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Preface

This book is primarily intended for the undergraduate students of Civil
Engineering. However, it will be helpful also to the diploma-level students,
AM.LE. students, and, in some cases, even to the post-graduate students of
Soil Mechanics and Foundation Engineering.

A thorough understanding of the basic principles of a subject like Soil
Mechanics calls for the solution of a large number of numerical problems. In
the present book a brief introduction to the contents of each chapter has been
given, which is followed by a number of worked-out examples and quite a
few practice problems. For a better understanding of the topics and students
are required to solve all the problems by themselves, Effort has been made to
explain the basic principles underlying the solution of the problems so that
the students may develop the habit of having a logical insight into the
numerical problems while solving them. ‘

Cominents and suggestions regarding the book, from the students as well
as the teachers, will be highly appreciated.

Calcutta,
9, March 1993 DEBASHIS MOITRA
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WEIGHT-VOLUME RELATIONSHIPS

1.1 Introduction: Mattermay existinnature in three differentstates, viz.,

solid, liquid and gaseous. A soil mass in its natural state may consist of all.
three phases. The basic ingredient is the solid grains which form the soil

skeleton, while the intermittent void spaces are filled up by either air, or water,

or both. Thus, a soil mass in its natural state may be considered a three-phase

system.

1.2 Soil Mass as a Three-phase System : . In a soil mass in its natural
state, the three phases, viz., solid, liquid and gas, are completely intermingled
with one another. However, if one can determine the individual volumes of
solid grains, liquid (i.e., water) and gas (i.e., air) present in a certain vohime

Va

Vy
Vw

Vs

Fig. 1.1

of a soil, the entire soil mass can be represented by a schematic diagram, as
shown in Fig. 1.1, where the volume of each constituent part is shown as a
fraction of the total volume. The cross-sectional area of the soil mass is taken
to be unity, so that, the volume of each constituent part is numerically equal
to its height shown in the diagram. Again, the mass of sach part may be
obtained by multiplying its volume by the corresponding density.

The notations used in the diagram are defined below:
V = total volume of the soil mass
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V, = volume of solid particles in the soil
V, = volume of voids in the soil
V,, = volume of water present in the voids
V, = volume of air present in the voids
W = total mass of the soil
W, = mass of the solid particles
W, = mass of water present in the voids.
The mass of air present in the voids is negligible.
Thus, V,=V,+V,
and, V=V, +V,
or, V=VS+Va+Vw

1.3 Basic Definitions : The fundamental physical properties which
govern the engineering performance of a soil are defined below :

(i) Void ratio(e) : The void ratio of a soil is defined as the ratio of volume
of voids to the volume of solids.
: Vo 4
ie., = — .1
€ &7 (1.1)
The void ratio is a dimensionless parameter, the numerical value of which
decreases with increasing degree of compactness of the soil.
(i) Porosity (n) : It is defined as the ratio of the volume of voids to the
total volume of the soil mass. It is generally expressed as a percentage.

. VV
ie., = v X 100% .-(1.2)

The void ratio of a soil may be greater or less than 1. However, as the
volume of voids is always less than the total volume of a soil mass, its porosity
is always less than 100%. :

(iii) Water content (w) : The water content of a soil mass is defined as
the ratio of the mass of water to the mass of solids. It is always expressed as
a percentage.

W

ie., » w = Wf x 100% (1.3)
10) Degree of saturation (s) : The degree of saturation of a soil mass is

defined as the ratio of volume of water 1o the volume of voids. It is always
expressed as a percentage.
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V.

ie., s = — x 100% .(1.4)
vy

The value of s may vary from 0% (for dry soils) to 100% (for fully

saturated soils).

(v) Specific gravity of solids (Gsor G) : Itis defined as the ratio of the
mass of a given volume of solid grains to the mass of an equal volume of
water, measured at the same temperaturc. '

. G MS
ie., =5
where, M, = mass of any volume V of solid grains

M,, = mass of water of volume V.
If this volume V is arbitrarily taken as unity, then in the C.G.S. system
M, and M, become numerically equal to the density of solid grains (y) and

density of water (y,,) respectively. Thus,

mass of unit volume of solids _ Ys.

mass of unit volume of water v,
or, ¥ = G Y ..(1.5)

(vi) Mass specific gravity (G,) : It is defined as the ratio of the mass of
a given volume of soil to the mass of an equal volume of water, measured at
the same temperature.

ie, Gp = o = — (1.6}

where  y = unit weight of the soil mass.
(vii) Bulk density or unit weight (y) : It is defined as the ratio of the total
mass of a soil to its total volume. Its unit is gm/cc or t/m” or kKN/m",
w
ie., Y= -(1.7)
(viii) Unit weight of solids (y,): It is defined as the mass of soil solids per
unit volume of solids.
W,

ie., Y, = -V— (1.8)

S
(ix) Dry density (13) : The dry density of a soil mass is defined as the
mass of soil solids per unit of the total volume of the soil mass.
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W,

ie., = (1.9)

The difference between y, and y, should be clearly understood. The dry
density of a fully or partly saturated soil is nothing but its bulk density in the
dry state. The dry density of a soil depends on its degree of compactness, and
hence, on its void ratio.. But the unit weight of solids depends only on.the
properties of thé minera’ls*pres'em in itand is independent of the state in which
the soil exists.

(x) Saturated unit weight (s : When a soil mass is fully saturated, its
bulk density is termed as the saturated unit weight of the soil.

(xi) Submerged density (Ygy) : The submerged density of a soil mass is

defined as the submerged weight of the soil per unit of its total volume.

1.4 Functional Relationships : In order to assess the engineering
perfor mance and behaviour of a soil, itis required to evaluate the fundamental
properties enumerated in Art. 1.3. While some of these properties (e.g., w, G,
y etc.) can be easily determined from laboratory tests, some others (eg., e s,
Y, etc.) cannot be evaluated directly. However, all of these properties are
interdependent. Hence, if mathematical relationships between two or more
such properties can be developed then the direct determination of a few of
them will lead to the indirect determination of the others. Thus, the functional
relationships have an important role to play in Soil Mechanics.

The most important relationships are established below :
(i) Relation between e and n :

v,
By definition, o ) P
Vs
But, V=V, +V,or,V,=V -V,
v, v,V V.,V n v,
ETVIVY, T WS Vv vV, 1-n - S
S Rl
|4
n
ke .(1.10)
vy
Again, by definition, n= v
. v, V,/V V./V, e v,
or,n = - = - AR L
V.+V, (Ve+V)V, 1+V/V, 1+e V,

Weight-Volume Relationships S
=== (L11)
1 +e

Alternative proof : The same relationships may also be deduced consider-
ing the schematic diagram of a soil mass as shown in Fig. 1.2 (a) and (b).

e Void 1 n Void
(1+e) 77 %////7 1 \ ’,fjx,{//;,/ 4
../_.r Ao / ./’ / ! | _/".' / i f/
W74 R
A A /,"// | FP SNV PE,
/..‘./_/ 5 /J | S A A
Vi LSS s i
A g —J'— . LLL L L L g
{a) (b)
Fig. 1.2
v,
We know that, e = v
S
V,=e.V,

Let us consider a soil mass having unit volume of solids.
L Ve=1lo,V,=e'1=e¢

- Total volume of the soil, V. = V, + V. =1 + e

N ) oA

ik e it
VV

Again, n= or V,=nV

Considering a soil mass havirg a total volume V=1,
V.=1n=nor, V,=V-V,=1-n
Vv n

eaE V; = o
/({) Relation between e, G, wand s :

With reference to Fig 1.1,
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Ys
But, G=:% on 1,=G
VW : YW VW VW/VV

YTV, 6n V.G (V/V)-G

Vi/V;
or, s.e = wG -(1.12)
(iii) Relation between y, G, s and e :
The bulk density of a three-phase soil system is given by,
W W, + W, v V7 e
L bt v Aliac ! /v 2
Vo Y + V.0 Gy, V,+G-V,
% V, + V & V, + V, Y

Dividing the numerator and denominator by V,,, we get,

_Vw/Vv+G'Vs/Vv_ _s+G/e.
YE—"1svv, W T+ie ™
_ (se + G)/e _ G + se
(1 + e)/e W= Tre W
G + se
or, i el ..(1.13)
(iv) Expression for yg, :
%
' £ w W+ W, Vv, +Viy,

By definition, y¢,, = v = V. V., - vV, + V,

For a saturated soil, V,, = V,
Vo v + Vi Gy, Vv"’G'Vs.

Yt S TNV, VvV,
vV, + GV,)/V,
B AR AV A
=1+G.(1/e)_ - (G + e)/e =G+e_Yw

1+1/e ™ 1+ e)e W= T4e

- ——————— e ————

Weight-Volume Relationships 7

G +e

b Yo = Loy, (1.14)
(v) Expression fory, :

e W Ve -4 Vs GYw

By definition, YasmTv iy 2 Vg B Vs
__ GV, o Gre
U 27 A R V7L
Gy

2 vi = +we (1.15)

Eqns. (1.14) and (1.15) may also be derived from eqn. (1.13) as follows :
For a saturated soil s = 1,

G + le G + e
From eqn. (1.13) we get, vy, = T+e W17 v
For a dry soil, s = 0
G + Qe GYw
‘eqn. (1. = Y =
Fromeqn. (1.13) we get, v, 1viE oo einy Tolne
(vi) Relation betweeny and v, :
w W, + W
We kn t ==
¢ know that, Y % Vv
W, + W
or, Vs 2= (i)
‘ Y
A . WS V WS (-.)
gain, Yg= < o, V=— .-(ii
A 7 Y4
From (i) and (ii) we get,
W, + W, E
Ya
Ww + Ws w
or, Y'”_WS“'Y"=(1+—WZ)'Y"’(1+W)'Y"
PR Y - ‘
or, Yo = Tl ..(1.16)

(vii) Relation between ygy, and v, :

A soil is said to be submerged when it lies below the ground water table.
Such a soil is fully saturated. Now, according to Archimedes’ principle, when
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an object is submerged in a liquid, it undergoes an apparent reduction in mass,
the amount of such reduction being equal to the mass of the liquid displaced
by the object.

Consider a soil mass, having a volume V and mass W, which is fully
submerged in water.

Volume of water displaced by the soil =V
‘ Mass of displaced water = V -y,

Apparent mass of the soil, W' = W - V-y, = V-y, - V-y,
=V (Ysat — Yoy
The apparent density or submerged density of the soil is given by,

W Vs = YW

Ysub = % V
or, Ysub = Ysat = Yw ~(1.17)
EXAMPLES

w

Two different methods may be employed to solve the numerical
problems in this chapter. They are :

Method I: Solution using mathematical relationships :

This process is somewhat mechanical, one has to memorise all the
equations deduced in Art. 1.4 and should select the appropriate equation/s
while solving a given problem. However, in most of the cases this method
can yield the desired result fairly quickly.

Method I :  Solution from first principles :

In this method the solution is obtained using only the basic definitions
with reference to a three-phase diagram of the soil mass under consideration.
This method always allows the student to have an insight into the problem.
However, in some cases the solution becomes a little complicated and more
time-consuming than method I.

Afier going through the worked out examples, quite a few of which
illustrate the use of both of these methods, one should be able to realise as to
which method of solution suits better to a particular type of problem. It may
be pointed out that, the methods may also be used in conjunction with one
another.

Problem1.1. A soil sample has a unit weight of 1.9 gm/cc and a water
content of 12%. If the specific gravity of solids be 2.65, determine the dry
density, degree of saturation, void ratio and porosity of the soil.

=
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Solution: From the consideration of degree of saturation, a soil sample
may be :

(i) Completely dry (s = 0)
(ii) fully saturated (s = 1)
(iii) partially saturated (0 <s < 1)

Unless otherwise mentioned in the problem, a soil sample should always
be taken to be partially saturated.

Methw'/- Given : = Required :

As e and n are mutually dependent on each other, effectively three
unknown parameters have to be determined from the given data. Select the
appropriate equations which may serve this purpose.

The value of v, can be determined from :

)
= v w
Here, Y = unit weight of the soil = 1.9 gm/cc

w = water content = 12% = 0.12
A 1.9
Y4 = 177012

In order to solve for the other two unknowns, viz., s and e, two equations
are required. Evidently, the following equations will serve the purpose :

= 1.696 gm/cc

wG = se, or se = (0.12) (2.65) = 0.318 (i)
. G + se
A = .
gau‘) Y 1 + e w
2.65 + 0.318
3 19 = |——————| (1.
or ( TX e )(1 0)
or, 1 +e=156, or, e = 0.56
The expression of y; may also be used.
Gy,
W=1se
or, 1.696 = (ZLS)(I—),
1 +e
or, 1.696 + 1.696e = 2.65
or, e = 0:953 = (.56

1.696
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From (i), s = %3’5%8 = 0.568 = 56.8%

x e - 0.56
“"1+e 1+ 056

Answer. Dry density = 1.696 gm/cc, void ratio = 0.56
Degree of saturation = 56.8%, Porosity = 36%

Method II :
Let us consider a specimen of the given soil in which the mass of solid

grains = 1 gm. The three-phase diagram of the soil is shown in Fig. 13.
/4 W

= 036 = 36%

w w
A o ox Al ot A0
or, W, = 0.12gm
Total mass of the sample, W = W,, + W; = 1.12gm
Rt ot soid s Vs AR L - 03770
Ys Gtrw (265)(1)
W,
Volume of water, V,=—"= 84, 0.12 cc
Yw 1
Total volume of soil, V = % E —11'1—92 = 0.589 cc
.. Volume of air, V,=V-(V;+V,)= 0.092 cc
. Volume of voids, V, =V, + V,, = 0.12 + 0.092 = 0.212cc
. Vo 012
Degree of saturation, § = 3= = pors X 100% = 56.6%
Va .
(0-092cc)| oy 0
Vo | Eomooooooco] | W
" (042cc) | Ezzzz-Mofer----~4 li012gm)
777777 A W
s\ YV & / e
(037)| Y98 | gm)
_,L— = Jn VL L L L L L Ll RIS
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Void ratio e——v—v—w—056
P A L
, vV, 0212
Porosity, n= = 0589 x 100% = 36%
Dry densit Yl L eorgm/e
ry Y, Yd v = 0.589 . g

Problem I‘L/An undisturbed specimen of soil has a volume of 300
cc and weighs 498 gm. After drying in oven at 105°C for 24 hours, its weight
reduced to 456 gm. Determine the void ratio, porosity, degree of saturation
and water content. Assume G = 2.70.

Solution : Method I:
Given:[V, W, W3 G| = Required :le, n, §, w
After drying in oven, the water present in the soil evaporates and the soil
becomes completely dry.
Now, weight of the moist sample, W = 498 gm

And, weight of the dry sample, W, = 456 gm.
Weight of water evaporated, W.,=W —W; =498 - 456 = 42 gm.
Vo 4
Water content, w = W; = 456" 0.0921 = 9.21%
! GYw
Dry density, VT
Wa 456
But = — = —— =1,
u Ya= 5 =300 " " 52 gm/cc
e is2
1+e
or, 1.52(1+¢)=(2.7) (1)
or, 1.52¢ +1.52=2.7
or, e=0.78
Void ratio = 0.78
. : e 0.78
Again, porosity n= T e 1+078 0.438 = 43.8%
wG

From eqn. (1.12), wG=se, or, §=——
I <
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_ (0.0921) 2.7) _ - 31.9%
or, = —“———.0.78 = 0.319 1.9%

Method II: With reference to the three-phase diagram shown in Fig. 1.4,

Weight of water,

Volume of water,

Volume of solids,

Total volume,

Volume of voids,

or,

W, = 498 - 456 = 42gm
W,

V, = — = 42cc
w
B ke % i s
Ys  GYw
456
= - = 168.89 cc
2.71)
V =300 cc
V,=V -V,

= 300 - 168.89 = 131.11cc

S
[
AT
[inirg
[y
—

e = —V: = m = 0.78
n=%—=1—3;0—3—1=0437—437%
s=“,/—:}=17‘f1—1=0.32=32%
w = E/Wf = %2-6- = 0.0921 = 9.21%
Vy | (13111cc) Air
o e e L
V [{(300cc) // ﬁ-_ W |(498gm)
Vs (1688907 /Solld/// Ws| (456gm)
f//i SN,

Fig. 1.4

-
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Problem bé/\ A saturated soil sample, weighing 178 gm, has a volume
of 96 cc. If the specific gravity of soil solids be 2.67, determine the void ratio,
water content and unit weight of the soil.

Solution : Given : => Required :

Unit weight of the soil,
W 178
Yoat = 37 = Tk 1.854 gm/cc
G +e
But, Ysat = m.YW
267 +1 x e
( i )(1.0) - 1.854
or, 1.854 + 1.854e = 2.67 + €
or, 0.854¢ = 0.816
or, e = 0.955

s.e  (1)(0.955)

Again, W= —"= = (0.358 = 35.8%

G 2.67
Pmble% fully saturated soil sample has a volume of 28 cc. The
sample was dried in oven and the weight of the dry soil pat was found to be
48.86 gm. Determine the void ratio, moisture content, saturated density and
dry density of the soil mass. Given G = 2.68.

‘ Solution_ : Given: => Required :
A schematic representation of the given soil is shown in Fig. 1.5.
7 V=28cc
Volume of dry soil, Vs = 428688(5
Assuming that there was no change in void ratio during oven-drying,
volume of water evaporated, V,, = V - V, = (28 - 18.23)cc =/ 9.77 cc

Here, total volume

cc = 1823 cc

. V.
Void ratio, B e = [V, =V,]
VS

L]
(]
o
n
W
(=}




Weight of water, W, =V, v, =(977)(1.0)

= 9.77 gm
W, 9.77
Moistu; eyt 2 2o A )
oisture content, w W. 48.86 0.2 = 20%

‘1 otal weight of the soil,
W=W, + W, = (977 + 48.86)gm = 58.63 gm

Saturated density, Yg = % = 5—82—52 = 209 gm/cc
W
Dry density, Yi = -V—s = ﬁ‘% = 1.745 gm/cc
===
Vy =9-77cc E 222" Water- =77 Wy =9:77gm

-,
"

?Bcc 7///// ]— 'W=5%-6Bgm

Vs =18-23¢cc

Fig. 1.5

Problem 1\}{ An undisturbed sample of saturated clay has a volume
of 16.5 cc and weighs 35.1 gm. On oven-drying, the weight of the sample
reduces to 29.5 gm. Determine the void ratio, moisture content, dry density
and the specific gravity of solids.

Solution : Method I :
Given : => Required :
Weight of the saturated sample, W =351gm
Weight of the dry sample, W; = 29.5gm
. 'Weight of water evaporated, W,, = W - W, = (35.1 - 29.5)gm

= 5.6 gm

W 35,
Now, Year = 7 = ig% = 2.127 gm/cc

Problems in Soil Mechanics and Foundation Engineering
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= — = —— = 1.788 gm/cc

: But = Gy
_k ’ YS&‘ 1+e Yw
Ry aiEde
1 +e
or, 2127 + 2127e = G + e
or, G = 1127 + 2.127 ..(i)
. GY., :
Again, Ya Doy
1,788 = 21
1 +e
or, G = 1.788¢ + 1.788 ...(ii)
From (i) and (ii) we get,
s 1.788¢ + 1.788 = 1.127¢ + 2:127
or, 0.661e = 0.339
or, e=051
5 From (i) we get, G = (1.27)(0.51) + 2.127 = 2.
[ Now, wG = se
or, wee_ WO 4189 - 189%

G 2.7

Method I1; A three-phase diagram of the given soil is shown in Fig. 1.6.

Here, wet weight of the sample, W = 35.t gm
Dry weight of the sample, W; = 295gm
Weight of water, W,, = W - W, = (35.1 - 29.5)gm = 5.6gm

J.' Volume of water V, =V, =5.6cc
! Total volume V = 165 cc
Volume of solids, V, = V - V, = (16.5 - 5.6)cc = 10.9cc
{ i V., 56
Void ratio, e = Vs =100 - 0.51 /
. W e 86
Moisture content, w = W= 295 - 0.189 = 18.9%

“
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T 1
Vw=5-6ccf ‘Ggr!l'l
et T |
V-l AT, W=351gm
V=16 5cc ///;////éf ] _
/ : Ws=29.
Vs =109¢c f/é/ SU/l ‘9//:/; ; 23:1?
A XA
| SIS //1
Fig. 1.6
%
Dry density, Yy = 7* = % = 1.79 gm/cc
Wy 295
Unit weight of solids, = — = —— = 270 gm/cr
g Y=V, T 109
St it ohetlids, AC e = 21% = 2.70
Problem The initial void ratio of an inorganic clay is found to be

0.65, while the specific gravity of solids is 2.68. Determine the dry density
and saturated density of the soil. Also determine its bulk density and moisture
content, if the soil is 50% saturated.

Solution : Given: e, G,s |= Required : I Yd; Ysat, Y, W

Saturated density of the soil, Y= Cl; : ; .

2.68 + 0.65)
= ("—'1—:'6?6'5——) (1) = 2.02 gm/CC

; Oy (268)(1)
Dryfpusity, Y= 14ve™1+065
When the soil is 50% saturated, its bulk density
I’ G + se. , 2.68 + (0.5) (0.65)
L e 1+ 0.65
Moisture content at 50% saturation,
_se (0.5) (0.65)
G 2.68
Problem K7 The volume and weight of a partially saturated clay

sample are 185 cc and 362 gm respectively. After drying in an oven at 105°C
for 24/hours, its weight reduced to 326 gm. If the natural void ratio of the soil

Yw

= 1.62 gm/cc

(1) = 1.82gm/cc

=012 = 12%
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was 0.54, determine the moisture content, dry density, bulk density, degree
of saturation and specific gravity.of solids.

