeﬁ'
sion strength of 100 kN/m?2 ? Assume a factor of safety of 2. 5

Rectangular footing: a
b=1m L=2m .D;=2m q,,=100kN/m2 y=20kN/m® . -
S 2 1 1 - s
Df/b=-i=2 blL=-§ c=g q‘u=5.0kN/m3_. o
Skempton's equation:

‘ . - D J v 3 i o
ety =€ - N, where N, =5 (1+ 0.2 %] (1 +0.2 -3‘:-] for D/b<25
" Since D,/b=2<25, o » ' e :

N,=5(1+02>< )(1+02x2ll)=77

Goneun = 7-7 X 50 = 385 kKN/m?

Taetult 385

Dret safe = n = _2—.5_ = 154 kN/m?

Duate = Tnet sate + YDf =154 + 20 x 2 = 194 kIN/m?,

Example 14.18: A steam turbine with base 6 m x 3.6 m weighs 10,000 kN. It i is tobe placed on
a clay soil with ¢ = 135 kN/m2. Find the size of the foundation required if the factor of safety is
to be 3. The foundation is to be 60 ¢m below ground surface.

Skempton’s equation:

qnet ult L b

b Df |
= 5¢ (1+ 02111402 —=| for D,/b<25.
D;=06m » - ’
For ¢ = 0°, N, = 0 and N, = 1 Assume Y = 18 kN/m8,
Adopt b/L = 0 6, same as that for the turbine base.

D,/b=0.6/b

‘ b2 _(5b%) ,
Area, A= bL—Os—(a)m

. : 02x08Y . _ 0.12
Qoo utt = 9 % 135 (1' +0.2x0.6) (1+ . ) =' 756 (1+ T) kN/m2
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. 756 (1+ 9%3-) -
et ult
Quare = ——— D= | —— = +18x 06| kN/m
5b? (“ 9%2)
Quate = Tpate XA = 5 756 -~ +10.8| kN
Equating E.?m;J to 10,000, we have
‘ 0.12 '
420 b2 (1+ T) + 18 b2 = 10,000
Solving for b, .
b=4.72 m, say 4.80 m. (D;/b < 2.5 is satisfied)

L=48/06=80m :
Hence, the size of the foundation required is 4.8 m x 8.0 m,
Example 14.19: Calculate the ultimate bearing capacity, according to the Brinch Hansen's

method, of a rectangular footing 2 m x 3 m, at a depth of 1 m in a soil for which y= 18 kN/m?,

¢ =20kN/m?, and ¢ = 20°. The ground water table is lower than 3 m from the surface. The total
vertical load is 1350 kN and the total horizontal load is 7

5 kN at the base of the footing.
Hansen's factors for ¢ = 20° are N, = 14.83, Nq = 6.40, and N1 = 3.54. Determine also the factor
safety, v
Rectangular footing:-
¢ = 20°, N, =14.83, _ Nq = 6.40, Ny= 3.54, D,? lm
_ (Hansen’s factors) , '
' e=20kN/m% q=yD,= 18 x1=18kN/m? y=18 kN/m?®
b=2m . L=2m A=6m2 H=75kN V = 1350 kN

Hansen’s formula;

, .1 .
qu=cNsdi + qusqdqtq +3 b Nﬂdh

Shape factors; ,
ac=1+0.2b/L=1+0.2x % =1.133 -
8, =1+02b/L=1.133
| s,=1-o.4b/L=1-of4x—§=o.733 |
" Depth factoras:

d,=14035D/b=1+036x 5 = 1175

2
dq =1+0.36 D,Ib = 1.176
d?f: 1.0
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‘ d‘,= 1.0
Inclination factors:
i, =i, = 1 for purely vertical loading.
(i) G.W.L. at 8 m below natural ground level:
¥ =Y, in both terms.
Q=163 x1.5x18.40x 1.133 x 1.263 x 1

: , %x153x2x1808x0733x1x1
= 604. 27 + 202 76 807.03 kN/m?
(i) G.W.L. at 1.5 m below natural ground level:
| ¥ =Y, in the first term and y = ¥ in the second term.
g =153 x 1.5 x 18.40 x 1.133 x 1.263 x1

+%x9.40:¢2x18.08x0.733xlxl

= 604.27 + 124.58 = 728.85 kN/m?

Thus, there is about 10% decrease in beanng capacxty as the water table rises to the
level of the base of the footing.

Example 14.21: A foundation 2 m x 3 m is resting at a depth of 1 m below the ground surface.
The soil has a unit cohesion of 10 kN/m?, angle of shearing resistance of 30°.and unit weight of
20 kN/m3. Find the ultimate bearing capacity using Balla’s method:

Balla's equation:
1
quu==cN +qN, + 3 'be,'

€ _ 10
b 20x2 =025

For ¢ = 30° and 'Yb =0.25

p = 1.9 from the charts for Dflb =05
For ¢ = 30* and p = 1.9, from the relevant charts, Balla's factors are:
: N, =37
N,=25
N,=

. v
Hence, qu“=10x37+20x1x25+§x20x2x64

I= 370 + 500 + 1280 = 2,150 kN/m?,
(Note. Strictly spenking, Balla’s method is applicable only for continuous footings).
Example 14.22: A plate load test was conducted on a uniform deposxt of sand and the follow-
ing data were obtained: o
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Pressure kN/m? 50 100 200 300 400 500 600

Scttlementmm 15 20 407 756 1256 200 400

The size of the plate was 750 mm x 750 mm and that of the pit 3.75 m x 3.75m x 1.5m.
(i) Plot the pressure-settlement curve and determine the failure stress.

(ii) A square footing, 2m x 2 m, ie to be founded at 1.5 m depth in this soil.

Assuming the factor of safety against shear failure as 3 and the maximum permissible
settlement as 40 mm, determine the allowable bearing pressure.

(éi) Design of footing for a load of 2,000 kN, if the water table is at a great depth.
(i) The pressure-settlement curve is shown in Fig. 14.23

The failure point is obtained as the point corresponding to the intersection of the initial
and final tangents. In this case, the failure stress is 500 kN/m?,

g,y = 500 kNIm=
(i) The value of g, here is given by 'yb N,.
b, the size of test plate = 0.75 m

Pressure, KN/m® = ' ' -
100 200 300 400 500 600 700 800 900 1000

[}

20 | Pressure 3 \
getilement curve '
)

35 \

40

< Setliement, mm

45
50
Fig. 14.23 Pressure-settiement curve (Ex. 14.22)

Assuming y= 20 kN/m3,

500 =—;' x 20 x 0.75 NY

N,= 500/7.5=6.7
¢ =38°
N, =50 from Terzaghi’s charts.
For square footing of size 2m and D,=15m,
Tnet h'047bN "‘YD (N -1)
—04X20x2x67+20x15x49 = 2,542 kN/m?
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wl

!