Solution: Given:(W,V, W, e [= Required :ly, Yo W s, G

Total volume V = 185 cc

Total weight, W = 362 gm

Dry weight, W; = 326 gm
. W 362

Bulk density, Y=V =1 " 1.96 gm/cc
. Wa 326

Dry density, Ya= 3 = 185 = 1.76 gm/cc

Weight of water evaporated, W,, = W - W,
= (362 - 326)gm = 36 gm

Moisture content, w = & = —3§—'= 0.11 = 11%

W, - 326

Gy,
Now, Yg = T

G-1
RO A

or, G = (1.76) (1.54) = 2.71
Again, wG = se,
& L6 _ (1) @7

e 0.54

Proble;g).d./ A sample of silty clay has a void ratio of 0.8. The soil is
allowed to absorb water and its saturated density was found to be 1.92 gm/cc.
Determine the water content of the saturated sample.

Solution: Method1:

It is assumed that the void ratio of the soil did not change due to
absorption of water. !

The saturated density is given by,

= 055 = 55%

G+e.
1+e

Ysat = Yw

G + 08
1+08

or, G = (1.92)(1.8) - 0.8 = 2.656

1) = 1.92
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Now, using the relation  wG = se, we, get,
se  (1)(0.8)

W TGS R

Required water content = 30%
Method I : Fig. 1.7 shows the three-phase diagram of the given soil.

Let the weight of solids be unity. Let w be the moisture content of the
saturated soil,

"Vw
Now, w = W or, W,=w-W,=w-1=wgm
5

Volume of water, V,, = wcc

Now, void ratio e = 0.8

o1, V.= —=-—=~—=125wcc
Total volume of the soil,
V=V, +V,
= 1.25w + w = 2.25wcc

2:25w ccﬁb 7;//// /7{/ 1+w)gm
1-25wcc///////€€/li§?// lﬂi :
)

Fig. 1.7
Total weight of the soil, W = W, + W;=(1 +w)gm
W 1+w
Ysat = vV T 72—57
But, Yeat = 1.92gm/cc

———-—-—
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1 +w
225w - 1.92

or, 432w =1 + w

or, w = 030 = 30%

Note : Try to solve the problem assuming the volume of solids to be unity.

Problem l.’/ The bulk density and dry density of a partially saturated
soil are 1.95gm/cc and 1.80 gm/cc respectively. The specific gravity of solids
is 2.68. Determine the void ratio, moisture content and degree of saturation
of the soil.

Solution :

ol )
We have, 8 e :
Here, vq = 1.80gm/cc, y = 1.95 gm/cc
1.80 = 1.95
1 +w
or, 1 +w=195/1.80 = 1.0833
or, w = 0.0833 = 8.33%
G
Agai h =
gain, we have, =T
1.80 = (2.68) (1)
1+e
2.68
or, 1+e=fé6_1'49
or, e = 0.49
Now, wG = se
or, 5= 20 QBNQ _ 456 - as.6%

Problem 1,18. The density of a partially saturated soil was found to be
1.88 gm/cc. If the moisture content and void ratio of the soil be 24.8% and
0.76 respectively, determine the specific gravity of solids, and the degree of
saturation.

Solution :

We have Y = ————Gl t ‘Ze Y (i)

and WG = se (i)
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Substituting for se in eqn (i), we get,
G + wG

1 +e
G + w)

1 +e

_ G+ 0248)
i 1+07

£ G = 1'8:32 418'76 - 265

Problem 1.1,]4 A given soil mass has 2 moisture content of 10.5% and
a void ratio of 0.67. The specific gravity of soil solids is 2.68. It is required
to construct three cylindrical test specimens of diameter 3.75 cm and height
7.5 cm from this soil mass. Each specimen should have a moisture content of
15% and a dry density of 1.6 gm/cc. Determine :

(i) the quantity of the given soil to be used for this purpose
(ii) quantity of water to be mixed with it.

Solution : (i) Volume of each specimen = nPh
= ®(3.75/2)% (1.5)cc
= 82.83 cc
Total volume of three specimens, V = (3) (82.83) = 248.49 cc

s &

w

or, o

Weight of dry soil required, W;=Vxy,

(248.49) (1.6)
397.58 gm
Moisture content of finished specimens, w = 15%
WW
But, WSVJ’ or, W, =wx W,
Weight of water in the specimens, W,, = (0.15) (397.58)
= 59.64 gm

Now, dry density of the given soil mass,

Gy,, _ (268)(1)
Y"=1-n»e i+ 0.67

i.e., 1.605 gm of dry soil is obtained from 1 cc of moist soil

= 1.605 gm/cc
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397.58 D
1.605

= 247.71 cc of moist soil
Volume of moist soil to be used = 247.71 cc.
Now, bulk density Y =ys(1 +w)

397.58 gm of dry soil is obtained from

= (1.605) (1 + 0.105) = 1.773 gm/cc
Total weight of moist soil required = y x V
= (1.773) (247.711) gm = 439.19 gm

(i) Weight of water present in this soil
= (439.19 - 397.58)gm = 41.61 gm
Weight of water finally required = 59.64 gm

.. Weight of water to be added = (59.64 - 41.61) gm
= 18.03 gm
Volume of water to be added = 18.03 cc

Ans: 439.19 gm of given soil is to be taken and 18.03 cc of water is
to be added to it.

EXERCISE1

JA. A soil sample has a porosity of 35%. The soil is 75% saturated and
the specific gravity of solids is 2.68. Determine its void ratio, dry density,
bulk density and moisture content.

[Ans:e = 0.54,y4 = 1.74gm/cc,y = 2.0gm/cc,w = 15%]

1.2. The mass specific gravity of a soil is 1.95, while the specific
gravity of soil solids is 2.7. If the moisture content of the soil be 22%,
determine the following :

(i) Void ratio (ii) porosity (iii) degree of saturation (iv) dry density (v)
saturated density.

[Ans : (i) 0.69 (ii) 41% (iii) 86% (iv) 1.597 gm/cc (v) 2.00 gm/cc ]

143. The saturated and dry densities of a soil are 1.93 gm/cc and 1.47
gm/cc respectively. Determine the porosity and the specific gravity of the
solid graips. [Ans:n=459%,G=2.72]

4. A partially saturated soil sample has a natural moisture content of
17% and a bulk density of 2.05 gm/cc. If the specific gravity of soil solids be
2.66, determine the void ratio, degree of saturation and dry density of the soil.
What will be the bulk density of the soil if it is :
(i) Fully saturated
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(i) 60% saturated ?

[Ans : Part1:e=0.52,s =87%, ya = 1.75 gm/cc Part 2 : (i) 2. 09 gm/cc

(i) 1.95 gm/cc ]

An undisturbed soil sample has a volume of 50 cc and weighs 96.5
gm. On oven-drying, the weight reduces to 83.2 gm. Determine the water

content, void ratio and degree of saturation of the soil. Given, G = 2.65.
[Ans :w=16%, e =0.59,s =72% ]

The bulk density and dry density of a soil are 1.95 gm/cc and 1.58
gm/X respectively. Assuming G, = 2.68, determine the porosity, water
content and degree of saturation of the soil.

[Ans :n=41%,w =23%,s =89.2% |

1.7. A cylindrical sample of saturated clay, 7.6 cm high and 3.8 cm in
diameter, weighs 149.6 gm. The sample was dried in an oven at 105°C for 24
hours, and its weight reduced by 16.9 gm. Determine the dry density, void
ratio, moisture content and specific gravity of solids.

[Ans : yg = 1.54 gm/cc, e = 0.74, w = 12.7%, G = 2.68]

1.8. The moisture conteyt and bulk density of a partially saturated silt
sample were 18% and 19.6 fm> respectively. The sample was kept in an
oven at 105° C for 15 minutes, resulting in a partial evaporauon of the pore
water. The bulk density of the sample reduced to 18.3 KN/m>. Assuming the
void ratio to remain unchanged, determine the final water content of the
sample. What would have been its bulk density if the sample was kept in the
oven for 24 hours ? [Ans : 10%, 16.6 KN/m"]

1.9. An embankment was constructed with a clayey soil at 2 moisture
content of 12%. Just after construction, the degree of saturation of the soil
was found to be 55%. The soil absorbed water during the monsoon and its
degree of saturation increased to 90%. Determine the water content of the soil
at this stage. What will be the degree of saturation if the moisture content
reduces 10 5% in the dry season ? Given, G =2.68. [Ans : 19.6%, 22.9%]

1.10. The natural moisture content of a soil mass is 11%, while its void
ratio is 0.63. Assuming the void ratio to remain unchanged, determine the
quantity of water to be added to 1 m” of this soil in order to double its moisture
content. Given, specific gravity of solids = 2.72. [Ans : 183.3 kg]

1.11. The in-situ density of a soil mass is to be determined by the
core-cutter method. The height and diameter of the core are 13 cm and 10 cm
respectively. The core, when full of soil, weighs 3155 gm, while the
self-weight of the empty core is 1250 gm. The natural moisture content and
the specific gravity of solids are 12% and 2.66 respectively. Determine the
bulk density, dry density and void ratio of the soil.

[Ans : y= 1.87 gm/cc, yd = 1.67 gm/cc, e = 0.59]
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1.12._ 'In problem 1.11, what will be the water content and bulk density
of the soil if, without undergoing any change in the void ratio, the soil
becomes :

(i) Fully saturated
(ii) 80% saturated  [Ans : (i) 22% ; 2.04 gm/cc, (ii) 17.7%, 1.97 gm/cc]

1.13. A 4m high embankment, with a top width of 5 m and side slopes
of 1: 1, has to be constructed by compacting soil from a nearby borrow pit.
The unit weight and natural moisture content of the soil are 1.8 t/m3 and 8%
respectively. Determine the volume of earth to be excavated from the borrow
pit and the quantity of water to be added to it for every km of finished
embankment, if the required dry density and moisture content of the
embankment soil be 1.82 gm/cc and 18% respectively. Given, G = 2.70.

[Ans : Vol. of excavation = 39304 m; ; Vol. of water = 6552 m ]
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INDEX PROPERTIES AND SOIL
CLASSIFICATION

2.1 Introduction:  Various physical and engineering properties with the
help of which a soil can be properly identified and classified are called the
index properties. Such properties can be broadly divided into the following
two categories:

(a) Soil grain properties: These are the properties pertaining to
individual solid grains and remain unaffected by the state in which a particular
soil exists in nature. The most important soil grain properties are the specific
gravity and the particle size distribution.

(b) Soil aggregate properties: These properties control the behaviour
of the soil in actual field. The most important aggragate properties are:

(i) for cohesionless soils: the relative density

(ii) for cohesive soils: the consistency, which depends on the moisture
content and which can be measured by either the Atterberg limits or the
unconfined compressive strength.

2.2 Specific Gravity: The specific gravity of a soil can be determined by
a pycnometer (i.e., a specific gravity bottle of 500 ml capacity). Fig. 2.1 gives
a schematic representation of the process. Let,

{Bot.+DrySoit) (Bot+Soit+Water) (Bot.+ Water)

W1
{ Empty Bot)

Fig. 2.1

ity
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W; = empty weight of pycnometér.
W, = weight of pycnometer and dry soil.
W3 = weight of pycnometer, soil and water.
W4 = weight of pycnometer filled with water.
Now, weight of soil solids = Wy — W,
and, weight of an equal volume of water = (W — Wy) — (W3 —W,)
Wy - W, - W3 + W,
G = Wy - W, ..(2.1)

2.3 Particle Size Distribution: This is determined in the laboratory by the
mechanical analysis, which consists of:

(a) Dry mechanical analysis or sieve analysis: In this method the
sample is sieved through a set of sieves of gradually diminishing opening
sizes. The percent finer corresponding to each sieve size is determined and
the results are plotted on a semilog graph paper to obtain the particle size
distribution curve. However, this method is applicable only to the coarser
fractions of soils and not to the silt and clay frictions as sieves having open
sizes less than 0.075 mm are practically impossible to manufacture.

(b) Wet mechanical analysis or hydrometer analysis: The percentage
of finer fractions (i.e., silt and clay) in a soil can be analysed indirectly using
a hydrometer. The method is based on Stokes’ law which states that the
terminal velocity of a falling sphere in a liquid is given by

Ys_Yw‘Z
181 "y

where, y, and y,, are the unit weights of the sphere and the liquid respectively

(22)

D = diameter of the sphere

p = absolute viscosity of the liquid

Fig. 2.2 shows the sketch of a hydrometer. After immersing the
hydrometer in the measuring cylinder containing the soil-water suspension,

readings are taken at %, 1,2, 4,8, 15, 30, 60, 120, and 1440 minutes. Let rq

be the reading of hydrometer at time z. The particle size and the corresponding
value of percent finer are obtained from the foilowing equations:

1800 - p -\/ 7
D = x ¥ - (2.3)

Ys = Yw
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and Nae—B ¥ G, 2 r) % 100% 2.4)
5 'YS ¥ 'Yw ’Ws W 1 m W ol 2.

where, D = particle size in mm
¥s = unit weight-of soil solids = G, -y,
Y, = UNit weighi of distilled water at the room temperature
t = time interval in sec
r; = reading of hydrometer in suspension at time ¢
u = viscosity of water at room temperature in gm-sec/ em?
Z, = distance from the surface of suspension to the centre of gravity
of hydrometer bulb at time ¢, which can be determined from :
Z, = H + l(h - X’-’-) cm .(2.5)
2 A
where, V; = volume of hydrometer in cc
A = area of cross-section of measuring cylinder in cm’
H; = distance between the surface of suspension and the neck of

bulb, in cm
h = length of the bulb in cm

The distance H; may be measured by a scale. However, a better
proposition is to determine H; from the following equation:

(ry+ 1) -r
Hy st ™ 15 7 (2.6)
Td
where, ry = difference between the maximum and minimum calibration

marks on the stem of hydrometer

L = length of calibration ( ~length of stem)

In eqn. (2.4),
N = percent finer.
V = Volume of suspension in‘cc

]

WS
r., = reading of hydrometer in distilled water at room temperature
Crm

If W, be the weight of dry soil passing through the 75 p sieve during
sieve analysis, which is subsequently used for hydrometer analysis, and if
W, be the total weight of sample taken for combined dry and wet mechanical

weight of dry soil taken in gm

[

meniscus correction
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analysis, then the percent finer, N ', of the particle size D mm, with respect
to the total quantity of sample, is given by,

. W,
N =N x W‘ (2.7)
995 —
1000 H
1005 H
; L
Wlievel _[o1010H Rh | §
Immersion = 10154 < Vh/ f
Initidd WL [ TJ020H 1 F |-: _
,
1025 H J_ &
1030 et
([[-,G' ¥ h

L - S !?_ZZA

Fig.2.2

2.3.1 Particle Size Distribution Curve: Fig. 2.3 shows typical particle size
distribution curves for various types of soils. Curves A, B and C represent a
uniform soil, a well graded soil and a gap graded soil respectively.

With reference to the particle size distribution curve of a given soil, the
following two factors are helpful for defining the gradation of the soil:
(i) Uniformity Co-efficient:

Dg
C =l s (2.8)
“ Dy
(ii) Co-efficient of Curvature:
2
(Bs) (2.9)

¢~ Dy x Deo

I RRRRRRRRRRBRRBRRRBTRREZIRD -
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where, Dy, Digand Dgyrepresent the particle sizes in mm, corresponding
to 10%, 30% and 60% finer respectively.

When C, <3S, the soil is uniform
C, =510 15, the soil is medium graded.
C, > 15, the soil is well graded.

Again, for a well graded soil, the value of C, should lie between 1 and
3.

2.4. Relative Density: It is a measure of the degree of compactness of a
cohesionless soil in the state in which it exists in the field. It is defined as,

R = oy (2.10)
€max ~ ©min
where, ey, = void ratio of the soil in its loosest state
€nin = Void ratio at the densest state
e = natural void ratio in the field.

The relative density of a soil may also be determined from:

_ Ydmax . Yd = Ydmin
Y4 Vdmax ~ Ydmin
where, Ygmax = maximum dry density of the soil

Rp (2.11)

Yimin = Minimum dry density of the soil
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yg = in-situ dry density of the soil.

On the basis of the relative density, coarse-grained soils are classified as loose,
medium or dense as follows:

If 0 s Rp s =, the soil is loose

1
3)

2 , the soil is medium

<RDS3

< Rp = 1, the soil is dense.

W W=t

2.5, Atterberg Limits: If the water content of a thick soil-water mixture
is gradually reduced, the mixture passes from a liquid state to a plastic state,
then to a semi-solid state and finally to a solid state. The water contents
corresponding to the transition from one state to another are called Atterberg
limits or consistency limits. These limits are determined by arbitrary but
standardised tests. '

In order to classify fine-grained soils on the basis of their consistency
limits, the following indices are used:

(i) Plasticity Index, I, =w -w, -(2.12)
b wn_-wp Wp — Wp
(ii)~Liquidity Index, I = = .{(2.13)
M\) IP WI - WP
: Wy = W, Wy = W,
(iii) Consistency Index, I, = - «.(2.14)
1, W - W,
where, wy, wp, and w,, stand for the liquid limit, plastic limit and the

natural water content of the soil.

(iv) Flow Index (Ip: Itis defined as the slope of the w vs. log;g N curve
obtained from the liquid limit test.

I Wl - W2
T~ logyg No/N

where, Nj and N, are the number of blows corresponding to the water
contents wy and wy.

ie.,

(2.15)

I .
(v) Toughness index, I, = -£ .{(2.16)
LG

Plasticity Index
Percent finer then 0.002 mm

Soils can be classified according to various indices, as follows:

(vi) Activity Number, A = «(2.17)
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(a) Classification according to ) the plasticity index:

Plasticity Index Degree of Plasticity Type of Soil
0 Non - plastic Sand
<7 Low plastic Silt
7-17 Medium plastic Silty clay or
clayey silt
> 17 Highly plastic 0 Clay

(b) Classification according to the liquidity index: A soil for which
the liquidity index is —ve (i.e., w, < wp) is in either semi-solid or solid state.
The soil is very stiff if /; = 0 (i.e., w,, = wp) and very softif I;=1 (i.e. w, =
wp) Soils having ; > 1 are in the liquid state. For most soils, however, I lies
between 0 and 1. Accordingly, the soils are classified as follows:

I Consistency

0.0-0.25 Stiff

0.25 - 0.50 Medium to soft
0.50-0.75  Soft

0.75 - 1.00 Very soft

(c) Classification according to the activity number: The activity
number of a soil represents the tendency of a soil to swell or shrink due to
absorption or evaporation of water. The classification is as follows:

Activity Number  Type of Soil

<0.75 Inactive
0.75-1.25 Normal
> 1.25 Active

2.5.1 Determination of Shrinkage Limit: The shrinkage limit of a soil is
defined as the water content below which a reduction in the water content
does not result in a decrease in the total volume of the soil. This is the
minimum water content at which a soil can still be saturated.
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In order to determine the shrinkage limit, a sample of soil having a high
moisture content is filled up in a mould of known volume. The mould
containing the sample is then kept in the oven at 105°C for 24 hours. After
taking it out from the oven, the weight of the dry soil pat is taken and its
volume is measured by the mercury displacement method.

Fig. 2.4(a) and 2.4(c) represent the schematic diagrams of the initial and
final states of the sample while Fig. 2.4(b) represents that corresponding to

a) Initial State b} At S.L. c) Ory state
Fig.2.4

the shrinkage limit. With reference to these figures, the shrinkage limit can
be determined by the following two methods:

Method I: When G is unknown :

Let V; and V, be the initial and final volumes of the sample and Wy and W,
be its corresponding weights. By definition, the volume of the soil at
shrinkage limit is equal to its final volume. Let W,, be the weight of water at
this stage. The shrinkage limit is then given by,

Ww
Ws=Vd

At the initial stage, weight of water = Wy — W,
Weight of water evaporated upto shrinkage limit = (V - Vi) Y
Ww i (WO 2 Wd) = (VO H Vd) Yw
Wo - W) - (Vo - V) Y
Wy

W, = (2.18)

Method II: When G is known:

Let : Vs = volume of solids

r————-q
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W,
But, W, = (Vg - Vo) Y = Vo= =3 st v
GYw
Wy
=Vav - 5
Vavtw - Wa/G
s Wd
Vd *Yw 1
or, W, = W, "G
Yw 1
or, W, = G ...(2.20)
2.6. Classification Based on Particle Size :  Soils arc classified as clay,
silt, sand and gravel on the basis of their particle sizes. 1S:1498 — 1970
recommends the following classification:

(2.19)

Soil Type Particle size (mm)
Clay < 0.002
Silt 0.002 t0 0.075
Sand :
(i) Fine sand 0.075 to 0.425
(il) Mediumsand| 0.425 to 2.0
(iii) Coarsesand | 2.0 to 4.75
Gravel 475 to 80

2.6.1. Textural Classification System: Any soil, in its natural state,
consists of particles of various sizes. On the basis of the percentages of particle
sizes, and following certain definite principles, broad classification of such
mixed soil is possible.

Fig. 2.5 shows the triangular classification chart of the Mississippi River
Commission, USA. It essentially consists of an equilateral triangle ABC. The
percentages of sand, silt and clay (ranging from 0% to 100%) are plotted along
the sides AB, BC and CA respectively. The area of the triangle is divided into
a number of segments and each segment is given a name. In order to find out
the group to which a given soil belongs, three lines are required to be drawn
from the appropriate points on the three sides along the directions shown by
the atrows. These three lines intersect at a single point. The nomenclature of
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Fig.2.5

the soil is then determined according to the name of the segment in which the
intersection point lies. :
2.7. Plasticity Chart: This chart is useful for identifying and classifying
fine-grained soils. In this chart the ordinate and abscissa represent the values
of plasticity index and liquid limit respectively. A straight line called A-line,
represented by the equation I, = 0.73(wp ~20), is drawnand the area under
the chart is divided into a number of segments. On the chart any fine-grained
soil can be represented by a single point if its consistency limits are known.
The segment in which this point lies determines the name of the soil.

Fig. 2.6 shows a plasticity chart. The meaning of the symbols used in the
chart are as follows:

M : Silty soils.

C : Clayey soils.

O : Organic soils.

L : Low plasticity

I : Medium or intermediate plast1c1ty
H : High plasticity

Main groups of fine-grained soils are
ML, MI, MH - Silty soils
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| Index Properties and Sail Classification ' 35
| 3
| |
LS. Sieve | Diameter | Weight .% Cumu- %
60 ; ' of Grains | Retained | Retained | lative % Finer
(mm) (gm) Retained
At i 475 mm | 4.75 9.36 1.87 1.87 98.13
o - # ¥
| o 2.40mm | 240 5375 | 1075 | 1262 | 87.38 |
> y .
| = [ 1.20mm | 1.20 7810 | 1562 | 2824 | 7176 |
R e e e . | |
=2 / [ 600 u 0.600 83.22 16.64 44.88 55.12
|' :—i 20 |—— - 025 0:425 85.79 17.16 62.04 37.96
E ol B —‘f - 4 300 2 0.300 76.82 15.36 77.40 22.60
” Z N 799 o 150 n 0150 | 67.02 13.40 90.80 9.20
L7 ML/OL | : e
| . 0 20 30 40 50560 70 8 S0 00 75u 0.075 33.88 6.78 97.58 242 |
| ‘ Liguid Limit (%) — The particle size distribution curve is shown in Fig.2.7.
| Fig.2.6 = . ! (ii) The required percentages obtained from the curve are as follows:
| CL,CL CH = - Clayey soils Oy 1 = | Gravel: 1.87% = 1.9%
OL, O, OH  — Organic soils. : \ Coarse sand : 98.1% -92% =6.1%
| |! : ' by | Medium sand : 92% - 38% =54%
' EXAMPLES Fine sand : 38%-2.4%  =356%
“ P'roblem@( The results of a sieve analysis performed on a dry soil ‘ Silt : n %143% - 2,%%
i . ! ine edium
sample weighing 500 gm are given below: Sand __"lr* Sand - gg:é .
l| 1. 8. Sieve 475 | 2.40 | 1.20 |600 1[d25 p|300 u|150 | 75 w i | ! — 7%
mm | mm | mm ‘ : : T N b o el
: ' : 80
| Wt. of soil retained | 9.36 |53.75 [78.10 {83.22 |85.79 | 76.82 |67.02 |33.88 | : : J —
‘ (gm) : % 60 20 %
[}
(i) Plot the particle size distribution curve of the soil. i ! y : E
(ii) Find out the percentage of gravel, coarse sand, medium sand, fine : : 50 =
sand and silt present in the soil. 3 : ‘% I —t——++4%0 ¢ s
[ (iii) Determine the uniformity co-efficient and the co-efficient of : y, 30
I curvature. Hence comment on the type of soil. |L / ¥ 4
| Solution: (i) The computations necessary for plotting the particle size f ;e’/ _ X 356%
distribution curve are shown below: F- b --b 444 J_ L Lo 24,
00! 0-02 0:-040.0604 02 04 06 | 2 ¢ 0 [
Particie Size (mm) —
Fig.2.7
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Problem Zéf 500 gm of dry soil sample was used in a sieve analysis.
178.85 gm of sdil passed through the 75 p sieve and was collected in the steel
pan, out of which 50 gm was taken and a 1 litre suspension was made by
adding distilled water and dispersing agent to it in a measuring cylinder
having a diameter of 6.15 cm. The volume of the hydrometer was 50 cc, the

ian

. feight of bulb 15.5 cm and the length of calibration on its stem 9.7 cmn. The

‘ minimum and maximum marks ofi its stem were 990 and 1040 respectively.
A hydrometer test was then performed at the room temperature of 25°C and

| the following readings were recorded:
= : a - | ] =r I i T 11
l Elepsed time (min) 1 | 1 ‘ 5 4 | g 115 ‘ 0 ‘ 60 ‘
| [RCA - 1 PR jo 2 N e S e o R A A
Hydrometer reading ‘1024 1023[1020!1017'1013~J101C*j1006 IOOIJ'

When the hydrometer was immersed- in distilled water containing the
| same quantity of dispersing agent as that present in the suspension, the reading
was found to be 999.5. At 25°C, the unit weight of water is 0.9971 gm/cc and
its viscosity is 8.95 millipoises. The specific gravity of soil solids is 2.67.The
meniscus correction may be taken as 0.5. :

Find out the diameter of particles settled corresponding to each
hydrometer reading and the respective % finer vahies. Neglect volumetric
expansion due to temperaturc change. :

Solution:  The temperature correction and ihe dispersing agent
correction need not be applied here. '

The diameter and cosresponding % finer may be determined using eqgn.
(2.3) through (2.7). However, as repetitive calculations are involved, it will
be advantageous to reduce these equations o simplified forms by substituting
the values of the factors which remain constant. '

Using eqn. (2.3)
D=V 1800w Y gﬁ’i
Ys ~ Yw t
173 2
Here i = 8.95 millipoises = §—9~5§§~}-1~(~)——— gm-sec/ o
' : o = w 5123 x i{)*}(‘5 z,lqvlﬁz
As G =267, 7y,=267gm/cc
Al 1 25°C, ¥, = 0.9971 gm/ee.
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9o ‘\ﬂlSOO) (9123 x 107%) \/Z
267 - 09971 AL

i, | o 0091 V. =
or, =" 00991 T (1)

Using eqn. (2.5),

1 Vh
Z = H eyt
, 1 + 2(/! A)
| Here, A = -}(6-15)2 = 29706 cm®

1 :
Z, =H + 5(15-5 - 50/29:706)

or, i Z, = H; + 6908 ..(i1)
\ Using eqn. (2.6),
{(rg+1)-nr
R i Mol o N M

18 ry
Here, rg = 1:040 - 099 = 0-05,
L =97 cm,
1+005-n
= (97) = 194(1-05 — ) ...(dii)
Again, % finer on 50 gm of soil
Ys \%
N = . X i
e Y.(ry + C,, = 1) x 100
2:67 1000 .
N = — . g s 08
or 567 - 09971 X 50 x 0-9971 (r; + 0-0005 - 0-9995) x 100
or, N = 2182-8 (r; - 0.999) (V)
% finer on 500 gm of soil taken initially
| ol 178-85
N =N x S0 " 0-3577TN (V)

Eqn. (i) through (v) may now be used for the computations. The results
are tabulated below.
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Time |Hydro-| Hi = Zr= D= e N= -y
meter | 195x |(Hy + - | 3182.8 | g 3577

reading | (1.05- | 6.908| 0.0991 Zr | x(n- x N

n b= AU t 1 0.999)
(sec) (cm) | (cm) (mm) %) | (%)
|30 | 1.024 | 5.044 | 11952 0.0625 79.57 | 28.46
60 | 1.023 | 5.238 |12.146 0.0446 76.39 | 27.32
120 | 1.020 | 5.820 |12.728 0.0323 66.84 | 2391
240 | 1.017 | 6.402 |13.310 0.0233 57.29 | 20.49 |

480 | 1.013 | 7.178 | 14.086 0.1697 44.56 | 15.94
900 | 1.010 | 7.760 | 14.668 0.0126 35.01 | 12.52
1800 | 1.006 | 8.536 | 15.444 0.0092 2228 | 797
3600 | 1.001 | 9.506 |16.414 0.0067 637 | 228

Problem 2, { Distilled water was added to 60 gm of dry soil to prepare
a suspension Of 1 litre. What will be the reading of a hydrometer in the
suspension at ¢ = 0 sec, if the hydrometer could be immersed at that time?
Assume, density of water = 1 gm/cc and specific gravity of solids = 2.70.

Solution: At = 0 sec, the solid grains have not started to settle. The
suspension, therefore, is homogeneous having constant density at any point
in it.

As G =270,y,=2.70 gm/cc.
Total volume of solids in the suspension

60
270

. Volume of solids in unit volume of suspension,

Vs=%02-—00222cc

Volume of water in unit volume of suspension,
-V, =1-0.0222=0.9778 cc.
Weight of solids in unit volume of suspension,
W, = (0.0222) (2.70) = 0.0599 gm.
Weight of water in unit volume of suspension, '
W, =(0.9778) (1) = 0.9778 gm.

= 22.22 cc.
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Total weight of unit volume of suspension,

W=W,+W, —00599+09778—10377gm
Density of the suspension = 1.0377 gm/cc = 1. 038 gm/cc.
Therefore, readmg of the hydrometer = 1038.

Problem %,4/ A sample of dry soil (G, = 2.68) weighing 125 gm is
uniformly dispersed in water to form a 1 litre suspensxon at a temperature of
28°C. -

() Determine the unit weight of the suspension. 1mmedlateiy after its
preparation.

it) J@cc of the suspension was removed from a depth of 20 cm beneath
the top surface after the suspension was allowed fo settle for 2.5 min. The dry
weight of the sample in the suspension drawn was found to be 0.398 gm.
Determine a single point on the particle size distribution curve corresponding
to this observation. Given, at 28°C, viscosity of water = 8.36 millipoises and
unit weight of water = 0.9963 gm/cc

Solution; - (i) Volume of solids in the suspension = 21_62% = 46.64 cc.

Considering unit weiglit of suspension,

! 46.64
Volume of solids present = 1000 = 0.0466 cc

Volume of water present =1 -0.0466 = 0.9534 cc 3
Weight of 0.466 cc of solids = (0.0466)(2.68) = 0.1249 gm
Weight of 0.9534 cc of water at 28°C = (0.9534) (0.9963) = 0.9499 gm.
Total weight of 1 cc of suspélxsion
= 0.1249 + 0.9499 = 1.0748 gm.
Therefore, unit weight of suspension = 1.0748 gm/cc.
(ii) We have, from Stokes’ law,

Yo = Yw 2
T 18n 3

or, D='V_1_8p'_ x vy

¥Ys = Yw
Let D be the diameter of the particles settled to a depth of 20 cm at £ =
2.5 min. with a uniform velocity v.

VA 20
Yy = = 23) 60) = 0.133 cm/sec




40 Problems in Soil Mechanics and Foundation Engineering

=3
pn = 8.36 millipoises = 8—36721&— = 8522 x 10"6 gm—sv:c/cm2

Y, = 2.68 gm/cc, y,, = 0.9963 gm/cc

-6
D= \/(18)(8.522 x 10% /0755 m
2.68 - 0.9963

= 3.48 x 10~ cm = 0.035 mm
| Again, at time ¢ = 0, weight of solids present in 1 cc of suspension =
‘ 0.1249 gm.
Weight of solids present in 10 cc of suspension = 1.249 gm.

‘ At time ¢ = 2.5 min., weight of solids present in 10 cc of suspension =
0.398 gm

0.398
1249 100 = 31.86%

Hence the co-ordinates of the required point on the particle size
distribution curve are:

% finer =

D = 0.035 mm
N =31.86%

& L .
Problem 2.5 The results of a liquid limit test are given below:
> q i
7

No. of blows I 48 l 38 ' 29 \ 20 ‘ 14
Water content (%) | 32.1 ‘ 35.9 ‘ 40.7 ‘ 46.1 I 52.8
)

(a) Determine the liquid limit of the soil.

(b) If the plastic limit of the soil be 23%, find out the plasticity index,
' flow index and toughness index. Hence comment on the nature of the soil.
Solution: (a) From the given data, a curve between the water content
, and the number of blows is plotted on a semi-log graph paper. Fig. 2.8 shows

this w vs. logyg N curve. The water content corresponding to 25 blows, as
obtained from the curve, is 43%. Hence the liquid limit of the soil is 43%.

' (b) Plasticity index, 1,=wj—w,= 43% —23%=20%

; . 528 - 32.1 A
Flow mdex, If = l—o-g—w—4—8/—14‘ = = 38.68%

il ] 20
i Pl - Syt
Toughness index, [,= I, 38.68 0.52.
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] \\ ‘
RSO e— jil =
2 A |
E
45 ]
-E WL= 43% ‘
c fm - — — - —— |- ——
o
(. | " i
e 40 - { ;
L : i
g I \ ]
35 - ;
I
| \
30 Y N
10 20 25 30 . 40 50 60
No. of Blows —>
Fig. 2.8

As the plasticity index is greater than 17%, the soil is highly plastic in
nature.
As the toughness index is less than 1, the soil is friable at liquid limit.

Problem ZMaboratory tests on a soil sample yielded the following
results:

Liquid limit =54%

Plastic limit =25%

Natural moisture content = 29%

% finer than 0.002 mm = 18%

(a) Determine the liquidity index of the soil and comment on its
consistency.

(b) Find out the activity number and comment on the nature of the soil.

(c) Classify the soil with the help of a plasticity chart. ]

. iy s+ Wy — W

Solution: (a) Liquidity index, I} = £

w; — Wp

29 - 25

= ==—= (.l
54 - 25 0.138
As 0<];<0.25, the soil is in the plastic state and is stiff.

: I,

(b) Activity number, A = m
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: 54 - 25
’ A Sl DL
or, T
As A > 1.25, the soil is an active soil.

. (¢) The plasticity chart is given in Fig. 2:6. The point corresponding to
=54% and I, = 29% is marked in the figure as P. As this point lies in the
segment marked CH, the soil belongs to the CH group.

Problem U/ The Atterberg limits of a given soil are, LL = 60%, PL
= 45% and SL =25%. The specific gravity of soil solids is 2.67. A sample of
this soil at liquid limit has a volume of 20 cc. What will be its final volume
if the sample is brought to its shrinkage limit?

Solution: The three-phase diagrams of the sample at its liquid limit
and shrinkage limit are shown in Fig. 2.9(a) and (b) respectively.

Let ¢; and e, be the void ratio of the sojl at LL and SL respectively. Let
the volume of solids be 1 cc. ,

ity

] =

(1+et4__m

8 ///7'
s ”E:qlid%

| i
At LL AtSL

{Void ratio=e)

{ Void ratio = eg)

{a) {bl
Fig. 2.9
v, '
We have, e = —‘-/: ,or, V, = eV,
At liquid limit, V,=¢-1=¢ cc

.. Volume of water present

e cc
‘Weight of this water
Weight of solids

"

e,xl=e,gm

V. Gy, = (1)(2.67) = 2.67 gm

#
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Ww (]
Y= W, T 26
But, at LL, w = 60% = 0.6.
el
= (0.6) (2.67) = 1.602
525 = 06, or, € = (0.6)(26) = 1«

Similarly, at SL, e, = (0.25)(2.67) = 0.668
Change in volume per unit of original volume,
AV g - ¢ 1602 - 0.668
V 1+¢ 1+1602
& AV =0.359 V = (0.359) (20) = 7.18 cc
Hence, final volume at SL = 20 - 7.18
= 12.82cc

Problem 9/’ The consistency limits of a soil sample are:
LL =52%,PL =35%,SL =17%
If a specimen of this soil shrinks from a volume 10 cc at liquid limit to 6.1 cc
at plastic limit, determine the specific gravity of solids.
Solution: Let ¢; and e, be the void ratio corresponding to the liquid
limit and plastic limit.

= 0.359

Let volume of solids be 1 cc.

At liquid limit, volume of water = ¢; cC

Weight of water = e gm :
Weight of solids =V,-Gy, =1-G-1 =G cc
WW
EEE— gy
wi
But at liquid limit, w= 52% = 0.52

% = 052, or, g = 052G

Similarly we obtain, e,=017G
Now, change in volume per unit of original volune,
AV e -& 0526 - 017G _ 035G

V  1+e¢ 1+052G  1+052G

AV _10-61
14 10

But, = 0.39

FFIllllllllllllllIllIlllllIIIIlllllllllIllIllllllllllllllIlllllIIllIIlIIIIIIIIlIIIlIIIIIIIIIIIlllIIlllllIlllllllllllllIlllIlllIIlllIllllIlllllIIIIIlIIIl-I---nnl‘
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035G
T +0b2G 200
or. t/ s G =2.65

Problem2.9: Anoven dried pat of clay weighs 26.20 gm and displaces
190 gm of mercury when fully immersed in it. If the specific gravity of solids
be 2.7, determine the shrinkage limit of the soil.

Solution: (i) Solution from first principles:

Fig. 2.10 shows the schematic diagram of the dry soil pat.

W,
Volun:e of the dry pat a0l 13.97 cc
YHg 13.6
Unit weight of solids, y, = Gvy,, = (2.7) (1.0) = 2.7 gm/cc

Volume of solids, V, = 26.20/2.7 = 9.7 cc
- Volume of voids, V, = 13.97 - 9.7 = 427 cc

When the soil is at shrinkage limit, this volume of 4.27 cc will be just
filled up with water. '
Weight of this water = 4.27 gm
Moisture content at that stage,

W= — = ——- = (0163 = 16.30%
Shrinkage limit = 16.3%
sl

427cc Air

—_—

13-97cc

97 cc 2620gm

(ii) Solution using eqn. (2.19):
The shrinkage limit is given by,
| Z 1
W, o= ——— o

"Wy G
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Here, V; = volume of dry soil pat = 13.97 cc.
W, = weight of dry soil pat = 26.20-gm
G=217. -

ol 3@ it
s 2620 2.7

Hence,  Shrinkage limit = 16.3%
Problem %}lfjk sample of coarse sand was found to have void ratios of

0.87 and 0.52 irf its loosest and densest states respectively. The in-situ density
and water content of the sand were 1.95 gm/cc and 23%. Determine the degree
of saturation and relative density of the sand in the ficld. Given, G = 2.66.

= (.163

Solution: We have,

_ G + se _ G + wG _ G + w)
e IR s i Tartie et s
According to the given field conditions
y = 1.95 gm/cc, w = 0.23, G = 2.606
1.95 = 2.66 (1 + 0.23) (1)
1 +e ;
or, e =0.678.
. oowG o (0.23)(2.66)
3 saf § o= = = ot = (0902 = 90.2%
Degree of saturation, § 3 0673 2 2%
Again, using eqn. 2.10.
B €max — €
Cmax ~ Cmin
Here, emax = 087, €qin = 0.52, ¢ = 0.678.
. 0.87 - 0.678
5 e = (S
Ro = 9s 052 -0
1 2 '
As —3— <Rp < = the soil is 2 medium sand.

Preblem 2.11.  The composition of & given soi 15 as follows:
Sand = 32%, Silt = 39%, Clay = 29%.
Dyaw a triangular classification chart and classify the soil.
Solution:  The triangular classification chart is given in Fig. 2.5.
In order to classify the soil, proceed as follows: '
(i) Ontheside AB of the chart, which represents the percentage of sand,
choose the point corresponding to 32%. Draw a straight line from that point

r—__ﬂ
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in the direction of the arrow (i.e., parallel to the side AC representmg the
percentage of clay).

(ii) Similarly on the side BC, locate the point corresponding to 39% and
draw another straight lme making it parallel to BA. These two lines intersect
each other at P.

(iii) If now a third line is drawn from the appropriate point (29%) on the
clay side, making it parallel to AB, it will pass through P.

The point P then represents the given soil in the triangular classification
chart. The point lies in the sector marked clay silt’. Hence the given soil is
classified as a clay silt.

EXERCISE 2

2 1 The fo]lowmg data were obtained from a specnfxc gravity test
performed in the laboratory:

Weight of emipty pycnometer - = 201.25 gm

Weight of pycnometer and dry soil = 298.76 gm

Weight of pycnometet, soil and water = 758.92 gm

Weight of pycnometer full of water = 698.15 gm

Determine the specific gravity of the soil. © [Ans.2.654]
2.2 The results of a sieve analysis are given below:

1.5, Sieve 4.75'12.40 [ 1.20 | 600 | 425 | 300 | 212 | 150 | 75

. mm ([mm | mm | W@ u 11 13 n 1
Wt of Soil 32,341 41.60047.29/58.14{ 71.23|74.99 46 24{58.1 "W\?
Retained (gm) I

The total weight of dry soil taken was 500 gm.

(a) Plot the particle size distribution curve.

(b) Determine the percentage of gravel, coarse sand, medium sand, fine
sand and fine fractions in the soil.

(c) Determine the co-efficient of curvature and the uniformity co-
efficient.

" (d) Comment on the type of soil.

2.3 A combined mechanical analysis was carried out on a. dry soil
sample weighing 500 gm. The following are the results:
(a) Sieve analysis:

RS
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LS. Sieve 4.75 | 2.40 | 1.20 | 600 | 425 !3(}{) 150 | 75
mm | mm | mm | W 1 1 M 1 M

Wit of Seil éh*: 50.45167.10|72.31 |52.51 |51.27 |84.01 | 58.13

Retained (gm) 1

\/W\/H;dmmcler analysis:

Time (min) t ) g 1 2 4 l 3 15 | 30 | 60 | 120
: |

Hydrometer 1024 lU"?l \l()l‘} 1016|1013 |1008 {1005 | 1001

1

Reading

i 2d)

During the hydrometer test, 50 gm of soil retained on the steei pan was
mixed with distilled water and dispersing agent to form a suspension of 1200
cc in a measuring cylinder having a diameter of 6.2 cm. The hydrometer had
a volume of 50 cc. The length of its bulb and the calibration on the stem were
16 cm and 10 cm respectively. The range of calibrations was from 995 to
1035. When immersed in distilied water containing dispersing agent, the
hydrometer read 998.5. Meniscus correction may be taken as 0. 4.The specific
gravity of solids was 2.69. The viscosity and unit weight of water at the room
lunpuature of 28°C were respectively 8.36 millipoise and 0. 9963 gm/cc.