Quate = 2'5342 ~ 847 kIN/m3 (for failure against shear)
From settlement conmderatmn,

2
s, b, (b+030) 5, =5 b, (b+0.30)
'8 T ”? b, +030) b(b, +0.30)
2
0.75(2 + 0.30) 075x2.3)
— o 27
=40 [2 00076+ 0 30)] ( 2x 105 | B =27 mm

Pressure for a settlement of 27 mm for the plate (from Fig. 14.23) = 650 kNlm'*’

- Allowablebearing pressure is the smaller of the values from the twa criteria =550 kN/m?.
(¢¢¢) Design load = 2,000 kN

From Part (ii), it is known that a 2 m square footing can carry a load of 2 x 2 x 550
= 2,200 kN.

Therefore, a 2 m square footing placed at a depth of 1.5 m is adequate for the design

load.

Example 14.23: A loading test was conducted with a 300 mm square plate at depth of 1 m
below the ground surface in pure clay deposit. The water table is located at a depth of 4 m
below the ground level. Failure occurred at a load of 45 kN. -
What is the safe bearing capacity of a 1.5 m wide strip footing at 1.5 m depth in the same soil?
Assume y= 18 kN/m?® above the water table and a factor of safety of 2.5,

The water table does not affect the heanng capacity in both cases.

Test plate: ‘
Failure load 45
= = = 500 kN/m?2
ute Areaof plate 0.3x0.3 m
y= 18 kN/m?

For ¢ = =0°, Terzaghi’s factors are N, = 5.7, N, =1, and N, =0
. qu=13eN, +7D,N
=13x5.7c+18 x 1.0

= 7.4 ¢ + 18 (kN/m?, if ¢ is expressed in kN/m?)
7.4¢+18=500

c= % 65 kN/m?

Strip footing:
a=C¢N +YD,N =6Tc+ YD, in this case.
Taet ult = Qun— YD, =8.7¢
qne‘ ult = 5'7 X 65 = 370.5 l(NImz
370.5
Tnetasfe ™ 95 ™ 148 kN/m?
Q‘|gfe Qng[ safe +TD = 148 + 18 x- 1 S= 175 l‘N’m’

However, the net safe bearing capacity is used in the design of footin gs in clay.
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Example 14.24: A continuous wall footing, 1 m wide, rests on sand, the water table lying at a
great depth. The corrected N-value for the sand is 10. Determine the load which the footing

can support if the factor of safety against bearing capacity failure is 3 and the settlement is not
to exceed 40 mm. . :

Continuous footing:
b=1m
Let us assume a minimum depth, D, of 0.5 m.
Assume y= 18 kN/m?® - .
For N = 10, ¢ = 30° (Fig. 14.18 or 14.19, after Peck, Hanson and Thornburn)
Assuming general shear failure, C ‘
for ¢ = 30°, Terzaghi’s factors are: N, = 22.5 and N, = 19.7 -

1
Tretut = 3 L Ny + 'YD’-(NQ— D

DO

== x18x 1x 19.7 + 18 x 0.5 x 21.5 = 370 kN/m?

Toetut 370
q“g', .‘fe = n = .—3_' = 123 kN/m2 )

For N = 10 and & = 1m, and for a permissible settlement of 40 mm, the allowable soil
pressure = 120 kN/m? (From Fig. 14.22, after Peck, Hanson and Thornburn)

+ Allowable bearing pressure = 120 kN/m?
(i.e., shear failure governs the design).
Load which the footing can support = 120 x 1 kN/m = 120 kN/metre run.

Example 14.25: What load can a 2 m square column carry in a dense sand (y= 20 kN/m? and
& = 36°) at a depth of 1 m, if the settlement is not to exceed 30 mm ? Assume a factor of safety
of 3 against shear and that the ground water table is at a great depth.

y= 20 kN/m?3 Di=1m b = 2 m (Square footing) ¢ = 36°
For ¢ = 36, N = 30 (from Fig. 14.18, after Peck, Hanson and Thornburn)
" For N = 30, b = 2 m permissible settlement = 40 mm, _
Allowable soil pressure = 500 kN/m?2. (from Fig. 14.21 after Terzaghi and Peck)
For a permissible settlement of 30 mm,

_ 500 x 30 :
Allowable pressure = = 375 kN/m?
For ¢ = 36°, N, =43 and N, = 46
=04ybN+yD(N, -1 . _
= 0.4 x 20 x 2 % 46 + 20 x 1 x 42 = 736 + 840 = 1576 kN/m?
1576 '

qnet ult

=525 kN/ m"'

-

Qeate =

RS
: .

Setﬂement governs the design, and
Gallowable = 375 kN/m®

Safe Joad for the column =375 x 2 x 2 = 1500 kN.

-
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Example 14.26: A footing, 2 m square, is founded at a depth of 1.6 m in a sand deposit, for
which the corrected value of N is 27. The water table is at a depth of 2 m from the surface.

Determine the net allowable bearing pressure, if the permissible settlement is 40 mm and a
factor of safety of 3 is desired against shear failure.

Settlement criterion:
N=27 b=2m D,=15m
Using Teng’s equation for the graphical relationship of Terzaghi and Peck (Fig. 14.20)
for a settlement of 25 mm,

b+03)° '
q,,,=34.3(N-3)( o )R.,.Rd

q,,i8 in kN/m? b = Width in m

R, isthe correction factor for the location water table.
R, is the depth factor,

z,l=(2-1.5)=0.5m zq>Df

. zy
T=0.512=0.25 ‘

- R = 1.0 (limiting value)
2z o
R =05 (1+ -bl] =0.5(1 + 0.25)=0.626 -

o D; 15
Rd=1+—b--l+—2—-»1,75

o 23) - o
Qo= 34.8 x 24 x (Ta] x 0.625 x 175 kN/m? = 298 kN/m?.
Since this is for a settlement of 25 mm,

q,,, for settlement of 40 mm= 2.98”x %59 - 476 kN/m?,
Shear failure criterion:

For a factor of safety of 3, Teng’s equation for Terzaghi's bearing capacity equation is:

1 ‘
q,, = T (2N2 b RT+ 6 (100 + N?) D,-Rq],
neglecting (2/3) 1D (for square footing)

=1 [2 x 272 x 2 % 0.625 + 6(100 + 2715 x 1.0] =~ 516 kN/m?

Hence settlement governs the design énd the allowable bearing pressure is 476 kN/m?.

(Note: This is conservative and if Bowles' recommendation is considered, it can be enhanced

by 50%; in this case shear failure governs the design, and g, will be 516 kN/m?).