Plot the particle size distribution curve and determine the percentage of

gravel, sand, silt and clay.

o T G s it
2.4 Draw a rough sketch of the particle size distribution curve of a-sand
sample having the following properties:

Effective size (Djq) = 0.17mm
Uniformity co-efficient = = 5.5
Co-efficient of curvature = 1.2.

.5 100 gm of dry soil was mixed with water at 4°C to form a 1000 cc
suspension. If G = 2.72, determine the initial unit weight of the suspension.
To what depth with the particles having effective diameter of 0.05 mm settle
after S minutes? What will be the time reqmred by a 5 micron particle to settle
through 10 cm? The viscosity of water at 4 C may be assumed as O 85x 107
poise.

2.6 The results of a liquid limit test are giveﬁ below:

No. of blows l 11 || 19 23 \ 30 ‘ 46 ‘ 53

Water content (%) . | 53.9 | 50.6 ! 48.1 ‘ 46.0 ‘ 43.3 |[ 41.0
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Draw the flow curve and determine the liquid limit and flow index of the soil.
[Ans: 47%, 18.9%]

2.7 The Atterberg limits of a given soil are:
LL =68%, PL = 37%, SL =22%
If the natural moisture content of this soil at the site be 42%, then determine:
(i) Plasticity index (i) Consistancy index (iii) Liquidity index.
Comment on the nature of the soil on the basis of these indices.
[Ans. (i) 31% (ii) 0.839 (iii) 0.161]
2.8 A single liquid limis test was performed with Casagrande’s liquid
limit device on a soil sample with known Atterberg limits. The number of
blows required to close the groove was recorded as 53. The corresponding

moisture content of the sample was found to be 28%. If the liquid limit and
plastic limit of the soil be 74% and 41% respectively, determine its toughness

inde:g/ [Ans. 0.23]
4 The weight and volume of a fully saturated soil sample were 55.4

gm and 29.2 cc respectively. After drying in an oven for 24 hours, its weight
and volume reduced to 39.8 gm and 21.1 cc respectively. Find out the

shrinkage limit of the soil. - » [Ans.18.8%]
2.10 If the dry density and unit weight of solids of a soil be 1.68 gm/cc
and 2.65 gm/ccrespectively, determine its shrinkage limit. [Ans. 21.8%]

2.11 A cylindrical soil sample of 7.5 cm height and 3.75 cm diameter
has been prepared at the shrinkage limit. If the sample is now allowed to
absorb water so that its water content reaches the liquid limit, what will be its
volume?. Given LL =62%, PL =34%, SL =21%, G = 2.68.

' {Ans, 48.67cc}]

2.12 A cylindrical mould of 10 cm internal diameter and 11.7 cm height
weighs 1894 gm. The mould was filled up with dry soil, first at its loosest
state and then at the densest state, and was found to weigh 3273 gm and 3538
gm respectively. If the natural soil existing at the field be submerged below
the ground water table and has a water content of 23%, determine the relative
density of the soil and comment on its state of compactness. Given, G =2.65,

; [Ans. 54.75%]

2.13 The Atterbérg limits of a given soif are as follows:

LL =41%, PL = 29%, 5L = 18% .
Draw a plasticity cha:t and classify the soil,

2.14 Draw 3 triangular classification chart and classify the soil having

the fellowing composition: ; = :
Sand = 43%. Silt = 31%, Clay = 26% .

3

- CAPILLARITY AND PERMEABILITY

3.1 Capillarity: The interconnected pore spaces in a soil mass may be
assumed to form innumerable capillary tubes. At any given site, the natural
ground water table normally exists at a certain depth below the ground level.
Due to surface tension, water gradually rises from this level through the
capillary tubes. This causes the soil above the ground water table to bg
partially or even fully saturated.

In Fig. 3.1, A, represents the maximum height of capillary rise of water
in a capillary tube of diameter d. The upper meniscus of water is concave
upwards and makes an angle o with the vertical (if the tube is' perfectly clf:an
and wet, a = 0). The surface tension, T, , also acts in this direction. The vertical
component of T is responsible for balancing the self-weight of the water
column.

n
Now, volume of capillary water = L h,

P n
Weight of capiliary water = g he. ¥,
Again, vertical component of the surface tension force
=T, .nd.cosa

nd |

—h..v., =T, .8d.cosa

4
4T cosa :
or - - b = —-ds.—yW—_ | ~(3.1)
At 4C, T, = 75.6 dynes/cm = 75.6 x 1073 kN/em

and, v, =1 gm/cc = 9.807 KN/m> = 9.807 x 107 kN/em®
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Ts Ts

iy

1§
\

ascig ool

Fig.3.1

Assuming the tube to be perfectly clean and wet, cos o = cos 0° = 1

() (75.6 x 1078
hc = 3 (1)
(9.807 x 10™).d
or, h, = 0'3384 cm ...(3.2)
The value of /_ may also be determined from:
o :
= : (83
he = o (33)

where, e = void ratio :
dyg = particle size corresponding to 10% finer

C = empirical constant, the value of which depends on the shape
and surface impurities of the grains and lies between 0.1 and_
0.5 cm®. - ;
- B . 3
3.2 Pressure Due to Capillary Water: The capillary water rises against
gravity and is held by the surface tension. Therefore, the capillary water exerts
a tensile force on the soil. However, the free water exerts a pressure due to
its own self weight, which is always compressive.

The distribution of vertical pressure in a soil saturated upto a height h,
due to capillary water is shown in Fig. 3.2.

- ———
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3.3 Total, Effective and Neutral Stresses : When an external load is
applied on a saturated soil mass, the pressure is immediately transferred to
the pore water. At this point, the soil skeleton does not share any load. But
with passage of time, the pore water gradually escapes due to the pore
water pressure induced and a part of the external stress is transferred to the
solid grains. The total stress G is therefore divided into the following
components: -

(i) Effective stress or intergranular pressure, o'

(ii) Pore water pressure or neutral stress, u. 7
or, ’ c=0 tu : .-(3.4)
3.4 Distribution of Vertical Stress in Various Soil-water Systems

(i) Free water : In free water, the hydrostatic pressure distribution is
linear. At any depth z below the water level, the vertical pressure is given by,

u =2y, .{3.5)
The pressure distribution diagram is shown in F ig. 3.3.

(ii) Dry soil : In a dry soil mass, the distribution of vertical stress is similar
to a hydrostatic pressure distribution. Atany depth z, the pressure is given by,

o =yz
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|
|

e

Fig. 3.3

where, y = effective unit weight of soil

Fig. 3.4 illustrates the prcésure distribution diagram.
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7
S
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(iii) Submerged soil : Fig. 3.5 shows a soil mass submerged in water with
free water standing upto a height H,,. If H be the height of the soil, the total
pressure at the bottom of it is given by,

g = Yap-H + v, H, + H)

Fig. 3.4

or, O = (Yep + Yw) H + YwH,

or, ‘ O = You-H + Y, H, .{(3.0)
Pore waler pressure, U=y, {H + H) (3.7)

. Effective stress g =0~ u

= Ysat‘H + YwHw ¥, YW(H.*' le\
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Submerged i) Pore Water i) Total stress iii} Effective
Soil Pressure Stress
Fig.3.5
? H(Ysat = Yw)
or, o = Y- H .-(3.8)

(iv) Saturated soil with capillary water : In Fig. 3.6, the soil mass is
saturated uplo a height s above the water level, due to capillary rise of water.
The total stresses, pore water pressures and the effective stresses at various
levels are worked out below:

—sthtl'w T—

o1

(=]

h - Saturated

://’//’./Soil #,
o /%

Fig.3.6

——} Tsubth+hc)+¥wh L—

Distribution of
Effective Stress
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(a) - Total stresses:
GA = 0

Op = Ysat - hc

Oc = Yeur (B + 1)
(b) Pore water pressures:

uy = =hy,

Up = 0

uc = Ywhe

(¢) Effective stresses :

o'y =04-uy=0=(=hv)=hcr
o'p =‘°B"“B=Ysat:hc"0=Ysat-hc
o'c = 0c - tc =Yl + h) - Yuhe
= Yaar - B+ (s = Vo) fic
or, oc = Ysu-M+ Ysub - Fc ..(3.9)
= ys,,b.h + Y-l + Ysub- Bc
or, oc = Yap(h + hy + Y h .(3.10)

34 Pore Pressure in Seepage Water :  The shear strength of a soil is
governed by the effective stress. ‘When no flow of water takes place through
a soil, the effective stress ata given point remains constant, However, seepage
of water causes the effective stress to change, and affects the stability of any
structure built over the soil mass. ,

The effect of seepage of water on the effective stress can be analysed
with the following laboratory experiment.

Two containers C; and C, are interconnected through a U-tube. The
container C; contains a soil mass of height A, with free water standing to a
height h, above it. The container C, is filled up with water and may be raised
or lowered as and when required. The water levels in both C; and C; are
maintained at constant levels with the help of inlet and outlet pipes. ’

Casel: When no flow of water takes place : This condition occurs when
the water levels in both containers are at the same level, as shown in Fig.
3.7(a).
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{a) NoFlow {b} Upward Flow {c} Downward Flow

Fig.3.7

Atany depth z below the top of the soil mass (i.e., sec. X - X)

and ,

or,

O, = Yaub-Z * Yw(z + 1)
u, = YW(Z + hz)

!

Oz

O, — U,

Ysubfz + Y2+ ) - v, + Ip)
o, = Yaup - 2 f : ..(3.11)

Thus, at any depth 2, the effective stress depends only on the submerged
density of the soil.

Case Il : Downward flow : This condition occurs when the water level in
C, is at a higher level than that in C; (Fig. 3.7 c). At the section X—X,

and

or,

where,

Q
I

2 _Ysub'Z+Yw(z+h’2)
2 -Yw(z"’h’l"h)

o, =0, - U

Z

=
i

Ysubb'z + Y- h

h
Ysub+Z * Y - ; .z

/

/,
O, = Yaub-Z t Yo iz (3.12)

i = hydraulic gradient = g
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A comparisbn between equations (3.11) and (3.12) clearly shows that a
downward flow causes the effective stress to increase.

CaseHlll: Upward flow : This condition occurs when the water level in Cy
is at a higher level than that in C; (Fig. 3.7b).

At the section X - X,
= Ysup -2 + 'Yw(Z + hl)
i Y (Z + Iy + h)

= Yeub -2 - v, h

:NQ
N

Q
N
I

h
= Ysub.Z = YW."Z‘.Z

of, O, = Yaub-Z = Yw iZ -(3.13)

Thus an upward flow of water causes the effective siress to decrease.

3.6 Quicksand Condition : Eqn. (3.13) suggesis that the reduction in
effective stress at any depth z due to upward flow of water depends on the
existing hydraulic gradient, i. If at any site, the hydraulic gradient reaches a
certain critical value (i.e., i = i ), the seepage pressure may become equal to
the pressure due to the self-weight of the soil. In such cases, the effective
stress will be zero. In other words, the solid grains will not carry any load any
more, and the entire load is transmitted to the pore water. The entire soil mass
will then behave as if it were a liquid, and any external load placed on the soil
will settle immediately. At this stage the soil loses its shear strength and does
not have any bearing power. Such a condition is known as the quicksand
condition. The corresponding hydraulic gradient is called the critical

hydraulic gradien i
" Erom eqn. (3.13) we get,

0= Yaub-Z = Yw-ic-2

. Ywb (G -1)
or, i, = ™ S Ll e‘-Yw/Yw
or, i, = cl; ; : (3.14)

3.7. Darcy’s Law: This law states that, the velocity of flow of water
througm is proportional to the hydraulic gradient.

i.€., v i
o, vaki «{3.15)
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where, k = constant of proportionality, termed as the co-efficient of per-
meability of soil.
The co-efficient of permeability is a measure of the resistance of the soil
against flow of water through its pores. '

From eqn. (3.15) we have, when i=1, then k=v

Thus, the co-efficient of permeability of a soil is defined as the average
velocity of flow which will occur under unit hydraulic gradient. It has the
units of velocity, i.e., cm/sec, of, m/day, etc.

Table 3.1 presents typical values of k for various soils :

Table 3.1
L Type of Soil _ k (cm/sec) |
Gravcl l 1 o 10% "
Coarse and medium sand | 1023 o 1
Fine sand, loose silt 10°° w0 1073
Dense silt, clayey silt 10°% o 107
Silty clay, clay 10°° o 107

Eqn. (3.15) may also be written as
g=kiA ..(3.16)

where, ¢ = unit discharge, i.c., the quantity of water flowing through a cross-
sectional area A in unit time. !

3.8. Allen Hazen’s Formula: Allen Hazen found experimentally that for
loose filter sands,

— k=C.DY (3.17)
where, . k= co-efficient of permeability in cm/sec

C = a constant, being approximately equal to 100 cm! sec”

D = Particle size corresponding to'10% finer, in cm.

3.9. Laboratory Determination of k: The co-efficient of permeability
of a soil can be determincd in the laboratory using permeameters, which are
of the following two types: .

(a) Constant head permeanicics
(b) Falling head permeameter
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o “ 3 !
Overflow o

Supply

Measuring
Cylinder

(a) Constant Head Test {b) Falling Head Test

Fig.3.8

‘ The test arrangements for these two types of pehneametcrs are shown in
Fig. 3.8 (a) and (b) respectively. ’
394, Constant head permeameter:  In this type of permeameters,
arr.angements are made to keep the water levels at the top and bottom of the
soil samp!e constant. Water flowing through the soil from top to bottom is
collected in a graduated glass cylinder and its volume is measured.
Let, Q = quantity of discharge in time't

L = iength of the sample

I = difference in head of water at top and bottom.

Q

Now, discharge per unit time, q==
t

We have from Darcy’s law, q=kiA
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L A0k
Here, [ = I
Q _,. B
A= k. L LA
A e 2L -
or, k= Ve ..(3.18)

3,92 Falling head permeameter: In this case, a stand-pipe containing
water is attached to the top of the soil mass. As water percolates through the
soil from top to the bottom, the water level in the standpipe gradually falls
down. Instead of measuring the discharge quantity, the fall of water level in
the stand-pipe over a certain time interval 7 is measured.

Let, L = length of the soil sample
A = cross-sectional area of the sample
a = cross-sectional area of the stand-pipe
hy = head of water causing flow at time £y
Iy = head of water causing flow at time f)

: Let, in any small interval of time df, the change in head is given by — dh
(the negative sign indicates that the head decreases).

Hernce, the quantity of water flowing in time df = - dh.a
And, the discharge per unit time, - q=- %]—: .a
But, we have from Darcy’s law, qg=kiA
, dh
kiA = - =
h dh
k.. I A= - & .a
Ak . dh
—dt = - — (319
or, ol t h (3.19)

Integrating between proper limits, we get,

t h
% fz ol fz dh
4 hy

Ak
or, E(lz - tl) =

[
i
=}
g8
[\
:n




T ————————
r

60 Problems in Soil Mechanics and Foundation Engineering Capillarity and Permeability 61
h . log, (R/a) .
or, o T log, — ..(3.20) k = L—g,i——— -{3.22)
At” y n (H _»;,2)
where, : t=1 -4 where, a = radius of test well
The constant head permeameter is suitable for coarse-grained soils while R = radius of influence

the falling head permeameter is suitable for fine-grained ones. “The value of R may be determined from

3.10. Field Determination of k : In the field, the co-efficient of R = 3000svk m

permeability of a stratified or heterogeneous deposit can be determined by

; . A ; = in the test well, m
either pumping-out tests or pumping-in +ests. The pumping-out tests for REhERC, M o v
uncoufined as well as confined aquifers are described below: k= co-efficient of permeability, m/sec.
(a) Unconfined aquifer : Fig. 3.9 illustrates a test well fully penetrating
an unconfined aquifer. As water is pumped out from the well, water percolates Observation Obeservafion y
from all sides into it. When the discharge g equals the rate of percolation, the Well well
water level in the well becomes steady. ® @ N I.f,iq’ J =
Consider a point P on the drawdown curve at a radial distance r from the W =
centre of the well. The hydraulic gradient at this point is given by, | < Test Well
dy g SR e | SRR | S 8 & MRS e GWT
= —d—r 3 S: /".T_""--.,._H_H _T_ | (X yl e 1 = \
e o 51 r’T" i
Again, if & be the head of water at P then the rate of radial flow of water ]. | 4 b | i
through a ¢ylinder of radius r and height /1 is given by, ‘ —_:_: & - | i
dy 2 N e 0
= — - H
qgi= kiA = k. e 2axy ko _,_: "F‘LT :.. 4
oin sf;i_Z_n_’sydy ’|_ = " 8 2 ||
’ | ik ‘ : = A e B
Integrating between proper limits, - L | k' [: ol
5] h, > 7 f;—/l i ? i AT TTTTT s T =
2 dx 2 P k 2 FITIITI g oy J L ! A
_— = L v d A==l
FEezt e g R
1 1
where, . rpandry represent the radial distances of two observation wells i3
and hy and hy represent the height of water ievels in them. ' (b) Confined aquifer : Fig. 3. 10 dlustrates a test well fully penetratmg
2 2 into a confined aquifer of thickness 2.
o 2ak Un - ) ;
| log, — = —— . ——— From Darcy’s law, g =kiA
ry q 2 : . ' dy T
: g log, (ry/ry) or, q= k.—dx.anz
| or, k ST, — S ...(3.21) E 4
n (hs -~ hy) : dx -2szdy
or, 4 o Sl
Alternatively, when observation wells aie not used, X q

] Integrating, we get,



62 Problems in Soil Mechanics and Foundation Engineering
2 -
dx ZthZf
[ a2z py,
x
n i by
or, log, (rp/ryy = szz (hp - hy)
_ g-log, (rp/r1)
or, ki i———————— ..(3.23
2nkz(hy - hy) (, )
1 qlog, R/a
Alt tivel = e (S
ernatively, BT US T (3.24)
Y
Observation  QObservafion 1
Well Well g
@ O\~
. o (L
L S e | _ _ _ Piezometric surface
Ff - . 1 - "__,_..——‘-1 =
s2 1>~ s1 |~ TPixy) |
TITRT I fl’l’ll:\r‘}ﬂ T rL’ l_ - -2 l |
= <T ¥ = 1)
ht - N2 I l
Qe . = 1 18
B ’ h =01 )
-l i |- |
- = ]
Ty r il adid I_rlrllfllllrlr: T oY 77 P rF 77 ’II":rTIIfilrv_x
l }—r-l—-.}'rln- l
— ra + R 4

Fig.3.10

3.11 Permeability of Stratified Deposits : Natural soil deposits generally
are not homogeneous, but consist of a number of layers. The thickness and
the co-efficient of permeability of the layers may vary to a large extent. In
such cases, it is required to compute the equivalent co-efficient of
permeability of the entire soil deposit.

3.11.1. Equivalent permeability parallelto the bedding planes: Fig. 3.11
shows a stratified soil deposit consisting of n layers. Let z;, z,,......., z, be the
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thickness of the layers while kj, ky,......, k, be their co-efficients of
permeability.

= 1 0

s ZI —

= k

= ‘%. £

:__* 73 b 78 (k3) f:

CH 'Ef' =

== . A i tkn) BEZ

e | < |
Fig.3.11

The difference in water levels on theleft and right hand side of the deposit
is h. This head difference causes a horizontal flow of water. Since atany depth
below G.L. the head difference is constant and equals h, the hydraulic
gradient i(=h/L) is the same for each and every layer.

Let gy, 4,---.-., 4, be the discharge through the individual layers and g be
the total discharge through the entire deposit.

or q=kizg + iz + ...t k,iz, (i)
Again, if k;, be the equivalent co-efficient of permeability of the entire deposit
of thickness z in the direction of flow, then

q = kyiz (i)
From (i) and (ii) we get,
kpiz=Fkizg + iz + e + k,iz,
n
k k2 k z kiZ‘
z + Pl hd + k,z ol
or, ol L ntn o .(3.25)
Z 4+ 23 4 + 2,
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3.11.2. Equivalent permeability perpendicular to the bedding planes : ‘
For flow in vertical direction (Fig. 3.12), the discharge velocities'in each layer ‘ EXAMPLES :
must be the same. : i Problenn3,1— The natural ground water table at a site is located at a
Vi =V = = Ve =M K depth of 2 m below the ground level. Laboratory tests reveal that the void
Using Darcy’s law i ratio of the soil is 0.85 while the grain size corresponding to 10% finer is 0.05
ki = hpiy = o SR il (i) i 212.0D3)eznngune the depth of the zone of saturation below G.L.  Assume,
Now, total head loss = head loss in layer 1 + head loss in layer 2 + ...+ Solution. The height of capillary rise of water is given by
o= - head loss in layer n «(iv) . ' ' ’
But, we have, ; : h = c
S (220 DlO
: n '
= 2 =N feadlos &= ig Here, C =03 cm?
. -From eqn. (iv), £ e = 0.85
iZ=iz; +iy2 + .. iy 2, Dy = 0.05 mm = 0.005 cm.
Substituting for iy, iy, ..... i, from (iii), we get g3
Tt N : h, = —————— = 70.59 cm = 0.706 m.
(0.85) (0.005)
v L FEET v
k- Z= ke Ay 2 o Y Hence, the depth of saturation below G.L.
'~ n
ARy ST B 3 =20 - 0.706 = 1.294 m. :
or, IS it 7{—"— it + k—" | Problem \3’2/ A capillary glass tube of 0.1 mm internal diameter is
p : 2 ¥ immersed vertically in a beaker full of water. Assuming the tube to be
§ 3 perfectly clean and wet, determine the height of capillary rise of water in the
Z il tube when the room temperature is 20°C. Given, at 20°C, unit weight of
i k, = n g T T g ..(3.26) water = 0.9980 gm/cc and surface tension = 72.8 dynes/cm.
7 ;
- + 7«:—2- AP + En- . 21 E’- Solution: When a capillary tube is perfectly clean and wet, the upper
T {3

meniscus of water in the tube is tangential (i.e., o = 0°). The height of capillary
rise is then given by, '

| 3 47,
j , ‘< Ywdg
Here, T, = 72.8 dynes/cm, ¥, = 0.998C gm/cc, 5
| d=01mm=001cm, g=981cmsec’.
h (4) (728) cm = 29.74 cm. .

< = {0.998) (0.01) (981)

, Problem 3.3 e void ratio of a given soil A is twice that of another

a soil B, while the effective size of particles of soil A is one-third that of soil B.
The height of capillary rise of water in soil A on a certain day is found to be
40 cm. Determine the corresponding height of capillary rise in soil B.
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Solution: We have h, = €
olution: ; P

Let /4 and kg be the heights of capillary rise in soil A and B respectively.
Also, let e4 and ep be the respective void ratios and D4 and Dp be the
respective effective sizes.

From the question,

eg 1 . Dp

= = and D_: =3
S N c ep-Dp ep Dy -
| . =—,— =(1/2)(3) = 1.5
NOW, hB eA.DA g C €4 DA ( )() i
a 40
hB =‘/-1-3 = —1'3‘ = 26.67 cm.

Problem g’ld At a silte the subsoil consists of a 8 m thick layer of dry
sand (G = 2.65, e = 0.85, Do = 0.14 mm) which is underlain by a 6 m thick
clay layer (G = 2.75, w = 22%) below which there exists a thick layer of
hardpan. The water table is located at a depth of 6 m below the ground level.
Plot the distribution of total, neutral and effective stresses.

Solution: The soil profile is presented in Fig. 3.13 (a).

f ey A
»_1 SAND
8m Capillary water _*;_[“'2 7.98
s G e e
_I!« i % C —4877
—{1255
6m CLAY
: LE 2 i
~otm2l- kasootmtt  Ja709tm
* a) Soil Profile b) Pore ¢} Total d) Effective
Pressure Stress Stress
Fig.313

Height of capillary rise in the sand layer,
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& Y5 0.5
€ e.Dy (0.85)(0.014)

42.0cm = 0.42 m.

Hence the sand will be saturated upto 0.42 m above the water table. The
remaining portion of the sand above this level will be dry.

h (assuming C = 0.5 cm?)

For the sand layer, '
G +e A 2.65 + 0.85
T+e ™™ 1+08
_ G v (265 (1.0)
4= 1Tre " 1+085

As the clay layer is submerged below water, it is saturated.

(1.0) = 1.89 t/m’

Ysar =

= 1.43 t/m°

We have, wG =se¢,
_wG = (0.22)(2.75) <

0.605
Ky 1 |
275 + 0605 ) _ 509 t/m’

Yat = 170,605
At A (z = 0), the total, neutral and effective stresses are all equal to zero.

AtB (z=5.58m), total stress, o = (1.43)(5.58) = 7.98 t/m>

neutral stress, u = - h_.y,,

| -(0.42) (1) = - 0.42 t/m?
effective stress, ¢’ = ¢ - u
798 - (-0.42)

= 8.40 t/m>.

ALC (z=60m), o = (143)(5.58) + (1.89) (0.42) = 8.77 t/m>
u=0" - '

g =0-u=0= 8.77t/m2
AtD (z=80m), o = (1.43)(5.58) + (1.89) (2.42) = 12.55 t/m’
u = (2.0)(1.0) = 2.0 t/m?

o = 12.55 - 2.0 = 10.55 t/in®
AtE (z=14.0m), : P
o = (1.43)(5.58) + (1.89)(2.42) + (2.09) (6.0)

= 25.09 t/m?.
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u = (20 + 60)(1.0) = 80 t/m>

o' = 25.09 - 80 = 17.09 t/m?
The distribution of total, neutral and effective stresses are shown in Fig.
3.13 (b), (c) and (d)respectively.
Problem }’5 For the soil profile shown in Fig. 3.14, determine the
total stress, pore water pressure and intergranular pressure at a depth of 15m
below the ground level. :

|
2Zm Silty Sand (G=26%,e=0-6,5=35%)

I 5 60% 3
Tm Clay(G=2-70,e = 0-65)
15m
Lt.m Peat (G =2-25,e=2-8)
2m Sand (G=2-66,e=085)
L e e e R S e e
Rock
Fig. 3.14
Solution:

Bulk density of silty sand (s = 35%)

; 2.68 + (0.35) (0.60)
L 1 + 0.60

Bulk density of clay above G.W.T. . (s = 60%)

2.70 + (0.60)(0.65) ; " 187 t./ &
g A T Ak A e

Saturated density of clay below G.W.T.
. 270 + 0.65

(1.0) = 1.81 t/m’

(1) = 2.03 t/m*

1+ 0.65 :
g 2.8 5
Saturated density of pcat = ‘21%%3—-(1) = 1.33 t/m>

2.66 + 0.85 3
i - = 1.90 t/
Saturated density of sand T 7085 1) =1 m
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Ata depth of 15 m below G.L.:
total stress o = (1.81)(2) + v(1.87) (1.5) + (2.03) (5.5)

+ (1.33) (4) + (1.90)(2) = 26.71 t/m*
pore water pressure = (15 - 2 - 1.5) (1.0) = 11.5 /m?
effective stress = (26.71 - 11.5) = 15.21 t/m?

Problem 3,60 The void ratio of a sand sample at the loosest and densest
possible states are found to be 0.55 and 0.98 respectively. If the specific
gravity of soil solids be 2.67, determine the corresponding values of the
critical hydraulic gradient.

Solution: The critical hydraulic gradient is given by,
G-1

(o e ——
< 1+eY‘°

* 2.67 - 1
€ 1+055

267 -1
71+ 098

Problem ?:;//It is required to excavate a long trench in a sand deposit
upto a depth of 3.5 m below G.L. The sides of the trench should be vertical
and are to be supported by steel sheet piles driven upto 1.5 m below the bottom
of the trench. The ground water table is at 1 m below G.L. In order to have a
dry working area, water accumulated in the trench will be continuously
pumped out. If the sand has a void ratio of 0.72 and the specific gravity of
solids be 2.66, check whether a quick sand condition is likely to occur. If so,
what remedial measures would you suggest?

At the densest state, i (1) = 1.08

At the loosest state, i (1) = 0.84

Solution.  Fig. 3.15 illustrates the given site conditions. It is evident
that there will be an upward flow of water through the soil mass MNDB. The
differential head which causes this flow is,

h=25m
Again, thickness of the soil mass through which this flow occurs is,
L=MB=ND=1.5m.

Hydraulic gradient, L= e = =HH6T

Critical hydraulic gradient, i. = G el 2502 L

T Tve 1+072 0965

i> 0

Hence, quick sand condition will occur.
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The following remedial measures can be recommended :

(i) The depth of embedment of sheet piles below the bottom of the trench
should be increased. This will increase the thickness of soil layer through
which water percolates, and hence will reduce the hydraulic gradient.

Let x be the required depth of sheet piles below the bottom of the trench,
which gives a factor of safety of 1.5 against quick sand condition.

h 25 ;
U A .o(i)
iC
Now, F.S.=T=1.5,
. k0965 3
or ek R AT 0.643 .. (it)

From (i) and (ii) we have,
275- = 0643, or, x = 3.89 m

(ii) Alternatively, water table at the site may be lowered by any suitable
dewatering method. This will reduce the differential head and hence the
hydraulic gradient will be reduced.

A =i
e o ; Sheet Piles ‘—1'fm
= ' | e
35m E
M[ N
15m f
T
SN

Fig.3.15

Problem e}/ In the experimental set-up shown in Fig. 3.1&, if the area
of cross-section of the soil sample be 0.28 mz, and the quantity of water
flowing through it be 0.03 cc/sec, determine the co-efficient of permeability
in m/day.

k=1

Solution: From Darcy’slaw, g=kiA, or A
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where, { = hydraulic gradient = ]’?l
Here, h = differential head of water causing flow
=16 -10=06m
L = length of soil mass through which flow takes place
= 2.0 m.
. 06
=20 " 0.3
Again, we have, q = 0.03 cc/sec
and, A =028 m? = 0.28 x 10* cm? = 2800 cm®
0.03 N
TRE R
(0.3) (2800) cm/sec
_ (0.03) (60) (60) (24)
= 70.3) (2800) (100) ™9

= 0.0308 m/day.

Overflow

= Wsz/l/// :

= R (VOSSR SR P I L M oL — T 2
Fig.3.16

Problem i{/ A sample of coarse sand is tested in a constant head
permeameter. The sample is 20 cm high and has a diameter of 8 cm. Water
flows through the soil under a constant head of 1 m for 15 minutes. The mass
of discharged water was found to be 1.2 kg. Determine the coefficient of
permeability of the soil.

Solution: We have, for a constant head permeability test,

_ QoL
k'hAt
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Now, mass of discharged water . = 1.2kg =1200gm.
Volume of discharged water, Q= 1200cc.
Time of flow, t = 15 min. = (15) (60) = 900 sec.
Head of water, h = 1m=100cm.
Area of cross-section of sample, A= % x 8 = 50.26 cm?
Length of flow path, L = 20 cm.
k = (1200)(20) = 0.0053 cm/sec.

(100) (50.26) (900)

A cylindrical mould of diameter 7.5 cm contains a 15

Problem 3k.}y
cm long sampfeof fine sand. When water flows through the soil under
constant head at a rate of 58 cc/min., the loss of head between two points 8
cm apart is found to be 12.1 cm. Determine the co-efficient of permeability

of the soil.
Solution: Area of cross-section of the sample,
A = (/8) (15 = 4418 cm’

Hydraulic gradient, i = % = 1%-1- = 1.51

Unit discharge, g = 58 cc/min = 29/30 cc/sec
We have, from Darcy’s law
=ki = £
qg=kiA, or, k iA
k = 29 = 0.0145 cm/sec
£30) (1.51) (44.18) . [ =

Problem 3.1X. A falling head permeability test was carried out on a
15 cm long sample of silty clay. The diameter of the sample and the stand-pipe
were 9.8 cm and 0.75 cm respectively. The water level in the stand-pipe was
observed to fall from 60 cm to 45 cm in 12 minutes. Determine :
@) the co-efficient of permeability of the soil in m/day
(i) height of water level in the stand-pipe after another 20 minutes.
(iii) time required for the water level to drop to 10 cm.

" Sélution: (i) For a falling head permeability test, we have,

al Y
k = - log, G
Here, a = (n/4)(0.75)° cm®
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A = (v/4) 9.8) cm®
L =15 cm, ¢ = 12 min = (12) x (60) = 720 sec.
h; = 60 cm, b, = 45 cm

(n/4) (075 (15) | 60
(n/4) 9.8 (720) 4
351 x 10'5 cm{sec

3.51 x 107) (8640
st me) (86400) | /day = 0.03 m/day.

(i) Let & be the head at the end of another 20 minutes.
(/8) (0.75) (15) 1on, B

(/4) (9.8 (20)(60) P

k=

351 x 107 =

or, log, 4—:— = (0.479

or, 5’-!5— = &4 = 1615

45
i h = 1615

(iif) Let ¢ be the time required for the head to drop from 45 cm to 10 cm.
_el el

Ak B

(t/4) (0.75) (15) 45

= = 57 - log, —

(x/4) (9.8 3.51 x 107 10
= 3764.65 sec.
= 1 hr. 2 min. 45 sec.

Problem L;ﬂf/ A well is fully penetrated into a 16 m thick layer of
sand which is underlain by a rock layer. Water is pumped out of the well at a
constant rate of 450000 litres/hour. The water level in two observation wells
situated at 15 m and 30 m from the test well are found to be at 3.7 m and 2.6
m respectively below the ground level. Determine the co-efficient of
permeability of the soil. X 2

Solution: For an unconfined aquifer, the co-efficient of permeability
is givea by:

= 27.86 cm

Now, t
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R Q. ]oge (rz/rl)
(i3 - 1)
Here, Q@ =450000 litre/hour
_ (450000) (1000)

(60) (60) cc/sec = 125000 cc/sec.

15 m = 1500 cm
ry = 30 m = 3000 cm
(16 - 37) m = 123 m = 1230 em
hp = (16 - 26) m = 13.4 m = 1340 cm
i (125000) [ log, (3000/1500) ]
(3.14) [ (1340)> - (1230)° |
Problem 3;{ A pumping-out test was carried out in the field in order

r

hl

]
(]
it

= 0.098 cm/sec

to determine thg average co-efficient of permeability of a 18 m thick sand
layer. The ground water table was located at a depth of 2.2 m below the ground
1favel. A steady state was reached when the discharge from the well was 21.5
lit/sec. At this stage, the drawdown in the test well was 2.54 m, while tl;e
drawdowns in two observation wells situated at 8 m and 20 m from the test
well were found tobe 1.76 m and 1.27 m respectively. Determine:

(x) co-efficient of permeability of the sand layer in m/day.
(ii) radius of influence of the test well
(iii) effective size of the sand.

Solution: (i) Wehave, k = Q'i%e-(fz/—rl)
n (- K)
Here, Q = 21.5 lit/sec
(21.5) (1000) (86400
= = ) m?/day = 1857.6 m>/day

~rp =8 m, r, = 20 m.
Height of the water table above the base of the well,
H=(18-22)m=158m
Drawdown in the observation wells, s; = 1.76 m, $5=127m
Height of water in the observation wells,
hy = H - s; = (158 - 1.76) m
hy =H - 55 = (158 - 1.27) m

14.04 m
1453 m

T—'—
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1857.6) [ log, (20/8
k = ¢ ) [log. ( )] = 38.70 m/day

n [ (14.53) - (14.04) ]

(ii) The radius of influence is given by,

R = 3000s vk
Here, k = 38.70 m/day
38.70 i Bl .
= 26400 m/sec = 448 x 107" m/sec

R = (3000) (2.54)V4.48 x 10 m = 161.29 m

(iii) The effective size can be determined from Allen Hazen’s formula :

k=C.Dk
or, DlO = Vk/C
Assuming C = 100 cm™* sec™!
/ —4
V448 x 1007 _ -3
Dy = 2 i 2.12 x 107 cm
= (0.0212 mm

Problem 3.y/ The subsoil at a site consists of a fine sand layer lying
in between a clay layer at top and a silt layer at bottom. The co-efficient of
permeability of the sand is 100 times that of clay and 20 times that of silt,
while the thickness of the sand layer is orie-tenth that of clay and one third
that of silt. Find out the equivalent co-efficient of permeability of the deposit
in directions parallel and perpendicular to the bedding planes, in terms of the
co-efficient of permeability of the clay layer.

_ Solution: Let k be the co-efficient of permeability of the clay layer.

co-efficient of permeability of sand =100 &

and, co-efficient of permeability of silt = }_(%(())_k = 5k

Again, let z be the thickness of the sand layer.
Thickness of clay layer = 10z

and, thickness of silt layer = 3 z. -

Equivalent co-efficient of permeability parallel to the bedding plancs,

kizy + b + ks (k)(102) + (100K (2) + (5K)(32)

21+ +23 - 10z + z + 3z

ky =

Yo
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10 + 100 + 15 125
Dt L 1 TR S o ki

Equivalent co-efficient of permeability perpendicular to the bedding planes,

7yttt 10z +z + 3z

i ¥4 22 Z3=£]£+ 7 +_3_Z_
kj*g*}g k 100k Sk
10 +1 +3 14k 1400
= = = == .1
10+_1__+_3_k 1000 + 1 + 60 1061k Ul
5 100

10
Problem 39./; ig. 3.17 shows a soil profile ata given site. Determine:
(i) Average co-efficient of permeability of the deposit.
(ii) Equivalent co-efficient of permeability of the depositin the horizontal
and vertical directions.

Silty Sand
&m (k=3x10 tm/s)

Tm  Clay (k=25x10"8cm/s)

6,[ Fine Sand
R (k=8x103cm/s

10m 7 Coarse Sc;nd
I. (k=72x10"cm /s
=y r O S ST T LT T 7 7
Fig.3.17

Solution : (i) Average co-cfficient of permeability of the deposit,
kl + kQ ar k3 + k4
av = 4
3% 107 + 25 x 1078 + 8 x 107 + 7.2 x 107
4

h

2 x 10'2 cm/sec = -0.02 cm/sec.

(ii) Equivalent co-efficient of permeability in the horizontal direction,
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_®Ex10H+ 1) (25 x 1078).+ (6) (8 x 107) + (10) (7.2 x 107%)
- (8+1+6+10)

0.0308 cm/sec
Equivalent co-efficient of permeability in the vertical direction.
4
z Z;
i=1
4 5.
S
-1k

k=

14

8+1+ 6+ 10
8 1 6 10

+ + +
3 x 10 25 x 108 8 x 107 7.2 x 1072

= 624 x 1077 cm/sec

EXERCISE 3

3.1 Determine the height of capillary rise of water above the ground
water table in a homogeneous bed of sand having an effective size of 0.12
mm. The moisture content of the soil below the ground water table was found
tobe 25%. Take, G=2.67and C=0.5cm’. [Ans : 62.5 cmi]

3.2 A perfectly clean and wet capillary tube of 0.1 mm radius is
immersed in a container full of water. The room temperature is 30°C and the
water level in the tube is found to rise to a height of 14.54 cm. If the unit
weight of water at 30°C be 0.996 gm/cc, determine the surface tension at
30°C. {Ans : 71.03 dynes/cm]

3.3  Adry capillary tube of 0.3 mm diameter was immersed in distilled
water at 4£°C. The upper meniscus of the water column in the tube was found
to be inclined at 30°C to the vertical. Find out the height of the water column.
Given, at 4°C, unit weight of water = 1 gm/cc and surface tension of water =
75.6 dynes/cm. [Ans : 8.9 cm]

3.4 The subsoil at a site consists of a 2 m thick layer of clay which is
underlain by a deep sand layer. The natural ground water table is at 3 m below
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G.L. The unit weight of clay is 1.8 t/m>, while that of sand above and below
water table are 1.75 t/m> and 1.92 t/m respectively. Find out the total and
effective stresses at a depth of 5 m below the ground level.
[Ans : 9.19 m?, 7.19 t/m?]
3.5 Plot the distribution of total, neutral and effective stress for the soil
profile shown in Fig. 3.18. '

—er G.L
Stratum 1
5m (¥ =17 t/m3)
Capilliar
7 “‘1#' —————————— wcffer i
—Z—G W.
el SRS * ¢
3m (¥=1-85f/m3)
) Stratum I
3m (¥=1-80 t/m3)
L7 i r Cdird 777 VA 4V 4 & o o
Rock
Fig.3.18

3.6 A sandsample is 50% saturated and has a bulk density of 1.75 tm’.
The specific gravity of solids is 2.65. Determine the critical hydraulic
gradient. [Ans : 0.96]

3.7 How will the critical hydraulic gradient of the soil in Prob. 3.6
change, if the soil is compacted to increase its bulk density by 10%, without
any change in its water content? [Ans : Increases by 13.8%)]

3.8 At a site the subsoil consists of a deep layer of medium sand. It is
required to excavate a trench upto 3 m below the ground level. The water
table lies at depth of 1.5 below G.L.. In order to have a dry working area, sheet
piles are driven along the sides of the trench upto a depth of 5 m below G.L.
and water accumulated in the trench is pumped out as the excavation
progresses. Determine the factor of safety against the occurrence of quick
sand condition. Given,e =0.8,G=2.7. [Ans : 1.24]

3.9 Thevoidratio of a soil is 0.76, while its co-efficient of permeability

is 1.2 x 107 cmysec. If, keeping all other factors constant, the soil is
compacted so as to reduce the void ratio to 0.60, what will be the co-efficient

of permeability of the soil? [ Hints : k o e/1+e ]
] [Ans : 6.5 x 10'5cm/sec]

|

ey . — -
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3.10 In a constant head permeability test, water is allowed to pass
through. a cylindrical soil sample, 15 cm high and 10 cm in diameter, under
a constant head of 1 m. The water flowing out of the sample is collected in a
glass cylinder of 1200 cc capacity. It is observed that the cylinder just starts
to overflow after 1 hr. 13 min. and 51 sec. Find out the co-efficient of

[Ans:5.17 x 10~ cm/sec]

3.11 A specimen of a coarse-grained soil was subjected to a constant
head permeability test. The sample was compacted in a cylindrical mould
having a height of 9.5 cm and an internal volume of 987 cc. Under a constant
head of 50 cm, 756.6 cc of water passed through the soil in 10 minutes .
Determine the co-efficient of permeability and the effective size of the soil.

[Ans : 0.012 cm/sec, 0.11 mm]

3.12 How many litres of water will flow through a cylindrical soil
sample of 8 cm diameter and 12 cm height in a day under a constant head of
65 cm, if the co-efficient of permeability of the soil be 0.01 mm/sec ?

' [Ans : 23.5 litres]

3.13 Ina falling head permeability test, the water level in the stand-pipe
dropped from 40 cm to 20 cm in 1 hour. The diameter of the sample and the
stand-pipe were 8 cm and 0.5 cm respectively, while the height of the sample
was 9.5 cm. Find out the co-efficient of permeability of the soil.

[Ans : 7.15 x 107 cm/sec]

3.14 A falling head test was performed on a soil specimen having a
diameter of 10 cm and a height of 12 cm. The stand-pipe had a diameter of
1.2 cm and the water level in it dropped from 55 cm to 41 cm in 2 hours.
Determine the time required for the water level in the stand-pipe to come
down to 20 cm. Also detérmine the height of water level in the stand-pipe
after a period of 24 hours from the beginning of the test.