*
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Example 14.275 Two load tests were conducted at a site—one with a 0.6 m square test plate
and the other with a 1.0 m square test plate. For a settlement of 25 mm, the loads were found

to be 60 kN and 180 kN, respectively in the two tests. Determine the allowable bearing pres-
sure of the sand and the load which a s

quare footing, 2 m x 2 m, can carry with the settlement
not exceeding 25 mm., : S
. Qup=Mmx +C
where x = Perimeter-area ratio, P/A SR
: First test S . Second test
P ax0os . P, 4x1 .
=—-L ~1 .._2.—._x—- w T
=4, " 0Bxo05 oM =g, T Ixl - AT
Cg= =0 ookm . gy= 28 g0 iv/m?
AT osx0s " o Btnat T
s 280=8m+oc wl) - 180=4m+G T w2)

- Solving Eqs. (1) and (2) simultaneously, )
m=15(kN/m) and ¢=120(N/m?) =

Proi:otyi:e footing:
| (- 372--4!“/A=""‘_“2><2 =,2m,, .
L : g=mx+¢G .,
S ‘ =15x2+120=150kN/m? ~ =
“-" Thisis the allowable bearing pressure for a settlement of 25 mm. Load which the footing
can carry, T " '
R - @,=q,x Area = 150 x 2 x 2 = 600 kN.
SUMMARY OF MAIN POINTS
l. Tﬁe léad-«c.ﬁrrying.capacity of a foundation to transmit loéds.ffdrh the stfuc{:uré to the foundation

.. soilis termed its ‘bearing capacity’. The criteria for the determination of the bearing capacity are

avoidance of the risk of shear failure of the soil and of detrimental settlements of the foundation.

Safe bearing capacity is the ultimate value divided by a suitable factor of safety; the allow-

able bearing pressure is the smaller safe capacity from the two criteria of shear failure and
settlement.

The factors on which the bearing cnpacify depends are the size, shape and depth of the founda-
tion and soil characteristics, including the location of the GWT relative to the foundation.

The methods of determination of bearing capacity are selection from building codes, analytical
methods, plate load tests, penetration tests, model tests, and laboratory tests.

Of the analytical methods, Schleicher's is based on the theory of elasticity, Rankine’s and Bel.l's
are based on Rankine's classical theory of earth pressure, Fellenius’, Prandtl's, Terzaghi's,
Meyerhof's, Skempton’s and Brinch Hansen’s methods are based on the theory of plasticity.
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Shallow Foundations 523

EXAMPLES

Example 15..1 Determine the ultimate bearing capacity of a strip footing, 1.5 m wide, with its base at a
depth of 1 m, resting on a dry sand stratum,

Take 4= 17KN/m’, ¢ ' = 38° and ¢ * = 0. Use Terzaghi's theory.

Solution:

¢’ >36° Hegce general shear failure will occur, The ultimate bearing capacity of a strip footing in general
shear failure is given by ’

9, =N, +gN, + 0.5 BN,
For a free-draining soil like sand, the beari :

ng capacity analysis is carried out in terms of effective stresses.
Sincec’=0, . . . _ S : '
g = gN,+0.5 71BN, _.
For ¢’ = 38°, Fig. 159 gives N, =60and Ny=75
g = Y Dp=17x 1= 17kN/m’.
o g, = 17X60405% 17X 15X 75

1976 KN/m?

Example 152 In Ex. 15.1, determine the ulfimate bearing capacity of the footing using the bearing
capacity factors recommended by Meyerhof, Hansen and IS: 6403 (1981). Ignore embedment effect.

Solution:

For ¢ * = 38°, from Tables 15.2, 154 and 15.6 v
' N, = 489, N,=64.0 (Meyerhof)
N, = 489;Ny=562 (Hansen)
N, = 489; N,=78.0(S: 6403-1981)
Substituting these in the bearing capaéily equation, ‘ -
g = 17x489+0.5% 17x 15X 64 = 1647kKN/m’ (Meyethof)
gy = 17%489+05X 17X 1.5 X 56.2= 1545 kN/m’ (Hansen)

g = 17%489+0.5X 17x 15X 780= 1826 KN/m* (IS: 6403)

Example15.3 Ifthe footing in Ex. 15.1is resting on asand stratum with ¢ * = 32°, determine the ultimate
bearing capacity using Terzaghi theory, assuming all other values to be the same.

Solution:

Since & lies between 29°and 36°, the bearing capacity factors are obtained by interpolation between the local
and general shear failure conditions. ' : v _
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24 Basic and Applied Soil Mechanic

By referring to both sets of curves for ¢ ' = 32° in Fig. 15.9,
N, = 25; N g=10. Hence actual

32-29Y_ 14
N, = 10+15|2—>0 =16.4

Ny = 28, Ny=6. Hence actual

32-29
= 22727 1=154
Ny = 6+22|135—00 15
Hence, g, = 17x164+05x17x15x154
‘= 475 kN/m’

Example 154 Determine the ultimate bearing capacity of the footing in Ex. 15.1 if the ground water
table is located (a) at a depth of 0.5 m below the ground surface, (b) ata depth of 0.5 m below the base of the

footing. Yeer =20 kKN/m® . Use Terzaghi theory.
Solution:

gy = gN,+ 0.5 Y BN,
where g is the effective surcharge and v is the effective unit weight of the soil beneath the footing.

(8) qis calculated by assuming the unit weight to the top 0.5 m soil to be unchanged, that is, 17 kN/o’
while the remaining 0.5 m is submerged, with a submerged unit weight equal to 10 kN/m’ (Ot = Year— )

Thus : g =05x17+05%x10=13.5 KN/m*
In the second part, y =y’ =10kN/m’ |
' g, = 135%60+0.5%10%1.5%75
‘= 1372.5 kKN/m?

compared with g, = 1976 KN/m?” when there was no effect of water table.

(b) For this case, g =17 KN/m? :
In the term 0.5 ¥ BNy, Yis given by Eq. 15.30

D,
Y=+ 01

D! =05m,=17kN/m’ and ¥’ = 10 KN/m’

0.
Y= 10423 (17~ 10)= 123 kN/m’

Hence, gy = 17X60+0.5% 123X 1.5 X75
= 17119 KN/m?

Example 155 Determine the ultimate brcaring capacity of a strip footing 2 m in width, with its base m
depth of 1.5 m below ground surface and resting on a saturated clay soil with the following properties:
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Yoar = 20 KN/m®; ¢, = 40 kN/m% ¢, =0
¢’ = 10kN/m% ¢ ' =20°
The natural water table is at 1 m depth below ground level. Ignore depth factors.

Solution:
The ultimate bearing capacity for the undrained and drained loading conditions can be determined by using
the total stress and effective stress shear strength parameters respectively, for the clay soil.
(a) Undrained loading condition |
In Eq. 15.19, $,=0

Hence g, =c, N+ gsince No=1and Nf: 0 in the Terzaghi, Meyerhof, Hansen and IS: 6403-1981
recommendations. . ‘

q = 20X 1+10%0.5 =25 kN/m% c, =40 kN/m’
gy = 40X 5.7+25=253 KN/m’ (Terzaghi)
g, = 40%5.14+25=231 kN/m® (Meyerhof, Hansen and IS: 6403-1981)
(b) Drained loading condition “
g, =¢ "N+ g N+ 0. BNy
qg=125 KN/m? ;y=7"=10 kN/m*
Appropriate N, N, Ny values are substituted for the different cases for ¢ * = 20°
' ge = 10x177425xT4+05x10x2X 5.0 =412 kN/m’ (Terzaghi)
N g = 10x148+25x 64+05x10x2x2.9=337kN/m’ (Meyerhof and Hansen)

g, = 10%148+25%64+0.5x10X2x5.4=362kN/m’ (IS: 6403 - 1981)

It can be seen that the ultimate bearing capacity under drained loading condition is higher than under
undrained loading condition. That is why the bearing capacity analysis for a clay soil is carried out invariably
under undrained loading condition.

L}

Example 156 InEx. 152,if the effect of embedment is accounted for, what will be the changes in the
values of ultimate bearing capacity? ' ' '

Solution:
‘ g, =qN,d,+05YBN,d,
From Table 15.3, :
4 =d=1+012n@s+42)=1401 Lo @s+ 2y ‘
“ "~ B 1S 7).
= 1,137 (Meyerhof) ' Lo
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§26 Basic and Applied Soil Mechanics

From Table 15.5,
9 Dy
dy = 1+2tan ¢ (1 -sin ¢)’ (5)

o 1.5
= 1+2 tan 38° (1 - sin 38° (5

= [.154 (Hansen) - - -
dy=1 (Hanscn)"
From Table 15.7,

| 4q= d1=.1+q,1%m:(45°+¢(2) < i

1.137 (S : 6405-1981)

Using these depth factors,
‘ q, = 1873 kN/m (Meycrhot) / §

gy = 1676 kN/m?® (‘Hansen) %

g, = 2076 kN/m(IS: 6403-1981) I | %

Example 15.7 Calculate the net ultimate bearing éapacity of a rectangular footing 2m X 4m in plan,
founded at a depth of 1.5 m below the ground surface. The load on the footing acts at an angle of 15°tothe
vertical and is eccentric in the direction of width by 15 cm. The saturated unit weight of the soil is 18

kN/m>. The rate of ]oadmg is slow and hence the effective stress shear strength parameters can be used in the »

analysis.c =15 KN/m? and $'= 25°. Natural water table i is ata depth of 2 m below lhc ground surface. Use
IS: 6403-1981 recommendations.

Solution
- . FormEq. 15.54, - :
T gy = N s d i+ q(Ny—1)s,dp i, + 05y BN, s, i, W'

¢ = ¢’=15kN/m? |
p=¢'=25°
From Tables 15.2 and 15.6, for ¢ =25°,

N.= 20.7; N,=10.7 and Ny=109

Y= Y= I8KN/M .

g = 18x 1.5=27kN/m?
For ' %’—-—025 (D,=20-15=05m),W’'= 0625(F|g 15.10)

e, =0.15m; cffectlvemdmB'=B..zex=2_0‘3._. 1.7m
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From Table 15.7,

B‘
So= sq=1+o.2—i—=1+o.2(%)=1.025

B . N
sp.= 1-0. 'Z'=l“°'4(?l¢%)=—°'33 ;.

d. = 1402 (D;/B") tan (45° +/2) = 14 0.2 (-:-'-:"-,-) tan 57.5° = 1.28
dy = dy=1+0.1(DyB’ ) tan (45° +¢/2) =1 +0.1 (%)mS?.S": 114

ie = fg=(1- P = (1- =069

<&

;o_ o Qa2 159 '
iy = (1-'=0-39) -.o.1§

Substituting these values,

Guy = 15%20.7 % 1,085 x 1.28 X 0.69 + 27 x 9.7 x 1.085 x 1.14 x 0.69

+0.5% 18 % 1.7%10.9 x0.83 x 1.14 x 0.16 X 0.625

= 297.5+223.5+ 15.8 = 536.8 kN/m’
Example 158 A chimney, with arigid base 2.5 m square, is placed at a depth of 1 m below the ground
surface. The soil is clay with an unconfined compressive strength of 60 KN/m? and unit weight of 20

kN/m>. The weight of the chimney is 60 kN. The chimney has a resultant wind load of 19.5 kN acting parallel
to one of the sides of the chimney base at a height of 1.5 m above the ground surface. Determine the factor of
safety with respect to bearing capacity. Use Meyerhofs rccommcndatiqn;.

Solution:

The horizontal wind load will have the effect of introducihg both inclination and eccentricity of loading. The
 resultant of the wind load and weight force will be inclined at an angle o to the vertical.

Horizontal wind force _ 19.5

Vertical weight force ~ 60 =0.325

tan ¢ =

2 . Eh = 180 . - - 2 e w . P . -
Height of horizontal load above the base = 1.5 + 1 = 2.5 m. Bccentricity of the resultant load, ¢ can be
calculated from,
£ - tanw=0325
2.5 = tano=0.

e=25%0325=081m
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518 Basic and Applied Soil Mechanic,

Reduced dimension B’ on account of eccentricity of loading is given by
B’ = B-2e,=25-2x081=088m
A" = B'L=088x25=22m’
For ¢ = 0,N,=5.14,N,=1,Ny=0,tan (45+¢/2) =1

5, = 1402 -‘i— tan® (45 + 0/2)

= 1+02x %8 =107
se=1
d, = l+02-;l,tan(45+¢/2)
= |+02x0—818-=123
d, =1

., o
ic=ip= (1-35); (1—-——) 064
From Eg. 15.39, o | . ._
qu=CcN,s.d.i.+qNgs,dg i, since Ny=0
c.,=%=:’som~:/m2
Hence g, =(30% 5,14 X 107X 1.23 X 0.64) + 20X 1 X 1 X 1 X 0.64)

=129.9 + 128 =142,7 kN/m’
0,=q,A’'=1427x22=314kN

Factor of safety = z’;-oi =52

Example159 A footing 4 m X 2 m in plan, transmits a pressure of 150 kN/ m* on a cohesive soil having

E=6% 10* kN/m’ and p = 0.50, Determine the immediate settlement of the footing at the centre, assuming
it to be (a) a flexible footing and (b) a rigid footing,

Solution:
From Eq. 15.64,

) 2
s‘.:q,,[l;u_),,
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L_2.2 from Tabl
For p=3=%.tromTa e 15.10, I;= 1.52 for a flexible footing and 1.20 for a rigid footing
1-05°
a) S§; = 150x2
w & (6x10‘]”{2“‘
= 5.7 mm
) S =45mm -

If we use the rigidity factor of 0.8 as recommended by IS: 8009, Part I (1976),
S vigidfootogy = 0.8 X 5.7 = 4.56 mm |

Example 15.10 Fig. 15.30(a) showsa2.5 m square footing resting on a sand deposit. The total pressure

at foundation level is 200 kN/m?, The variation of cone penetration resistance with depth is simplified as
shown in Fig. 15.30 (b). Determine the settlement of the foundation 6 years after construction. Use the
Schmertmann approach. The dash line in Fig. 15.30(b) shows the distribution of the strain-influence factor.
The ground water table is deep.