[Ans : 6 hours and 48.5 minutes; 3.53 cm}

3.15 A pumping-out test was carried out in an 18 m thick layer of
pervious soil which is underlain by an impermeable shale. The water table
was Jocated at 1 m below the ground level. A steady state was reached when
the discharge from the well was 9 cu.m/min. The corresponding water levels
in two observation wells situated at 4 m and 8 m from the pumping well were
found to be 2 m and 0.5 m respectively below the initial ground water table.
Compute the co-cfficient of permeability of the deposit. [Ans : 0.07 cm/sec]

permeability.

316 In order to compute the co-efficient of permeability of a
non-homogeneous deposit, a pumping out test was conducted by fully
penctrating a well of 20 cm diameter into a S0 m thick unconfined aquifer.
When the drawdown in the pumping well reached 4.2 m a steady discharge
of 300 m>/br was obtained from it. The drawdown in an observation well at
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a distance of 30 m from the pumping well was found to be 1.1 m. If the initial
ground water table was at 1.5 m below G.L., compute :
(i) the field co-efficient of penmeability of the soil

(ii) the radius of influence.  [Ans : (i) 5.3 x 1072 cm/sec (ii) 290 m]

3.17 A pumping well of 20 cm diameter penetrates fully into a confined
aquifer of 25 m thickness. A steady discharge of 26.5 lit/sec is obtained from
the well under a drawdown of 3.2 m. Assuming a radius of influence of 300
m, find out the co-efficient of permeability of the soil in m/day.

[Ans : 33.31 m/day]

3.18 A pumping well of 25 cm diameter was fully penetrated into a 20
m thick bed of sand which lies between two clay layers of negligible
permeability. Laboratory tests revealed that the sand had a co-efficient of
permeability of 0.03 cm/sec. A steady state was reached when the drawdown
in the test well was 4.3 m and the corresponding discharge was 12 litres/sec.
Estimate the drawdown in an observation well sunk at a distance of 20
m from the pumping well. [Ans:1.51 m]
3.19 A stratified soil deposit consists of four layers. The thickness of
the second, third and fourth layers are equal to half, one-third and one-fourth,
respectively, the thickness of the top layer, while their co-efficients of
permeability are respectively twice, thrice and four times that of the top layer.
Find out :
(i) average co-efficient of permeability of the deposit.
(ii) equivalent co-efficient of permeability of the deposit
(a) parallel to (b) perpendicular to, the bedding planes.

[Ans (i) 2.5 & (i) (a) 1.92 k (b) 1.46 k, kbeing the co-efficient of
permeability of the first layer]

e

4

SEEPAGE AND FLOWNETS

4.1 Introduction : When a water-retaining structyre (e.g., an earth or
rockfill dam, a concrete dam or weir, sheet-pile cut-off wall etc.) is
constructed to maintain a differential head of water, seepage through the
structure itself and/or the foundation soil takes plage. The quantity of water
which flows from the upstream to the downstream side, termed as the seepage
loss, is of paramount importance in designing such a structure. Moreover, the
percolating water exerts a pressure on the soil, which is called the seepage
pressure. In impermeable structures (viz., a concrete dam) the seepage. of
water results in a vertical uplift pressure on the base of the dam. When the
seepage water reaches the downstream side, soil particles may be lifted up
resulting in a ‘piping’ failure. The stability of the side slopes of an earth dam
may be substantially reduced due to seepage of water.

All of these problems can be analysed graphically by constructing
flow-nets.

4.2. Equation of Continuity: Laplace’s equation of continuity, as
applicable to two-dimensional flow problems, is given below:
2 2
a°h dh
ekt k, —— = () (4.1
a7 oy @5
Where, k, and ky are the co-efficients of permeability in the x and y
directions respectively.

For an isotropic soil, k, = k. Therefore,
*h  Ph

LILL (2
@t

Eqn. (4.2) is satisfied by the potential function ¢ (x, y) and the stream
function v (x, y). The properties of these functions are as follows:

0 (4.2)

e
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_ % .
=T N (4.3)
and, v, = Q—"P— v, = ﬂ

LI TR < T

‘The potential function ¢ can be represented by a family of curves, each
having a particular constant value of ¢. These curves are called the
equipotential lines. Similarly, the stream function y may be represented by a
number of curves, known as the stream lines or the flow lines. A stream line
represents the path along which a water particle flows. An equipotential line
s a curve at any point of which the piezometric head is constant. It can be
proved that the product of the gradients of the ¢ function and the 1 function
equals —1. Thus, an equipotential line should always intersect a stream line
orthogonally. -

The combination of stream lines and flow lines in the proper flow domain
is called a flownet.

4,3, Properties of a Flownet: A flownet has the following properties:

o All flow lines and equipotential lines are smoath curves.

2/ A flow line and an equipotential line should intersect each other
orthogonally. : '

3. No two flow lines can intersect each other.

& No two equipotential lines can intersect each other.

%./ Construction of a Flownet : In order to construct a flownet, the
undary conditions, i.e., the location of the two extreme flow lines and the
two extreme equipotential lines, have to be identified first. For example, Fig.
4.1 shows a flownet for a sheet-pile wall. Here the boundary conditions are :

o

Sheet Pile

it

r A L A T A T i P T ETT? T, H
Impervious
Fig. 4.1

i —
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1. 1(4;9 islth)e equipotential line having the maximum piezometric head
=1 ). -
2. (E]F isl the equipotential line having the minimum piezometric head
1=y ). '

3. BCDE (i.., the surface of the sheet pile ) is the shortest flow line.

4. GH (i.c., the imperious boundary) is the longest flow line.

ane the boundary conditions are identified, the flownet can be drawn
by trial and error. The process is tedious and each line has to be drawn, erased
and redrawn a rumber of times. 7L

4.5. pses ofaFlownet: A flownetenables one to determine the following:
(i) Quantity of seepage :  Fig. 4.2 shows a pottion of a flownet. Let

Aq; and Ag; be the quantity of seepage in unit tinic through two consecutive

flow channels. Let by and /; be the width and Icngth respectively of the flow

clelpent ABCD, and Ak be the head drop between two consecutive

equipotential lines. ¢

From Darcy’s law we have,

q=kiA

Fig.4.2

0

Considering unit thickness of the soi i
oil mass, cross-sectional area o
element ABCD = by x 1 = by, 9

W/l
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N
h

Hydraulic gradient, i

b
Aql=k-9ﬂ-b1=kxAhx—'
h )
by
Similarly, Agy = k x Ah x -1—'-
2
The discharge quantity through all flow channels will be equal if,
bl bZ bn
11 1 12 T rserevens = ’ll
However, if the elements are made orthogonally squared (i.e., b = 1),
then, Agqy = Aqy = ......... = Ag, = k x Ah

If Nt be the number of flow channels present in the flownet then the total
quantity of seepage is given by,
g =k x Npx Ah

Again , if H be the initial difference of head and N, be the number of
equal head drops, then,

H
Ah—-N—
Nf
q= k x Hx — (44)

Ny

As the flow elements are bound by curved lines, it is not possible to draw
them as true squares. However, the average length and breadth of a particular
flow element should be equal to each other such that an inner circle touching

all four sides of the element can be drawn.
i) Hydrostatic pressure:  The hydrostatic pressure at any point within

the soil mass is given by,
u=h, v,

where, h,, = piezometric head at the point under consideration.

In order to find out the piezometric head at a point, locate the flow line
on which the given point lies and count the total number of head drops in the
flownet as well as the number of head drops occurred upto the given point.
The piezometric head at the given point is then obtained from,

hw-hl—{!Nl

S
—nme
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nhy - )
or, h, = - __ﬁd—_ ..(4.5)
For example, in Fig. 4.1, the piezometric head at P is,
4 - )
h, = h - -1—6——2 = Iy - 0.67(hy - Inp)

The uplift pressure at any point below the base of a concrete dam is given

by,
Py = h, 1 ...(4.6)
@ity Exit gradient :  When the percolating water comes out of the soil

at the downstream end, it applies a seepage pressure on the soil which is given
by

Py = i Yy .(4.7)
where, i, is the exit gradient = =
a
and a is the average dimension of the last element of a flow channel.

Piping may occur if the exit gradient becomes greater than the critical
hydraulic gradient. The factor of safety against piping is given by,

o~

F, =~ .(4.8)
IC
In order to determine the maximum exit gradient for a given flow
problem, the last flow element of the flow channel adjacent to the structure
is to be considered, as the value of ‘@’ is the minimum for that particular
clement. In Fig. 4.1, this flow element is marked by hatch lines.

4‘./6./ Flownet in Anisotropic Seils : From eqn. (4.1),

2 2
k, ig + k, -6—4 = 0.
ax” ay”
o, - #F ¥R
ky/kx ax2 ayz :
Let, Vk/k, . x = x' --(4.9)
ky/kx axz ax’2
2 2
or; Gl L .(4.10)
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In order to draw the flownet for anisotropic soils, a transforined section
has to be drawn first by multiplying all horizontal dimensions by v k,/ i o
but keeping the vertical dimensions unaltered. An orthogonally squared

flownet is then drawn as usual for the transformed section. The structure,
alongwith the flownet, is then retransformed by multiplying all horizontal

dimensions by Vk./k, . The final flownet will consist of rectangular
elemems. ~out

.7 Multiple Permeability Conditions : When the flow lines pass from
ofie soil to another having a different permeability, they deviate from the
interface of the two soils and this deviation is similar to the refraction of light
rays. This is illustrated in Fig. 4.3. '

ELy

FL1

FL2

&

L3 ELL

TEL?2

Fig. 4.3

The portion of the flow-net lying in layer 1 is first drawn in the usual
manner with square flow elements. When the flow lines as well as
equipotential lines enter layer 2, they undergo deviations according to the

following equation:
ky tan By
ky  tan B,
Consequently, the flow elements in layer 2 are not squares any more, but
become rectangles, and their width-to-height ratios are given by,

.(4.11)

=

I ——— e
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NlQ‘
Tl

If k; > kp, the flow channels will get broadened, while if ky < kp, they
will get shortened. In other words, when a flow channel carrying a certain |
discharge enters a less permeable soil, it requires a greater area to carry the
same discharge. However, when it enters a more permeable soil, a smaller

area is sufficient.
These conditions are illustrated in Fig. 4.4 (2) and (b) respectively.

a) When kj> k2 b) When ki < k2

Fig. 4.4

MM%: Phreatic Line: When an impermeable structure
(e.g.,a sheet pile or a concrete weir) retains water, all the boundary conditions
are known. Such a flow is known as the confined flow or pressure flow.

when the structure itself is pervious (e.g., an earth dam) the upper

own. Such a flow is termed as
is called the

However,
boundary or the uppermost flow line is unkn
an unconfined flow or a gravity flow, and this upper boundary
phreatic line. ‘

In order to obtain the phreatic line, the basic parabola has to be drawn
first and then the necessary corrections at the entry and exit points have to be

made.
4.8.1. Construction of the Basic Parabola : In Fig. 4.5, ABCD is the
cross-section of an earth dam. In order to draw the basic parabola, proceed as

follows:
(i) Measure the horizontal projection L of the wetted portion, ED, of

the upstream face.
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(ii) Locate the point P such that £P = 0.3 L. The point P is the first
point of the basic parabola.

(iii) With P as centre and PC radius draw an arc to intersect the
extended water surface at F.

(iv) From F draw FG L DC. The line FG is the directrix of the basic
parabola, while C is the focus.

(v) Locate the mid-point Q of CG.

(vi) Let G be the origin, GF the Y -axis and GD the X-axis.

(vii) Choose any point H on CD, such that GH = x;. With C as centre
and x; radius, draw an arc to intersect the vertical line through H at R. The
point R(x;, y;) is another point on the basic parabola.

(viii) In a similar manner, locate several other points viz., (xz, ¥7) ,

R{X1,Y1)

(X3, ¥3), reeeeees , etc. Join these points with a smooth curve to get the basic
parabola.
T— L /F Y
—-TO-BL: A B :
— = oL E L N —

il
o
¥

Fig. 4.5

4.8.2 Corrections at Entry and Exit Points :  ED is an equipotential line
and the phreatic line is a flow line. These two should meet each other at right
angles. This necessitates the correction at the entry point, which should be
drawn by hand.

The phreatic line should meet the down stream face BC tangentially. This
necessitates the correction at the exit point. The basic parabola intersects BC
at M. But the phreatic line should meet BC at N. LetCN = a and NM = Aq,
The magnitude of Aa/(a + Aa) depends on the slope angle, g of the
downstream face. Its value may be obtained from Fig. 4.6.

Seepage and Flownets 89

1 Ol - 1
03 EH _-"“"\‘5\4
o
o

it =i

Aa

30° 60° 90° 120° 150° 180
8 —
Fig. 4.6

After locating N, the necessary correction should be made by hand.

In Fig. 4.6, the value of the slope angle p ranges from 30° to 180°. It
should be noted that for ordinary earth dams, § < 90°. However, if the dam
is provided with a toe drain or a horizontal filter to arrest the seepage water,
the value of p may be as high as 180°. This is illustrated in Fig. 4.7 below:

LN
! 08
l N
\‘.
90°< 8 <180° 8 =180°
Toe Drain Drainage Blanket

Fig. 4.7

It should also be noted that for an earth dam having a toe drain, chimney
drain or horizontal drainage blanket, the beginning point of that drain on filter,
and not the bottom comer of downstream face, should be taken into account
while plotting the basic parabola.

EXAMPLES

Problemgd.l. A homogeneous earth dam, 30 m high, has a free board
of 1.5 m. A flownet was constructed and the following results were noted:
No. of potential drops =12
No. of flow channels =3
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The dam has a 18 m long horizontal filter at its downstream end.
Calculate the seepage loss across the dam per day if the width of the dam be
200 m and the co-efficient of permeability of the soil be 3.55 x 107 4 em/sec.

Solution: Using eqn. (4.4), the quantity of seepage loss across unit
width of the dam is,

el
q= i

3.55 x 107 cm/sec

(355 x 107%) (86400)
> 100

Np=3, Nj=12

As the downstream end is provided with a long horizontal filter, the
downstream side should be dry.

H=30-15=285m

~(0.3067) (28.5) (3)
o 12

Total qualmty iof seep;xge loss per day across the entire width of the dam
=(2.185)(200) = 437 m".

Pmblem& A single row of sheet piles is driven upto a depth of 4
m in a bed of clean sand having a co-efficient of permeability of 0.002 cin/sec.
An impermeable leyer of very stiff clay exists at a depth of 10 m below the
G.L. The sheet pile wall has to retain water upto 4 m above G.L. The height
of water level on the downstream side is 0.5 m. Construct the flownet and
determine quantity of seepage loss considering unit width of the sheet piles.

Here, k

m/day = 0.3067m/day

= 2.185 m’/ /1/7

Selution : The flownet is given in Fig. 4.8.
Using eqn. (4.4),

kH- L
q= Xa
Here, k = 0.002 cm/sec = (—0%@'@)— m/day = 1.728 m/day
H=4-05=35m
Ne=T7, Ny=12
= w){(_j_m = 3.53 m3/day
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Problem 437 With reference to Fig. 4.8, determine the following:
(i) The piezometric heads at the points A, B, C, D and E.
(ii) The exit gradient
(iif) Factor of safety against piping. Given, G = 2.67, e = 0.95.

Solution:
(i) Initial piezometric head at the ground level on upstream side = 4 m.

Head difference 4 - 0.5
Head d = — = =
Gy P e S oTe ikt 12 9.2207. m

Now, number of head drops upto the pointA = 3
.. Head loss at A =(3)(0.2917) = 0.875 m.
Residual head at A = Initial head — head loss
=4-0.875=3.125m.
Similarly, the piezometric head at B,C and D are computed.
4 - (5)(0.2917) = 2.542 m.
4 - (10) (0.2917) = 1.083 m

Piezometric head at B
at C
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at D = 4 - (10)(0.2917) = 1.083 m
The point E lies in between the Sth and 6th flow lines. Hence, the
piezometric head at E should be obtained by linear interpolation.
7+8
2
4 - (7.5)(0.2917) = 1.812 m.

(ii) In order to find out the exit gradient, the smallest flow element near
the downstream end (i.¢., the one adjacent to the sheet pile well, marked with
hatch lines) is to be considered. Average length of this element = 1.1 m.

=75

Average no. of head drop at E

Piezometric head at E

(iii) The critical hydraulic gradient is given by,
G-1 267-1

g S T
[
.. Factor of safety against piping = l—c = g—gz—g = 3.23

Problem 4.4, Construct the flownet and determine the quantity of
seepage loss intfi"/day for the concrete weir shown in Fig. 4.9.  Given, k =
6.5 x 10°° em/sec.

Fig. 4.9
Solutien : Fig. 4.9 shows the flownet. From the figure we get,
No. of flow channels, Nf = 4
No. of head drops, Ny = 13

| ‘
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k =65 x 10~ cm/sec

-
LB, 10 5)B6AI) o 0s e T b e ey

100
H=18m
Using eqn (4.4),
q = (0'0561%(18) )2 0.311 m3/day

Problem 4,5 A concrete weir of 15 m length has to retain water upto
5 m above G.L. The cross-section of the weir is shown in Fig. 4.10. The
foundation soil consists of a 12.5 thick stratum of sand having k = 0.015
cm/sec. In order to reduce the seepage loss, a 5 m deep vertical sheet pile cut
off wall is placed at the bottom of the upstream face of the weir. Draw a
flownet and determine the quantity of seepage loss that will occur in one day,
if the width of the weir be 55 m. Also determine the factor of safety against
piping if the soil has G = 2.65 and e = 1.08.

Solution : The flownet is given in Fig. 4.10. the number of flow
channels is found to be 5, while the number of head drops = 16.

k = 0.015 cin/sec = %—) m/day = 12.96 m/day
H=5m
q = ————(12'961)6(5) Gl 20.25 m3/day
1‘—— 15m
f SN
5m : 2
- o im R
Y A\ A
5m : o
S
12.5m

Fig. 4.10
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This is the quantity of seepage loss across unit width of the weir.
Considering the entire width of 55 m (on a plane perpendicular to that of the
paper), total quaxmty of seepage loss per day = (20.25)(55) = 1113.75 .

Again, the average length of the smallest flow element adjacent to the
weir=1.2 m.
AH H 5

Exit gradient i, = T T NxI- 90D - = 0.26

Critical hydraulic gradient,
G-1_ 265-1

Pt iy T il ot o
= " = 0.79
Factor of safety against piping = 0.6 = 3.04

Problem :1/6/ A concrete weir of 52.5 m length is founded at a depth
of 2m in a deposit of fine sand for which the co-efficient of permeability in
the horizontal and vertical directions are 1.5 x 10~ cm/sec and 6.7 x 10
cm/sec respectively. The sand is underlain by a rock layer at a depth of 37 m
below G.L. The high flood level on the upstream side is 18 m and the
downstream side has a free standing water table upto 1.5 m above G.L. Draw
the flownet and determine the quantity of seepage loss across unit width of
the weir.

Solution:  As the co-efficients of permeability of the soil in the
horizontal and vertical directions are different, the cross-section of the weir
should be transformed before comstructing the flownet. All vertical
dimensions of the transformed section will remain unchanged. But all
horizontal dimensions should be multiplied by a constant factor C, where,

£
c=Visk, = VEIXI0_ _ gess

1.5, Y07
Length of the weir in the transformed section
= (0.668) (52.5) = 3507 m =~ 35 m.

Fig. 4.11 (a) shows the transformed section. The flownet is drawn in the
usual manner.

In order to obtain the true flownet, the transformed sectioh, along with
the flownet already drawn, will have to be retransformed in such a way that
all vertical dimensions will remain unchanged but all horizontal dimensions
will be divided by a constant factor of 0.668.

In order o retransform the flownet, the focation of all grid points (i.e.,
the intersection between flow lines and equipotential lines) should be
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Transformed Section

Fig. 4.11 (a)

b 575m ———I

H”F

OO O = S *L:@sz: S

Origional Section
Fig. 4.11 (b)

determined. Theée gnd points should then be located on the retransformed
section. Joining these points in the appropriate order will glve the true flownet
in which all flow elements will be rectangular.

|

il
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Fig. 4.11 (b) shows the retransformed section and the true flownet. The
discharge quantity is given by,

N N
f o Vi, x k, x H- L

3
|

N, N,
Now, kp = 1.5 x 107> cm/sec = 1.296 m/day
k, = 6.7 x 10 cm/sec = 0.579 m/day
H=18-15=165m

Ny=46, Ny=10
V(1.296) (0.579) (16.5) (4.6)/(10)

6.57 m>/day

It may be noted here that, if we are to find out only the discharge quantity,
the true flownet for the retransformed section is not required to be drawn, as
the flownet for the transformed section can serve the purpose. However, for
the determination of exit gradient, hydrostatic pressure heads, uplift pressures
etc., the actual flownet has to be drawn.

8]
It

Problem 4.7, The cross-section of an earth dam is shown in Fig. 4.12.
Draw the phreatic line. g

Solution: Horizontal projection L of the wetted portion of the upstream
face = 27 m. Hence the first point P of the basic parabola is given by, EP =
0.3L = (0.3)(27) = 8.1 m. With P as centre and PC radius, draw an arc CM
to intersect the extension of the water surface line at M. Draw MN L DC. MN
is the directrix of the basic parabola. The mid point Q of CN is another point
in the basic parabola. Locate the points Y}, Y), Y3, ...... , such that they are

equidistant from the directrix and the focus. Join P, Y}, Y5, Y3, ...... ,and Q0
to obtain the basic parabola.

_In order to make the correction at the entry point, draw a smooth curve
from E to meet the basic parabola tangentially. For the correction at exit, the
location of the outcrop point is required. Referring to Fig. 4.6, for slope angle

Aa
= 45°, —— = 0.34.
Sl a+Aa
By measurement, a+ Aa = 19m.

Aa = (0.34)(19) = 6.46 m.