Solution:
From Eq. 15.77,

————— —

r'="m"m7 200KN/ m . qc,kNImzu\Ol
R ST S
ll ,.I \ ‘ T
z-sm E ' - —Lz
(a) S. ¥
- Z 2l 3 28-%m
g al »
// Qc &
34/ F
X skt B
£
g 6
0.2 di ﬁk 55
hx

(v)
Fig. 1530 Example 15.10

Here g= net increase in pressure at foundation level

= 200~ 17 x 2 = 166 kN/m*
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3, 17
G = 1-,0.5(7;3)=1-0.5(,l

!

l N .
C, = 1+02logem7=1+02log 57 =1356

0.1

]

W8
Hence, S = 0.898x 1356 X 166 —E‘- Az
0

S

Az

S ),
= 202.14 {'E

-

28 | I
The value of £ —éAzis determined as shown in the Table below:
"o Ined as shown i ie DOIOWS A N

x2
=0.898
66 ) = 7%

Basic and Applied Soil Mechanics

Layer Az gc E I "k,
mm  @vmd 2590 E

1 1000 3000 7500 0.1 +2 042 _orco 0037

2 250 4000 10000  0.380 0.0095

3 1750 4000 10000 0.385 0.0674
4 1000 .- 7000 {7500 0200 0.0114
S~ - <1000 - 3000 7500 0067 00089
Sum =0.1319

‘ By
S =20214E2Az
0 B!

PSS

= 20214x0.1319
8 = 26.7 mm
Example 15.11 For the conditions shown in Fig. 15.30, determine the settlement of the foundation usitf
the De Beer and Martens approach.
Solution:

From Eq. 15.75,

CenaH o Tovaz .
S-23—6 lOg|o?

The
in Table below:

seat of the settlement is taken as equal to 28 below the base of the foundation. The calculations aré sho™

f

%

Y N
v

.
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Example 15.13 The following data was obtained fr.om a plate load test carried out on a 60 cm square ey

plate at a depth of 2 m below ground surface on a sandy soil which extends upto a large depth. Determine the
settlement of a foundation 3.0mx 3.0m

carrying a load of 110 t and located at a depth of 3 m below groypg
surface. _ _ ‘ -
Load test data—
Load intensity, m® 5 10 15 0 25 30 5 40
Settlement, mm 20 4.0 1.5 1.0 16.3 235 340 450

Water table is located at a large depth from the ground surface.

Solution:

The load-settlement curve is shown in Fig. 15.31

Load intensity on the foundaton = %{93— =122 t/m?.

. . 2.
From Fig. 15.31, settlement of the test platr_:. S, corresponding toa load_ intensity of 12.2 Ym”is S mm.
From Eq. 15.66, - o
Br(B,+30)}| - :
5 = S, _[_(._L_.__).
B,(B+30)|

. s[2060+309T
3 [60(300+30) 93 mm

The effect of embedment must now be taken into account. Depth of embedment D is cqual to the depth
of foundation measured from the level at which the test plate is placed,

Thus, D=30-20=1m.

ing Fox’ : For 2 = e = L_
Using Fox's depth factor: For LB - V3x3) =0.33 and p=1b
Depth correction factor = 0.91 (Fig. 15.18)

Actual settlement of foundation = 0.91 x93 =8.5 mm

Using Ramasamy, Rao and Prakash’s recommendation, - -

. y .s-_ 1 S _
Depth correction factor=[l To/B| Ti1+oss| = 9.87-

Actual settlement of foundation = 0.87x9.3=8.1 mm,
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Load inlenlity. timd _
0] 10 2 30 @

10— N.
RNARSEY

, N

Settiement , mm

40

Fig. 1531 Example 15.13

Example 15.14 Using the load test data in Ex. 15.13, determine the allowable loadona 1.Smx 1.5m
column footing with its base at a depth of 2 m. The permissible settlement for the foundation is 20 mm and a
minimum factor of safety of 3 is required against shear failure. The unit weight of the soil determined at the

base of the test pit by the core cutter method was 2.0 vm®.

Solution;

The angle of shearing resistance of the soil can be worked back with the help of ultimate bearing c#pacily of
the test plate, g,,,. : .

qip = 0.4 ¥ B, Ny since there is no surcharge on the test plate,

- .Scanned by CamScanner



Shallow Foundations . 537

34+03Y
q..,.=0<14x(23-3)x( = ) x075x 1.5%x40

= 38.1 t/m?

Hence, the net allowable bearing pressure is

Qaner = 38 /m?, with setllement criterion governing design.

Example 15.17 Determine the net allowable bearmg pmssure of thc footing in Ex. 15.135, using the IS
Code recommendations.

Solution: .
Ngor= 18, from Ex. 15.15
From Fig. 15.12, for N=18, ¢ =33° ‘

From Fig. 15.13, for ¢ =33°, N, =22,Ny=28
~ From Eq. 15.54,for ¢’ =0,

G = Ny 1) s,d, +0.5YBN s, d W'

g =18x15=27vm’
W’ = 075 (Fig. 15.10)

From Table 15.7,

5= 14023 =1402x3=1.12
B - . 3 v
5=1-042=1-04x3=07

0
dy = dy=1+01Zran @5+ 3

LS oase, 33
1+01x30tan(45 + 2)

=109 | o .
Qo= 27X 21X 112X 1.09+ 0.5 X 1.8 X 3 X 28 % 0.76 X 1.09 x 0.75

= 116 t/m?

' q,“_l;—e‘--asvv 2

~ Scanned by.CamScanner -




Shallow Foundations : :

V__
e

2.5m ' St clay

wn =40%
GS= 270
S =0

3Sm l—mxam —sf  W=NN

Fig. 1533 Example 15.19

N, = 50(1+02DyB) (1 +02B/L) -
= 5.0(1+02x075)(1+02x1)
=69 )Y

Qo = CoN.=5X69=345/m"

Gns = %'-§=il.5t/.m2

G,+e | » .
Yiat =(l‘+e)y,ande=w,,6,

27+04x27}, _ 3
feat = ( 1+0.4X2.7 )l—lSZt/m

¥’ = 182-100=082vm’

For a normally consolidated clay,

C. I G,+AC
S,_.=HX-1—:;(""°EID A

C, = 0.009 (w - 10) fora normally consolidated clay
= 0.009 (30~ 10)
=018
Effective pressure due to overburden at AA (Fig. 15.33),
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540 Basic and Applied Soil Mechanjcy

Gy = 0.82x2.5

= 2.05t/m’
Assuming a load spread of 2: 1,

_115x2
_-———-2-—-—-

AG =5.1t/m’

. eo=w,.G,=0.4x2.7=l-.08 3
| 018 . 205+5.1

e = 20007, 1gg % 205

= 94 mm

Example 15.20. Proportion a square footing to carry a load of .15_0 t from a column. The depth of
foundation is to be kept at 2 m below ground surface. Maximum pcnmssllb.le setdcn}ent of the footing is 40
mm and a factor of safety of 3 is required against shear failure. The subsoil is sand x’vnth an average corrected
N value of 18 as established from borings. Water table is at a large depth. Use Teng's cc:v‘rrelauons.

Solution:
From Eq. 15.59,

Quu = '3'16[NZBR”+3(1(D+N2) Dwa]

= L (182xBx1+3(100+18%x2x 1]

30
= 1088+848
Total net load, @, = qu81=%'3‘->582 g
Hence, 120 = 3.6 B*+28.3 8
=B=19m.
From Eq. 15.81,
B+03Y

qn.,=o.l4(~'—3)( s }R;C,,sa

D 2
CD..|+B-I+ l.9>2,hencctake Cp=2 .

2%
q,,p=0.l4x15x[ﬁ} x1x2x%x40
=56.13 t/m? |
GupX B2 =563 % 19%=2031> 120t

Hence, adopt 1.9 mX 1.9 m square footing.! '
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7. The following observations relate to a plate load test conducted on a 30 cm square test plate placed
at a depth of 1.5 m in a cohesionless soil deposit:

lntensir,y of load ] 0.5 1.0 1.5 20 2.5 3.0 35 4.0
{kgfem”):
© Setulement(mm) - - 0 2.0 40 7.0 1Mo 160 230 320 450

Plot the load-settlement curve:

(a) Determine the allowable bearing pressure for a 2 m square footing for a minimum factor of
safety of 2.5 with respect to shear failure and a maximum permissible settiement 25 mm. Water

_ tableisatadepth of 2 m below ground surface. What will be the actual factor of safety with
" respect to shear failure at the allowable bearing pressure?

(b) If the water table reaches upto the ground surface due to unanticipated reasons, what will be
* the new value of factor of safety? What settlement can be expected now? .

(a) 133 kKN/m?; (settlement governing allowable bearing pressure), F.S = 10.6 (b) 6.8 ; 39 mm.

8. Standard penetration tests were carried out in boreholes at a site and the foflowing N values were
recorded: o
Depth (m) BH1 BH 2 BH?3 -BH4
0.75 6 8 3 4
150 7 0 9 9
225 10 9 8 1
3.00 13 12 10 : 11
3.75 15 12 12 16
450 18 16, 12 14

Water table was at a depth of 4 m. .
The following loads are to be carried by isolated column footings at a depth of 1 m in a sand soil
. with Y, =17 KN/m> —500 kN, 700 kN and 1200 kN. | o

Proportion the footings so that the settlement does not exceed 40 mm. Use the Peck, Hanson,
Thornburn method. Check for safety against shear failure in each case.

~ (For P=TO0 kN, a footing 2 m square will be O0XK)

. Afooting 2.0mx 2.0 mis located at a depth of 1.5 m in a sand deposit. Borings have indicated that
the average corrected N value at the site is 25. Water table is at a depth of 2 m below the ground
~ surface. Determine the net allowable bearing pressure for a factor of safety of 3 against shear failure
and a permissible settlement of 25 mm. Use Teng's equations. - (Guener = Gup T 2TB KN/ m?)

A footilig 3 m x 3 m is placed at a depth of 1.5 m in a stratum of saturated clay extending upto a
depth of 10 m. Water table is quite close to the ground surface. The following parameters have been
determined for the clay: €, = 100 kN/m?%, 0,=0,¢c’=1.5t/m% ¢ =25°, )

10.

my=6% 107 m?/t, v, = 20 KN/m®,
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15.1 Introduction

Foundations are the sub-structural elements which are in direct contact with the ground and transmits the
load of the superstructure to the earth |n such away that nexther suppomng sonl falled in shear nor in excessive
settlement. : S o !

Broadly, foundatldns may be grouped as shallow or 'deep foundaluon dependlng onthe depth of instaliation

of foundation. _ . o Ee e raEu ¥ wnd

15.2 Modes of Fallure of a Structure

A structure when Ioaded may | fa|| |n followmg two ways » .
(i) Failure due to shear : When the load supportmg power of soil is lesser than structural load atthe
foundation Ievel : :

(i) Failure dueto excessive settlement When the settlemem in the sonl exceed the tolerance limit. in
particular, differential settlements should not cause any unacceptable damage which may interfere

with the function of the striicture.

structure is know as beaning CapaCitys .....sx. s e |

15.4 Factors Affecting Bearing Capacity

1. Nature of soil and its physical and engineering properties.
Nature of foundation and other details such as the size, shape, depth and r|g|d|ty of the structure.

z Location of the ground water table relative to the foundation level.
' 4, Thetotaland differential settlements that the structure can with stand without functional failure.
5. |Initial stresses condition of the soil due to prehistory or due to the existing structure near proposec
foundation. .
6. Nature andtype of loading i.e. centric or eccentric.
7. Mode of shear failure i.e. General, Local or Punching shear fallure.

O e e s R e Rt )
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15.5 Important Definitions

1. Gross pressure intensity (qo) Itis the total pressure at
the base of foundation due to the weight of super structure,
self weight of footing and weight of the earth fill.

Note: The gross pressure intensity at the time of failure Is nothrng
but the uitimate bearing capacity of the soil, In general, gross
pressure intensity may be greater, equal or smaller than beanng
. capacily..... : :

PR Fere AL B A

oo o e v\ﬁ %«@w»a.ﬂ.;ﬁé"u’

Fig.15.1

2. Net pressure intensily (q,,): It is that part of gross
pressure at the base of fooling which is in excess to initial effective overburden pressure.
; q QQ YD]
3. Ultimate bearing capacity (g,): Ultimate bearing capacity is defined as the minimum gross pressure
at the base of the foundation at which the soil just fails in shear, __

vgf' e
OR P urn&d
The maximum gross pressure which a foundation can with stand without the occurrence of shear
failure, ) : ) _
4. Netultimate bearing capacity (q,,,,) Itis that maximum net pressure which can be applied at the
base of loundalrcn without shear failure.” ™ : e
- ; OR Ce e s
It is the minimum net pressure at which the soil just fails in shear. 4
;; s "‘ qru = qu c qu YD' v i uea ..‘“5{“;
5. Net safe bearing Gapacity (q,)): ltis that net pressure which c canbe applied safely at the base of
footing without the risk of shear fallure. = R e g
FRERT S = G, =YD, =
q"’ F T F . » e s
Bl B R B EURE T T R R e 3«;_'-' .i_’.’ ‘)—,“,j B ti iﬂ‘; }ﬂ _;.d ‘ vy vy
Generally Fis taken between 20 3, : Aleiaii

6. Safe bearing capacity (q,): Itis that gross pressure at the base of foo

ting whlch can be applied
safely without risk of shear failure.