The distance CC' is laid off such that, CC'= 6.46 m. C' is the true outcrop
point. Draw another smooth curve to meet tangentially the basiq’barabola at

one end and the downstream face at C'. The curve EC’ is then the required
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phircatic line. The remaining portion of the basic parabola is shown with a
broken line. , -

Fig. 4.12

Prubiem g}// A 44 m high earth dam has a top width of 28 m and a
free board of 4 m. The ppstream and downstream faces have equal slope
angles of 30°, The dam is placed on an impervions foundation. The co-
flieient of permeability of *he material of the dem 0.3 sam/min. Draw the
{low et and determine the quantity of scepage loss across vait width of the

dam.

Solution :  The bottem width: of the

E = 25 &+ 2{44/wn 307 = 180 m.

The cross-section of the dam is shown in Fig, 4.13.

_Jt__ kil . __/w\_

g Aot




*

98 Problems in Soil Mechanics and Foundation Engineering

. The basic parabola and the phreatic line are drawn in the usual manner
and the flownet is sketched. From Fig. 4.13 we obtain,

Ne=32
Ny =17
Again, H=44 -4 =40m.
and, k = 0.3 mm/min = @I(b%%@ = 0.432 m/day.

Using eqn. (4.4), the quantity of seepage loss across unit width,

0.432 1(;0) (32) _ 325 mw?/day.

Problem 4,9 A 20 m high dam has a top width of 8 m, a bottom width
of 90 m and a free board of 3 m. The dam is made of coarse sand having a
co-efficient of permeability of 0.01 cm/sec. A 22.5 m long horizontal drainage
blanket is placed near the downstream end of the dam. Draw the flownet and
determine the quantity of seepage loss if the width of the dam be 175 m.

Solution : The flownet is shown in Fig. 4.14.

—4Bm }—

3]rn ;;'E_ .
20m '

y—————

90m
Fig. 4.14

Using eqn. (4.4), the quantity of scepaze loss for unit width,
q = kH %
Here, k = 0.01 cm/sec = 8.64 m.“day.
H=20-3=17 m.
Ne=4, Ny=15
1 (8.64) (17) (4)

T = 39.168 m>/day.
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Seepage loss across the entire dam

= (39.168) (175) = 6854.4 m’/day.

Problem 5.«1’6 Fig. 4.15 shows the cross-section of an earth dam
consisting of toe filter at the downstream end. Draw the flow-net and
determine the quantity of seepage loss per day across unit width of the dan..
The dam is founded on an impervious base and the material of the dam has a
co-efficient of permeability of 3.28 x 107 em/sec. Explain the procedure of
obtaining the flownet.

Solution : Fig. 4.15 shows the given cross-section, alongwith the
flownet. The procedure is briefly explained below:
(a) Locating the phreatic line :
(i) Locate the point D in the usual manner (ED =0.3L =0.3x37=11.1
m). _
(if) The bottom left hand corner of the toe is taken as the focus of the
basic parabola.
(iii) Draw the directrix and locate the point Q of the basic parabota.
(iv) Locate a number of points which are equidistant from the directrix
and the focus. :
(v) Join these points with a smooth curve to obtain the basic parabola.
(vi) Make the necessary corrections at the entry and the exit points.

|. e # LS_O),(';: - L1-'o.e
L K Gl e
A=l w e T = . 3=

Fig.4.15

(b) Construction of the flownet :
(i) Draw a vertical line on the right hand side of the downstream face.
Divide the vertical distance between the water level and the outcrop
point into any number of equal parts of the length A H.
(ii) Draw horizontal lines from each of these points and locate their
points of intersection with the phreatic line.
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{iil) Draw 2 ﬂum:-‘ocr ofequipotenvtiaillinc,s from éach of thescvizamrse.éﬁm\
points. This will ensure that the hiead drops afe equal.
(iv) Draw the flow lines. Adjust the flow lines and equipotential lines
again and again until the flownet becomes orthogonally squarcd.
Using egn. (4.4), ey v ' '
e
L i
Here, = k =328 x 1073 cin/see = 2.834 m/da‘y.
« Hy= 23 m. 2
Np= 23
Ny =7 _
g - 2839 (23)(2.3)

. o :
» A 30 m high carth dani baving a top width of 201¢, 4
hottonm W m and a free board of 3w i= faunded on 2 60 m thick
=oil which B wnermeable shale. The
co-efficients of permenbility of v , 7 and the fousdation
soil are 0.00% cin/sec and 0.0003 em/sec respectively, Draw the flownet and
determine the quantity of seepage ioss,in'm" jday. ' :

= 21.42 m_3/ day.

]
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Solution : The co-efficient of permability of the material of the dam
is 10 times that of the foundation soil, Hence the flownet in the earth damis
first constructed as if it were placed on an impervious foundation. It-can be
seen from Fig. 4.16 that the second flow line hits the interface between the
dam and the foundation soil. :

* Now come-down:to the foundation soil and complete the flownet. The
second flow line as well as all the equipotential lines will enter the foundation
soil and will undergo‘a deviation at the interface. In the soil stratum, the flow-
net is drawn as orthogonally squared, as usual. However, as the k-value of the
soil is only 1/10th of that of the material of the dam, each flow channel in the
soil stratum carries a discharge equal to 1/10th of the discharge carried by a
flow channel in the dam. Consequently, the flow channels in the soil are
marked as 2.1, 2.2 efc. - !

From the figure we get,

2.25
10. _
0.003 cm/sec = 2.592 m/day.

total number of flow channels, Nf

number of head drops, Ny

[}

k for dam-material
H=30- 3= 27 m.

- (2.592) 27) (2.25)

: St 0 4

Problem 1}2/ Fig. 4.17 shows the cross-section of an earth dam

founded on a pervious stratum of 60 m thickness. The co-efficient of

permeability of the material of the dam is 1.6 x 10~ cm/sec while that of the

foundation soil is 1.6 x 10~ cm/sec. Draw the flownet and determine the

quantity of seepage loss in m3/day._

= 15.75 m’/day.

Solution : Here the foundation soil is 10 times more permeable than
the material of the dam. Hence more emphasis will be given on seepage
through this soil.

Draw a trial flownet in the foundation soil neglecting the earth dam.
Extend all equipotential lines {rom the foundation soil into the dam. These
lines should deviate from the interface, but this should be done only by hand
and eqn. (4.11) need not be considered. Now draw the flow lines in the dam
section and try to make the flow net orthogonally squared. This may
necessitate certain readjustments, especially for the last flow line in the dam,
which should enter into the foundation soil. All previously drawn flow lines
in the foundation soil may have to be lowered. The final flownet is shown in
Fig. 4.17.
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A N T N SN NS A S N

Fig. 4.17

As the co-efficient of permeability of the dam material is 1/10th of that
of foundation soil, a flow channel in the dam is equivalent to 1/10th of a flow
channel in the foundation soil. Consequently, the flow channels in the dam
are marked as 0.1, 0.2, and 0.3. No. of full flow channels in the soil stratum
= 2.5. Hence, an= 03 + 25 = 28.

N;=8 , H=36m

k for foundation soil = 1.6 x 107 cm/sec = 1.382 m/day.

(1.382) (36) (2.8)
T T I,

Problem 4.13,/ Fig. 4.18 shows the cross-section of a zoned earth dam
consisting of two zones. Zone I adjacent to the upstream face has k = 0.001
cm/sec while zone II adjacent to the downstream face has £ = 0.003 cm/sec.
Draw the flownet and determine the quantity of seepage loss in m3/day.

= 17.41 m3/day.

Solution: The material of zone II is 3 times more permeable than that
of zone I. Draw the phreatic line in zone I arbitrarily. From the interface
between the two zones, the phreatic line should deviate downwards, as water
can flow more easily in zone II. Draw this deviated phreatic line arbitrarily.

Now draw a vertical line and divide it into any number of equal parts of
length AH. From each of these points draw horizontal lines to intersect the
phreatic linc. All these intersection points are springing points of the
equipotential lines. In zone 1, draw the flownet as orthogonally squared. Each
flow line enters zone Il after undergoing a deviation at the interface. However,
the flow elements in zone II will not be squares but rectangles, for each of
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—Hu 75—

AH

Fig. 4.18

which the average length in the direction of flow is 3 times (since ky/ky = 3)

the average width. In order to cope with this condition, the trial phreatic line
drawn in zone II may have to be either raised or lowered and the flownet
should be completed by trial and error.

Using eqn. (4.4), _
crm i,
q = kH. N,

Now,Np = 25, Ny =6, H =3Im.
k forzonel = 0.001 cm/sec. = 0.864 m/day.

(0.864) (37) (2.5)
- s T
[t may be noted that the methods employed in Problem 4.11 through 4.13,

however crude they may seem to be, will yield results which are within
+10% of the results obtained by a more accurate and vigorous solution.

= 13.32 m>/day.

EXERCISE 4

4.1  On a walerfront, a sheet pile wall of 8 m height is embedded into
the soil upto 6 m below G.L. The free board is 1 m while water on the
downstream side stands upto 2 m above G.L. The foundation soil consists of
a 15 m thick sand stratum (k = 0.009 cm/sec) which is underlain by an
impervious layer. Draw the fiownet and determine the quantity of seepage
loss across a 1 m wide section of the sheet pile.
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4.2 Fig. 4.19 shows the cross-section of a concrete weir. The
foundation soil has a co-efficient of permeability of 1.25 x 1‘0'3 cm/sec, avoid
ratio of 0.88 and a specific gravity of solids 2.65.

(i) Sketch the flownet.
(ii) Determine the quantity of seepage loss inm /day

(iii) Find out the factor of safety against piping.

4

T—E405m T osm
&

Frg 4.19

4.3 (a) If a sheet pile cut-off wall of 3 m depth is introduced in the
upstream end of the weir shown in Fig. 4.19, determine the percent reduction
in the quantity of seepage loss.

(b) If in addition to this, another sheet pile of 2 m depth is placed at
the downstream end, how will the seepage quantity change?

4.4 Fig. 4.20 shows the cross section of a concrete weir founded in an
anisotropic soil mass. The co-efficient o _Bermcablhty in the honzontal and
vertical directions are respectively 5 x 107 mm/sec and 1.25 x 107 mm/sec.
Sketch the flownet and determine the quantity of seepage loss in m™/hr.

_,L_—*_Bm.}—
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4.5 Draw th;a phréatic lines for the dam sections shown in Fig. 4.21(a)
through (d) : :

J 120m ———t fl S gy e
Drainage
i (b) Blanket

Chimney

2m Brain

0m
q

= aofnm—,[
100m |

{c) : _ (d)
Fig. 421 E

4.6 Sketch the flownets and determine the quantity of seepage loss
across unit width of the earth dams shown in Fig, 4.22 (a) through (c). All the
dams are founded on impervious soils. Take k = 0.002 cm/sec.

3m. —4 20m §—

L
=

Herizental
Filter

l : 60m
1 180m
{c}
Fig. 4.22
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4.7  Construct the flownet for the zone earth dam shown in Fig. 4.23.
Hence compute the total quantity of seepage loss if the width of the reservoir
be 125 m. '

—thmg6mi—

k=001
tm/sec

B O e o o 7 o 7 o o O o o o a  m 2 o o T AT e

LSm } 35m —

5 _J’741-5m
£ |

.Jl|d

25m

k=0-002
cm/sec

Fig. 423

4.8  An earth dam having an overall height of 18 m, a top width of 10
m and a free board of 1.5 m is founded on layer of clean sand having a
co-cfficient of permeability of 0.01 cm/sec. A rock layer exists at a depth of
45 m below the ground level. The earth-fill in the dam has a co-efficient of
permeability of 0.002 cm/sec. Draw the flow net and determine the quantity
of seepage loss in m”/day.

4.9 Solve Problem 4.8 assuming that the co-efficient of pemmeability
of the material of the dam and the foundation soil are 15 m/day and 5 m/day
respectively.

R R R R R R RO EEREEERRRRRR RSSO S™™S
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STRESS DISTRIBUTION

S.1. Introduction: The application of an external load on a soil mass
results in an additional vertical stress (i.c., in addition to the existing
overburden pressure) at any point in the soil. The magnitude of this stress
decreases with increasing depth and increasing radial distance from the line
of action of the load.

The stress conditions in a soil mass due to external loads can be analysed
by the theory of elasticity, assuming the soil to be a perfectly elastic material
which obeys Hooke’s law of proportionality between stress and strain.

5.2 Overburden Pressure: The overburden pressure at any point in a soil
mass is defined as the initial vertical stress due to the self weight of the soil
mass, and can be obtained from

g, =y, .-(5.1)

where,  y=unit weight of the soil
zZ= depth below ground level.

5.3 Stress Increment:  The stress increment, Ao, , at any point may be
defined as the increase in vertical stress due to the application of external load
on the soil mess.

The total stress, o, , at any point z, after the application of an external
load, is given by,
0, = 0, + Ao, «(5.2)

2

5.4. Boussinesq’s Equation: Boussinesq’s method of determination of
stress increment due to an external load is based on the assumptions that the
soil mass is elastic, iomogeneous, isotropic and semi-infinite while the
external load is concentrated at a point and is applied on the ground surface.

With reference to Fig. 5.1, at a depth z below the ground level and at a
radial distance r from the line of action of the load Q, the vertical stress Ao,

is given by
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D=
R~
N 30 Vcoss g 53
> T 2 RZ (' )
K i 5/2
or, 3 N i e et - (5.4)
Vs 2!!322 1+_£ i
o
- @
or, Ao, = KB-Z—2 _ ..{5.5)
where, Kp is called Boussinesq’s influence factor and is given by,
3 1 572 :
Kp = o 1—:(—5)7 ..{5.6)
z

The tangential stress AT,
given by

and the radial stress A o, at the same point are

At = Ky 22 (5.7)
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N 1 p 2
and Ag, = KB-Q'—;:—
: o /

(58)

5.5. Westergaard’s Equation: Westergaard assumed the soil not to be
homogeneous but consisting of a number of closely spaced horizontal sheets
of infinite ngldny but negligible thickness which restrain the mﬂ from
undergoing any lateral strain. According to Westergaard, -

0 V(i -2u)/(2 - 2w)

Ao, = —=—- ; .(5.9)
217 [(1-20/Q2 -2+ (/27>
where, - @ V;‘Poissovn’s ratio of tie soil.
It for a given soil, p=0, eqn. (5.9) reduces (o
hahee B 0 f i 3/2

Ao, = E et .4{5.10)
& 28N
1L 1S @SS U

inclined at 2V -
With referencs t Fig. 5.2, total losd 2
g BL. ’
At a depth 2, this load is distributed over an arca (L + z) (B + Z). Hence,
stress intensity at this level

gBL

5 "—‘_(L +Z)(m .{3.11)

- 3
A N
“'_ -—---_{.-.-I _\_-—“I‘\Y’/ A
¥ -'!' ; l : ‘i 3 i J
: 1
bl i N P
’ | = ' \. L,’ i
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5.7. Isobar: If the vertical stress intensities at various points in a soil mass
due to an external load are computed, and the points having equal stress
intensities are joined by a smooth curve, a number of stress contours, each
having the shape of a bulb, are obtained. These are called isobars. The zone
in the soil mass bounded by an isobar is called a pressure bulb. An infinite
number of isobars can be drawn. The zone contained by the isobar
corresponding to a stress intensity which is equal to 10% of the applied stress
is taken to be the zone within which appreciable effects of the applied stress
may oceur. This zone is termed as the zone of influence.

W Stress due to a Uniformly Loaded Circular Area: From
Boussinesq’s equation it can be proved that the stress intensity at a depth z
below the centre of a circular area of radius @, which carries a uniformly
distributed load g, is given by,
1 32
AO’Z =dq 1 - *‘——(T ...(5.12)

=

1+

59. Newmark’s Chart: = The stress intensity at any point due to a
uniformly loaded area of any shape can be determined with the help of
Newmark’s influence chart. It consists of a series of concentric circles of
various radii and a series of radial lines drawn at regular angular intervals.
The total area of the chart is thus divided into a number of elements. The
elements may have differentsizes, buteach of them, when loaded with a given
stress intensity, will give rise to the same vertical stress at a given point,

In order to prepare the chart, proceed as follows:
(1) Select the number of elements in which the chart should be divided, and
determine the influence value for each element.

For example, if 10 concentric circles and 20 radial lines are drawn, the
number of elements = (20) (10) = 200. When any one of these 200 elements
is loaded, the stress intensity at a depth 2 is given by, '

Aa 372
el MRS R R
O, 300 200 1 o ((_,]: ..{5.13)

or, e = 0.005 Ao, ..(5.14)

where, a = radius of the outermost circle

A o, = stress at a depth z due to the entire loaded area.

(2) Select an arbitrary value of z (say, z =5 cm).
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(3) Determine the radii of the circles from
372
n;
L j_____ ! e (5.15)

RlE

where, n = total number of circles to be drawn
n; = number of the circle whose radius is required

r; = radius of that circle.

(4) Draw all the concentric circles.

(5) Determine the deflection angle of the radial tines from:

360°
d = i ..(5.16)
where, m = total number of radial lines to be drawn.

(6) Draw the radial lines with the deflection angles thus calculated.

With the help of the Newmark’s chart (Fig. 5.15) the stress intensity at
any point due to a uniformly loaded area of any given shape can be determined
as follows:

(i) Adopta drawing scale such that the depth at which the stress intensity
is required is represented by the numerical value of z on the basis of which
Newmark’s chart is drawn.

(ii) Draw the plan of the loaded area on a tracing paper with this drawing
scale. Locate the point P below which the stress is required.

(iii) Place the tracing paper on the chart in such a way that the point P
on the tracing paper coincides with the centre of the circles.

(iv) Count the number of elements covered, fully or partly, by the plan
of the area.

(v) Calculate Ao, as:

8o, = q[UpNy + Gr/D-Ny + (r/3) Ny (5.17)
where, N; = number of elements fully covered.
N,
N;

if = influence factor

number of elements half covered.

number of elements of which one-third is covered.

= 1/no. of elements of the chart.

3.10. Stress Due to Vertical Linear Load: The load resulting from a long
but narrow wall, or a railway track, is an example of a vertical linear load
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(Fig. 53 a). The vertical stress at a depth zand at a radial distance of » from
the line of action of such a load of intensity ¢ t/m, is given by,

Ao. (quz;) , %l_i/.r_zjg .(5.18)
)

q /unitareg

i "P"{”QHT iy
shoz SR

”~

=i Lineay Load b
Fig.5.3
b‘l}/ Vertical Stress Due to a Strip Load: Loac t 1:-1=>rmly {J:Hll‘lhtl‘ruj

ength but r:".-"_- idih ave knows as strip loads (e.g.,

conliptious 5f ip footin gs r}_rv 3
the point P(x, z) due to a sirip load of intensity g Um? is given by (ref. Fig:
5.3b)

:,~_\_ The stress intensity at

q st gl s |

‘Ag, = — A{ o + sin o cos (a+ 28) ] .{(5.19)
x5 12 ‘1 wrtical 5“’&& RGeS i
L 4‘.1;1 e ived to
loadmgs o \

Tor ulge oo d «lm' A i Fzg 5.4, e g e
o= :‘q_{ i '1'; -oein e \! (5.2t
oo dnmyg ot Ny :
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e

2B %

Fig.54
5.13. Embankment Loading: Stresses in subsoils due to embankment
ioadings can be computed using eqn. (5.20).

Let it be required to compute the maximum vertical stress intensity at a
depth zbelow an embankment having a top width 2b, a base width 2(a+ b)
and a maximum intensity ¢ i/m. The solution can be obtained in the following
steps:

1. The embankment is divided into two equal parts as shown in Fig. 5.5.
Two symmetrical trapezoidal loadings are obtained.

= +

l‘——ﬂ .l 2b — u—l J‘— —1Lb~l l—-ﬂ—l—b—l

,,JL
-7 h
B . i
B -
T T e,
== < Bk . b—y
A -.l- o -l- \ i
- I E \\ ;D A “g E s ‘D \ :
\\\ \ i “‘\ \\ 4 \dal
\.\\ \‘2' \.\\ \‘2' \\’1
G U \
P p bp
Fig. 5.5
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2. The trapezoid ABCDE is extended to form A AFD by adding an
imaginary triangular load BFC.

3. Stress intensity at the point P (lying below the centre of the
embankment) due ¢ the triangular loads AFD and BFC are obtained. The
difference between these two gives the stress intensity due to half the embank-
ment. Hence for the entire embankment this intensity has to be doubled.

5.14. Influence Line for Vertical Stress Intensity: The combined stress
intensity at any point due to a system of external loads can be determined
using the concept of influence line diagrams. The method of drawing an.
influence line is explained below: -

1. Consider a unit load applied on the ground surface at O.

2. Consider a horizontal plane MN at a depth z below G.L.

3. Using Boussinesq’s equation determme the vertical stress intensities
at various points on MN due to the unit foad.

4. Choose a vector scale and lay off the corresponding ordinates at the
respective points to represent the computed stresses.

5. Join these ordinates with a smooth curve. This is the influence line.

lP:”

|
|

|
|
1
0 : X
I
|
i
r
[
I
I
|

=
I-ﬁ-——N-——g

Fig.5.6
Applying Maxwell’s reciprocal theorem, the stress at any point due to an
external load can now be obtained as follows:

(i) For any given load P acting at O the stress intensity at any point X is

obtained by multiplying the ordinate of the influence line at X by the load P.

(ii) For any given load P acting at X, the stress intensity below O is

obtained by multiplying the ordinate of the influence line at X by the load
H ¢ g

P.
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EXAMPLES

Problem5’1. A concentrated load of 40 kN is applied vertically on a
horizontal ground surface. Determine the vertical stress intensities at the
following points: ‘

(i) Ata depth of 2 m below the point of application of the load.

(ii) Ata depth of 1 m and at a radial distance of 3 m from the line of
action of the load.