Osate O 05 = Gy +T

929 F-0+6

15.6 Mode of Shear Failure

Three principal modes of shear failure have been identified based on the model test of strip footings on
sand. -

1. General shear failure

~ * General shear failure, usually associated with madium to dense or stiff s

oils of relatively low
compressibility.
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* Atthetime of failure, most of the soil within stress zone reaches in plastic state except central
portion.

Main characteristics of shear failure are :

(@ A well defined slip surface developed on -
both or one side of the footing.

(®) A sudden, catastrophic failure
accompanied by tilting of foundation.

(c) Bulging of ground surface adjacenttothe
foundation before failure.

Fig. 15.2 General shear failure

2. Local shear failure

* Local shear failure is an mtermednate failure rnode

characterized by well defined slip surface immediately .~
below the footing but extending only a short dxstance >
into the sail mass, as shown in figure. By
Since, the stress zone does not extend upto ground 3 0
ievel. Therefore, only Ilttle bulging of soil around the SRR S
footing. : S - Fig. 15.3 Local shear failure
¢ Main characteristics of local shear failure are : : 3
(@) Occurs inloose sands and soft clays in shallow foundatlons ks
(b) Well defined wedge and slip surface only below the footing. ..
(c) Slip surface not visible beyond the edges of the foundauon .
(d) Sail below footung is more stressed as compared to adjacent soil.

£ é"

3. Punching shear fallure

¢ Punching shear failure, usually associated with pile footnngs in Ioose sand or soﬂ clays.

« The soil below the foundation is highly stressed which gets separated by vertical shear from
adjacent sonl Hence ad|acent soul wnII remain
unstressed.” TR

* Main characteristics of punching shear failure are ;
(a) Poorly defined failure planes
(b) Soil zone beyond the footing is not affected or

littte affected

~ (c) There are no tilting and heavmg of adjacent
ground butfarge setflement are recorded. | Fig. 15.4 Punching shear failure
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Comparison between General and Local Shear Fallure
1. For sands

e -l 5
(i) Angle of ghear friction (¢) > 36* <28°
{ii) Void ratic (6) <0.55 »0.75
(i) Relativa Denslty (/,) > 70% < 30%
(v} Standard Penetration value (N) >30 <5

2. For c- soils

() General shear failure occurs at a low
strain i.e. <56%. =~ - h

(i) Local shear failure occurs at a Iarge
strain i.e. 10 to 20%.

3. For Pure clays -
() Forpurely coheswe clay, general shear
failure may be assumed to occur with
unconfined compressive strength

q,2 100kN/m2, B USRI IO PSS

(i) Local shear failure oceurs in soﬂ to R <) 2 M

medium clays with unconfined e

compressive sirength q,<80 kN/m2 ‘ v
i

P .

15.7 Methods to Determine _Bearing Capa;:l_ty o

1. AnalyticalMethods® .. ;| - ; e ;_ .
These methods are based on soil and foundatlon propemes TR
These are divided into three groups; ===

Satﬂement

(a) Based on theory of elasticity
(i} Schieicher's method

(b) Based on classical earth pressure theory
() Rankine's theory (only for ¢-soils)
(i) Pauker's theory (only for ¢-s0ils)
(iii) Bell's theory (for c-¢ soils)

(c) Based on plastic theory

1. General shear failure
2. Local shear failure
3. Punching shear failure

Fig.15.5 Load-settlement curve for soils

() Fellenius method (only for c-soils) (i) Prandt's method (for ¢-¢ soils)
(iii) Terzaghi's method (for ¢- ¢ soils) (iv) Meyerhoff's method (for c-9 soils)

{v) Skempton's method (only for c-soils)

(vi) Brink-hansen’s method (for c-d s0ils)

(vil) Balla's method (for ¢- ¢ solls) (viii) Vesic's method (for c- ¢ soils)

{ix) 1.S. code method
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2. Codal Provisions ’
. These methods are based on various building codes like BIS, IRC, CPWD, etc.
8oil testing results, they have published bearing capacity of zonal soils.

* These bearing capacity values can be used for small scale works.
i 3. Field methods
| (i) Standard penetration test (SPT)
f 7 (i)) Cone penetrationtest (CPT)
.‘ (iii) Plate ioad test (PLT)

15.8 Analytical Methods

|
]
! 1581 Schleicher's Method
| ¢ This is based on theory of elasticity and Boussinesq's stress distribution.
* Elastic settlement 'S’ of the soil directly undarneath a perfectly elastic bearing slab is given by

l : . S=K- q J_ (1 = "'2) e D bl

Where K = Shape coefficient or influence value. dependrng on size, shape and rigidity of the slab.
q = Net pressure applied from the slab on to the soil
A = Areaofbearingsiab
E = Modulus of elasticity of soil === e s e
_ f = Poissonsraticofthesot =
e |f'S,' and 'S, are settiements brought about by two bearmg areas of srmllar shape of different sizes,
‘A and ‘A, respeclrvely wrth equal contact pressure. :

then, =t = J:
ey - Sa . 4. Az v R I év ranes ggﬂ =

~ Note: It should be noted that maximum settlement occurs at the centre of crrcular and rectangular beanng
* areas and a mrnrmum value occurs atthe periphery In clays - .

G kit et 2

15.8.2 Rankine sTheory
¢ Rankine's considered the plastic equilibrium of two adjacent soil element one immediately beneath

the footing say element ‘1" and other just beyond the edge of footing say element '2' as show in
figure below.

on the basic of

o,=2q

- p—

— AN y/ N N
= 1 |e—gy=k, 0,

D, Active Slate

Toim L e
- a3 LRk

Fig.15.6
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¢ The vertical pressure on element 1 is equal to' q, whereas on element ‘2" it is YO,

* Element‘1'is in active state. Hence, the vertical stress is the major principal siress and the lateral
stress is the minor principal siress. Whereas, element ‘2" is in passive state. Hence lateral stress
becomes the major stress, and the vertical stress becomes the minor principal stress.

+  Forelement'2',

5, = ko,= 1+::2: YDf e (i)
For element 1,
o, = kso,=kq,
or q, = G, - 1+sm¢ o (i)

K, POnT 1 -sing "

" [1+singP
%= [1 sm(p] 10 s

e

From equation (i) and (ii),

SR T~

yof or tan® (45 + ¢)7D;v

Limitations:

1. Above formula gives the beanng capacrty of coheslonless soil as zero at the ground surface (D, = 0)

but practically it is not zero.

According to this formula, there isno effect of size and shape of footlng on ultlmate bearing capacity
which is incorrect,

3. This theory is not applicable for c-soils and c-dsoils, © - e s
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Basic and Applied Soil Mechanics

From Fig. 15.31, g,,=24 V/ m?, from the double tangent method.

Ny —2 =50

T 0Ax2x06
From Fig. 15.12, for Ny=50, ¢ =36.5° and N, =40. -
For the foundation,g | 3 . e
G = Dy (N., -D+04YB Ny

= 2x2x39+04%x2X l;.5x50

= 216 t/m?

s = 2;—6#72sz

. _= R
Se Sf[af(a,,+30)

2 .
= 60 (150 +30) - .
20[150 60+30) | =128 mm

From Fig. 15.31, the load intensity corresponding to a settlement of 12.8 mm may be determined from
the method suggested by Rao and Ramasamy. :

Net safe bearing pressure = 32 v/m%

Hence, settlement criterion governs the design and the net allowable bearing pressure = 32 Ym?.

Allowable Ioad on the footing =32 x 1.5% = 72,

Example 15.15. Determine the allowable béaring pressure for the rectangular footing shown in Fig.
15.32 using Peck, Hanson and Thornburn procedure. Allowable settlement = 40 mm,

Solution:

The average value of N,,, between El — 1.50 m and E1 - 6.00 m will be considered for calculations. This

would mean a depth equal to 1.5 Bor 4.5 m below the base. If one had the choice, one would include the values
upto a depth equal to 2 B below the base. ,

The field values of N, that is Ny, are corrected first for overburden pressure and then for dilatancy

(where appropriate) using the Peck, Hanson and Thornbum procedure using Eq. 19.6 or Fig. 19.6 and
Eq. 19.9. _ T

It may be noted that d_ilataiu'cy correction is not required in the coarse sand layer.,

1444195+ 18.1+209+ 188+ 163 4209
18120 2213

- Average N, =
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Basic and Applied Soil Mechanic,

From Fig. 15.23, forN=18,B=3m,

Settlement for a pressure of | kg/cm2 or 10t/m? is 0.015 m or 15 mm.
Taking into account the position of water table,

15 15
correction factor  0.75

Actual setilement = =20 mm

For 8§, =40 mm,qm=%-gx40£20sz
Hence, | qa:-ncl = 20t/m’. -.

Example 15.18 Determine the net safe bearing pressure for the footing in Ex. 15.15 using Meyerhof's
correlation.

Solution:

From Eq. 15.86, for B> 1.2 m,

2
Gwp= 002N Ry, [B +B°'3) s,
Roy= 140338 = 14033x 22116

N, is taken as in Teng's recommendation, that is, 23.

2
Gnp = 0.032%23 % 1.16[3—%9'—3-] % 40

= 413 t/m?
Effect of water table is not included in Meyerhof™s correlation.

Example 15,19 A footing, 2 m square, rests on a soft clay soil with its

ground surface. The clay stratum is 3.5 m thick and is underlain by a firm sand

base at a depth of 1.5 m from
following properties:

stratum. The clay soil has the

wy,=30%; w, = 40%; G,=2.70,¢,=0;c,=0.5 kg/cm?
It is known that the clay stratum is normally consolidated. Using Skem

) pton’s equatio : :
safe bearing capacity of the footing. Compute the settlement that would resyl . . determine the net

tifthisload intensi
to act on the footing. Natural water table is quite close to the ground surface., ensity were allowed

Solution:

/B=—==075<25
D/B 2 075«

Hence from Eq. 15.36,
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542 Basic and Applied Soil Mechanjc,

_or . SV : .1.4l+0.020,+l.9D,=_14
giving Y p=656m 7

Hence, the base of the raft must be placed at a depth of 6.56 m. . p

In an actual design, the settlement resulting from the net loading intensity of 14-1.9% 6.§6. Le, 2.5Um
will have to be computed and checked against the permissible settlement to ensure that the design is safe from
the settlement criterion too. : . . L R

S¥niy,

PROBLEMS

1. Astrip footirig 1.2 m wide, is supported onasoil withits bvasc"at’a depth of 1 m below ground surface,
The soil properties are as below: ' - :
c'=15kN/m% ¢’ =28, y,= 18 kN/m’, 7/ = I0kN/m®. -
Determine the ultimate bearing capacity if "
(a) water table is at a great depth T
(b) water table is at the level of the base of the footing
© ~ 7 (c) water table is at the ground surface,” -~ - oo LT S )
... UsetheTerzaghiequation. = ' ' (a)990 KN/m’ (b) 914 kN/m® (c) 765 kN/m
2. A column, canymg aload of 750 kN, has to béusupponed by a"Square fdoting with its base at 1.5 m
~ depth. What is the required size of the foundation which will provide a factor of safety of 3 against

shear failure? Assume ¢ = 10 kN/m? ¢ = 30°y, = 18 kN/m®, v’ =10t/m® Water table is at 1.5m
depth. Use Terzaghi’s equation. : (B=15m)

3. A rectangular footing, 2 m X 3.5 m, is placed at a depth of 1.5 m below ground surface. Determine
both by Meyerhof’s recommendations as well as IS: 6403 (1981) recommendations, the net safe
load that can be supported by the footing with a factor of safety of 2.5 with respect to shear failure.
The soil properties are: ¢ '=20kN/m% ¢"=22°. '~ . Gyoung kN, (b) 2251 kN.

4. A retaining wall, 6 m high, has a vertical back and supports a horizontal sand backfill with
¢'=30°and y=17 kN/m”. It is resting on a soil which has ¥Y=17.5kN/m> ¢’ =0 and o’ =32.
The natural ground level is located 1.5 m above the toe level. The weight of the wall is 250 kN/m
and its line of action passes at a distance of 0.75 m from the heel. The base width of the retaining
wall is 2.5 m.

Determine the ultimate bearing capacity per metre length of the wall, using IS: 6403 (1981)
recommendations. ' , ,

5. A load of 400 kN/m is carried by a stri_p footing, 2 m wide, located at a depthof 1.5 min a clay soil
with Ygqy =20 kN/m>. Water table is quite close to thczgrou nd surface. Determine the factor of safety

- - with respect to shear failuré (2) when ¢, =10 kN/‘_ m"and ¢, =0 and (B) when ¢’ = 15 kN /m? and
ey ¢c=2so?=_;. G s s el 7“ ’: S (a) 2.85 () 4.5
. 6. A 30 cm square test plate settles b; 18 mm in a plate load test conducted ona gfanixlar soil when

the loading intensity was 200 kN/m - Estimate.thc likely settlement in afooting 1.5 m square, resting
on the same soil, at the same intensity of loading. (50 mm)

A
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