(iii) Ata depth of 3 m and at a radial distance of 1 m from the line of
action of the load.

Solution: We have from eqn. (5.4),

R A | el
e e
z

(i) Here, Q =40kN, z=2m and r =20
r/z =0
Hence eqn (5.4) gives

pg, =2 . OEY o N/l
mZ  (2n)(2d)

(ii) In this case, @=40kN, 2=1m, r=3m

572
Ao, = BE0) L = 0.06 kN/m?
@2 a?) |1+ 3/1)?

(iii) Here, Q=40kN, z2=3m, r=1m

) (40) 1 X 2
A ENE =

Problem 5.2/ A rectangular footmgz 2 m x 3 m in size, has to carry a
uniformly distributed load of 100 kN/m®. Plot the distribution of vertical
stress intensity on a horizontal plane at a depth of 2 m below the base of
footing by:

(i) Boussinesq’s method.

(ii) 2: 1 dispersion method.

Solution: (i) Boussinesq’s method. The uniformly distributed load
carried by the footing is to be considered as a concentrated load acting through
the centre of gravity of the footing. .

Q = g BL = (100) (2) (3) = 600 kN.

'v
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Using eqn. (5.4), the stress intensity at a depth of 2 m and at a radial
distance r from the line of action of O is given by:

5/2

30 1
Ag, = 3
7% [1 + (r/z)z}
572 572

(3) (600) 1

: - (71.62

@G |, (L)2 ¢ )[
yA

AP e
1+ (r/z)z}

A number of points are chosen on the given plane and the stress intensity at
each point is calculated These are tabulated below:

Radlal dzstance r/z 1 5/2 | Stress intensity
r s g
(m) 1+ (r/Z) (kN/mZ) |
0 0 o g 71.62 ‘

+ 1.0 z 05 0.572 40.97
* 2.0 z 1.0 0.177 12.68 ‘
+ 3.0 + 1.5 0.052° 3.72 .
+ 4.0 + 2.0 0.018 1.28 '
=250 | @325 0.007 050 |

(ii) 2:1 dispersion method: Using eqn. (5.11),

T @L+2B+2) (2+2)(3+2)

The distribution of stress intensities on the given plane, as obtained from
Boussinesq’s equation and 2 : 1 method, are shown in Fig. 5.7.

The following differences between the two stress distribution diagrams
are 1o be noted : .

{i) The maximum stress intensity obtained from Boussinesq’s equation
is 71.62 kN/mz, which is nearly 2.4 times the maximum stress intensity given
by 2 : 1 method.

(i) In Boussinesq’s method, the maximum stress intensity occurs
directly below the point of application of the load. The stress intensity
decreases rapidly with increasing radial distance, but except at an infinite
distance, it never becomes zero. Whereas, the stress intensity given by 2 1
method remains constant over a radial distance of 2.5 m on either side of the
centre line of the loaded area, and suddenly becomes non-existent beyond
that limit.

 ——
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| Q= 600kN |
A A g} a=r00kN/m2

_ BOUSSINES@'s
METHOD

2:1 DISPERSION
METHOD

Vbt 38
s | | | e |

Fig.5.7

(iii) Evidently, the pressure distribution glven by Boussinesq’s method
is more logical and/lmn’(d be used in ordinary field problems.
Problem 53. A concentrated vertical load of 200 t is applied on the
surface of a semi-infinite soil mass. Plot the distribution of vertical stress
intensity on a vertical plane situated at a distance of (i) 3 m (ii) 5 m, from the
line of action of the load.
Solution: In Fig. 5.8, let P be the point of application of the load. Let
Y,Y; and Y,Y, be the given planes, located at radial distances of 3 m and 5 ‘

m respectively from P. |

Using eqn. (5.4), the stress intensity at a depth z and radial dlstance r |
from the line of action of a 200 t load is,

E4

_ 3)(200) 1132 9549 1
n &) [1 + (r/z)z] 2 [1 + (/2

572
] (i)

The stress intensities at various points or the planes Y; Y; and ¥, Y, may
now be computed from eqn. (i). The results are shown in the following table.

11
|
P
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No. of | Depth Plane Y, Y, Plane Y, Y, consists of a 6 m thick clay layer which is underlain by a layer of dense sand.
point (m) Y ) o 2 Plot the distributions of:

| g Ao, (t/m") - Ao, (t/m’) (i) Overburden pressurc

: 5 Jr = el (ii) stress increment due to footing loads
1 0.5 6.0 0.046 10.00 0.004 (iii) gross stress intensity
2 1.0 3.0 0.302 5.00 0.028 on a horizontal plane through the middle of the clay layver. The properties of
g YL, proj
3 15 2.0 | 0.759 3.33 0.083 the clay are as follows:
: : : : | L
4 2.0 15 | 1254 250 0.168 ; G = 20 vt it sl
YA Y 0273 \ Assume the footings to be founded at the ground leve .
J &2 s ; ’ , i ‘ Solution: (i) Overburden pressure: Using equ. (5.1 1 e overburden
6 3.0 1.0 1.875 1.67 0.380 | pressure at the middle of the clay layer (i.e., z = 6/2 = © ' . given by,
7 4.0 0.75 1.955 1.25 0.568 | o, =Y2
; 0.60 1.770 1.00 0.685 | G-y, | 1
& el Now, y = 4 = sl ] = 1.74 t/m"
9 6.0 0.50 1.518 1.20 | 0285 | 1 +e 1 + 0.5¢
10 8.0 0.375 1.073 160 | 0.062 ‘ o, = (174)(3.0) = 522 1w’

The intensity of this pressure over the hosivontal plane XY through the
middle of clay is constant.
(ii) In order to determine the stress incierent due to foo'ing loads at

The pressure distribution diagrams are shown in Fig. 5.8.

200 ¢ various points of XX, eqn. (5.4) can be used. The computed stresses are shown
Y1 Y2 below:

T P N7~ Vertical stress intensity due to : !l Actg g &Y | < r'

o — - {= A1 “ )
poknt P (100 ¢) Pz (1501 F3 (1224 + A\UI i 4 \fT i
| r r/z | Aoy | r 2 | Aos, | r o | rz | Aoy, [FATa | |
| 14955 1o - wm? | (m) ()| (m) () | (tm®) | (:04%) | (o) |
‘ tim? SEEeS R = PEL PS8
-\.—0>685 1| -2 |-067(242 | -6 |-2000.14 |95 |-3.17(0.02 | 2.28 | 522 | 750

| b 2 | -1 |-033|408 | -5 |-1.67|029 (-85 283|003 4405 2 | 962
i 3 0 0 |531 |4 |-133]1062|-75 |-25¢{0.04 |5.97 5.0 1119

- 4 1 033|408 |-3 |-1.00]|141 |65 [-2.17]0.08 [557 [ 522 1074

s 2 1067 (212 | -2 [-0.67]3.17 |-55 [-183]0.16 | 5.45 | 5.22 | 10,67

| 6 3 100 | 094 | -1 |-033|611 |45 |-1.501 033 | 738 | 5.2 |1260
' Y1 Y2 7 | 4 |133/041| 0 | 0 |796|-35 [-1.17]0.74 | 911 [522 |1433
8 | 5 |167|019 | 1 |033|611 |-25 |-083[1.72 802|522 13.24

oy Fig.5.8 9 [ 6 |200/009| 2 [067317|-15 |-050!3.64 | 7.76 | 522 1298

Problem § The footings of three adjacent columns of a building lie 10 7 |233/005| 3 | 100|141 |05 [-0.17]3593|739]522 [1261

on the same sfraight line and carry gross loads of 100 t, 150 t and 120 t 11 7.5 250 {004 | 35| 117/093 | © 0 {637 | 7.34 522 [1256
respectively. The centre-to-centre distance between the first and second 12 | 85(283 002 45 [150 (042 | 1 |0.35]492|536 522 |1058
footing is 4 m while that between the second and the third is 3.5 m. The subsoil 13 | 905|317 001 | 55| 183020 | 2 |0« 1252 273 1522 | 795
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lmof l'.so*r lmr

0 1 2 3 L 5 6 7 8 99510505

T Y O O 7

X Overburden Stress X
o J " m
o~ 2 un =

iy &y =y Ty Py Sy~

X X

Stress Increment
~T x -
SRR
AT S ~
p

Gross Stress Intensity
{Vector scale:1cm=101/m2)
Fig.5.9

(iii) Total stress. The total stress at any point is the sum of the over-burden
pressure and the stress increment due to footing loads. These are tabulated in
the last column of the above table. ,

The distribution of overburden pressure, stress increment and gross stress
intensity are shown in Fig. 5.9. .

Problem 5.5, Draw the influence lines for the vertical and shear stress
intensities at a depth of 2.5 m below the ground level due to a unit vertical
concentrated loads applied on the ground surface. ’

Solution: We have from eqns. (5.6) and (5.7),

Il A
i w1+ (r/z)2

i 7 5/2
and Ax, = }Qr —-—1—-——2-
22 |1+ (1/2)

Here, Q=1t, z=25m
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572

_ B [__ 1 _ __ 00764
oenes’ |, &l (1 + 016 ,2>5’ <
. (2.5
Wy [ 1 0.0306 r
and, Avx, = : =
en @Sy’ |, , Higed (1 + 0.16 rz)S/2
(257

The computed values of A 0, and A v, at various points on the given
horizontal plane are shown below:

No. | r(m) Ao, [ Az, | No. | r(m) Ag, Az,
| () | (end) | @D | )
0 0.0764 0 8 | +40 | 0.0032 |£0.0051
£0.25 | 00745 |x00075| 9. | =5.0 | 0.0014 |+0.0027
+0.50 | 0.0693 |+0.0139| 10. | +6.0 | 0.0006 |+0.0015
+1.0 | 00527 |£00211) 11. | =£7.0 | 0.0003 |=0.0009
+1.5 | 0.0354 |£00213| 12. | +£8.0 | 0.0002 |=0.0006
£20 | 00222 [£00178] 13. | £9.0 | 0.0001 |+0.0004
+3.0 | 0.0082 |£0.0099

([N b v~

The distribution of A 0, and A t,, are shown in Fig. 5.10.
|1t

(=]
>
(54

.5 .4 -3 -2-15-1-050 05 | 15 2

Influence tine for shear stress
(scale : 1em=0-03t/m2)

Fig.5.10
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Problem 5

6. Using the influence line plotted in Fig. 5.10 plot the
distribution of vertical stress intensity on a horizontal plane through the
middle of a 5 m thick clay layer due to the loading scheme shown in Fig.5.11.

Solution: At any point on the given plane, the combined stress
mtensity can be obtained by summing up the stress intensities due to the
individual loads, which, in turn, may be determined by the process explained
in Art. 5.14.

The following table shows the computed values.

I Vertical stress intensity due to :- | _|
P; (50 1) P80 P3 (65 1)

Dist. | pist. | Ordi- | Aoy, |Dist. | Ordi- | Aoy, | Dist. | Ordi- | Ao,

from nate of nate of nate of Z Ao,
the ILD ILD ILD '

orlgm

(m) | (m) | @y | (o) | (m) | @) | ) | (m) | (D) | ) | o)
0 [-2 (002221110 | -5 |00014 | 0112 | -9 |0.0001 | 0006 | 1.23
1 | -1 |00527 2635 | 4 |00032|0256 | -8 |0.0002| 0013 | 2.9
2 0 100764 |3.720 | -3 100082 | 0656 | -7 |0.0003 | 0.016 | 4.40
3 I 100527 | 2635 | -2 |00222| 1776 | -6 |0.0006 | 0.039 | 4.45
4 z 100222 | 1.110 | -1 |00527 | 4216 | -5 |0.0014 | 0.091 | 5.42
5 3 |00082|0410 | 0 [00764 | 6.112 | -4 [00032| 0208 | 673
6 4 (000320160 | 1 (00527 | 4216 | -3 |00082| 0533 | 4.91
7 5 [00014 | 0070 | 2 [00222| 1776 | -2 |00222 1433 | 329
8 6 |0.0006| 0030 | '3 (00082 0656 | -1 |00527| 3.426 | 4.11
9 7 |00003 0015 | 4 [00032]| 0256 | 0 [00764| 4996 | 524
10 8 (00002 0010 | 5 {00014 | 0112 | 1 00527 | 3.426 | 355
11 9 |0.000t | 0005 | 6 |0.0006 0048 | 2 [00222] 1443 | 150

The distribution of vertical stress intensity is shown in Fig. 5.11.

| 50+ Jsot lr’:b‘f

1 :
lo S e A e R e M s
; / l | 5';:'? 673 \r—/,/—r\
Rt e ] S 33w P 3
I | | — {

Stress Distribution 123

Problem €/7/ It is proposed to construct a strip footing of 1.5 m width
to carry a load of 12 t per metre run. The footing is to be placed at the ground
level over a homogeneous deposit of sand having the following properties:

G =2.65,¢=0.65,5=10%
Determine the vertical stress intensity at a depth of 3 m below the centre line
of the footing, before and after its construction.

Solution: The bulk density of the sand,

G +se 268 + (0.10)(0.65)
“TTee WS 1 + 065

Before the construction of the footing, stress intensity at a depth of 3 m
below the centre line of the footing is given by,

2 ISR e
0‘_0 Y

(1.0) = 1.66 t/m>

= (1.66) (3.0) = 4.98t/m’.

Stress increment at the same level due to the construction of the footing
may be determined using eqn. (5.19).

Ao, = %[a + sin acos (a + 28)]

The maximum stress intensity will occur directly below the centre line
of the strip load. With reference to Fig. 5.3 (b).

o = tan”! (—0'375) = 0.245 rad.
and B=0
Ao, = % [ 0.245 + sin (0.245) cos (0.245) ]

]

2
1.83 t/m"”
Hence, total stress intensity after the construction of the footing,

0,=0, +AcC,

= 498 + 1.83 = 6.81 t/m>

Problem 5.8 Two long boundary walls of small width run parallel to
each other at a distance of 3 m apart. The self-weights of the walls are 25 and
15 kN/m. Plot the distribution of vertical stress intensity due to the walls on
a horizontal plane 3 m below the ground level.

Solution: The point of application of the 25 kN/m linear load is chosen

as the origin. The ground surface serves as the Y-axis while the vertical axis
through the origin is the Z-axis. MN is the plane under consideration.
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i Using eqn. (5.18), the vertical stress intensity due to a line load g is given
y:

2

Aoz = z..q. ___1._.__7
n {1+ (r/2)°

The stress intensities at various points on the plane are computed and are
presented below in a tabular form:

No. | Dist. Stress due to 25 kN/m Stress due to 15 kN/M | Total s
fro_n? load load stress
origin " I Ao, + |

r(m) r/’z | Aoy r(m) | r/z Aoz, i
Aoy,
2 o]
(kN/m?) (kN/mi®) | (kN/ri%)
IS —=2 -2 -0.67 2.53 -5 -1.67 | 0.22 2.75
2. | -1 -1 -0.33 4.31 -4 -1.33 | 0.42 4.73
3. 0 0 0 5.31 -3 -1.00 | 0.79 6.10
4, 1 1 0.33 4.31 -2 -0.67 | 1.52 5.83
5% 2 2 0.67 2.53 -1 -0.33 | 2.56 5.09
6. 3 3 1.00 1.33 0 0 3.18 4.51
7. 4 4 1.33 0.69 1 033 | 2.56 3.25 -!
8. |5 S | 167 | 037 | 2 | 067 | 152 | 1.89
The distribution of vertical stress is shown in Fig. 5.12.
25kN/m l‘sSKN/m
WELT sl adiBos aiiharedianBor wht Bitks o1 oot Bovars § o)
610 583 «c.
2P 1 st o
A | l A W e .
M } N

Fig. 5.12
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 Problem 5.9, A long flexible strip footing of 2.5 m width having a
smooth iase, is subjected to a uniformly distributed load of 80 kN/m run.
Determine the vertical stress intensities at a depth of 2m below:

(i) centre line of the footing
(i) side face of the footing
(iii) aline paraliel to the centre Jine of the footing at a distance of 3m
from it.
Solutibn: The cross-section of the given footing is presented in Fig.
5.12. The locations at which the siresses are to be determined are represented
huis &, B asid C respectively.

TN — T R

_-]. 80kN/m

\5-L£ Fl \\'\ 'Y:‘"i o
7 Nc18=0"
R N e
A B C
Scale =1:50

Fig.5.13
{iy Poiru A: By measurement,
o = 64° = 1.117 radian
B = -32° = ~0.558 radian

= 5133 KN/m’,
(i) Point B: Hers, o = 515° = 0.899 radian.
B0
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Ao, = %tﬂ [0.899 + sin (0.899) cos (0.899 + 0)]

= 23.96 kN/m*.

(iii) Point C: o = 26° = 0.454 radian.
B =36.5° = 0.637 radian.
Ao, (c) = —~ [0454 + sin (0.454) cos (0.454 + 2 x 0.637) ]
= 9.81 kN/m>.

Problem 5.10. An embankmcnt‘ of trapezoidal cross-section is to be
constructed by compacting a soil at its OMC (16%) and the corresponding
Yamax (1.55 t/m> )- The top and bottom widths of the embankment should be

10 m and 22 m respectively while its height should be 3 m. The foundation
soil consists of a 24 m thick layer of soft clay. Determine the maximum stress
intensity at the middle of the clay layer due to embankment loading.

Solution:  Bulk density of the compacted soil,
Y =v(1+w)
= 1.55(1 + 0.16) = 1.80 t/m°.

Hence, the maximum surcharge intensity of the trapezoidal loading =
(1.80)(3.0) = 5.4 t/m>.

Fig. 5.14 shows the embankment cross-section ABCDE. The imaginary
triangle BFC is added to complete the triangle AFD.

!--—12m Eﬁ-wm.{%—

Sh | oo
tim? =
& B 1Y
A \5\ E \ :D
\\ \\ |
AN

Linear scale : 1:75, Vector scale: 1cm =0-2t/m2
Fig.5.14
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S rc B0
; BE ~ AE’
_BE-BC (5.4)(25) _ v
or, FC = AE " 3 = 45t/m.

FD = FC + BE = 45 + 54 = 99t/m.
Using eqn. (5.20), stress intensity due to triangular loading is given by,

Ao, = E—(Z-a A sinZB).

2n \b
For AAFD, qg=99t/m, a = 61° = 1.065rad., § = 0
y=2b e, y/b=2
9.9 2
Aoz1 = 5(2 x 1.065 - 0) = 3.36 t/m". .
For A BFC, qg=45t/m, o = 285° = 0.497rad., B = O

y/b =2

0.71 t/m?

Ao, = fz;—f(z x 0.497 - 0)

Z

- Netvertical stress intensity at the middle of clay layer,

. Ao, =40, - Ao, =336 - 0.71 = 2.65t/m’.

Problem 541/ Draw a Newmark’s influence chart on the basis of
Boussinesq’s equation, for an influence factor of 0.005.

Solution: Determine the total number of divisions in the proposed
chart on the basis of the given influence factor.

da_j400]

Iy 0.005
If 10 concentric circles of appropriate radii are drawn, the area under the

chart will be divided into 10 parts. It will then be further divided into smaller
segments by drawing a number of radial lines. Evidently, the number of radial

N = 200

lines to be drawn = %0- = 20.

o

The angle between two consecutive radial lines = 3263 = 18°

Now, using eqn. (5.12), the vertical stress at a depth z below the centre
of a circular area of radius 7, carrying a uniformly distributed load q is given
by:
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f 7 1 3/2
Ao, = 1 =l
3 q{ i1+(,r/z)2; l
AOZ 1 3/2
or, =1 - % PRI
q 1 + (r/z)
2/3
1 Ao, \
ofr, e == 1 — ———
1+ (/2 q
-2/3
Ok el Ac,\
or, {1+ {p/2) = g i~ 5 };

7 ‘
Or, —2 v
74

For different values of Ao, /g (ranging from 0.00 to 1.00 at the rate
of 0.10) the correspeuding vilues of 7/z can be determined from eqn. (5.21).
Consequently, the value of » can be obtained if z is known. While drawing
the chart, we wiil arbitrarily take z = 2.5 cm. The computations are given
below in a tabular form:

Circle| Ao, | r/z { z r |(Circlei Ao, | r/z z ro
| No. “:I“’ {cm) | (cm) § No. q {cm) | (cm)}
r{} 0.0 160001 25 | .00 5 s 16218 25 | 230

1 0.1 (0270 2.5 068 7 0.7 {11101 2.5 ¢ 278
! 2 0.2 10401 25 ;1. 8 0.8 ;1.388: 25 i 3.7
“ 3 0.3 (0.3181 25 1 1.30 2 0.5 119091 2.5 | 477 [
| 4 |04 |0o637] 25 (15910 10 ] = | 25 =
I 5 0.5 10,7671 2.5 | 1.92 2 |

Mine concentric circles are drawn with the radii shown in fhe table. A
number of radial lines arz then drawn from the centre at soual deflection
angles of 18°. :

Tke resuiting Newmaik’s chart is shown in Fig, 5.15
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Problems.‘ﬂ./ Using the Newmark’s chart prepared in Problem 5.11,
determine the vertical stress intensity at a depth of 2 m below the point A of

the raft f02<>ting shown in Fig. 5.16. The uniformly distributed load on the raft
is 8.5 /m". :

Solution: In Problem 5.11 the Newmark’s chart was prepared for z =
2.5 cm. In order to use this chart for the computation of vertical stress intensity
at a depth of 2 m below any loaded area, the plan of the area is to be drawn

insuch a scale thata distance of 2.5 cm in the drawing may represent an actual
distance of 2 m.
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14m

)-8
e
16m b

/ 6m

: -
(et

Fig.5.16

ey lei 2.5cm=1_80
Hence, the required linear scale is, m : 80.

The plan of the given raft footing is drawn on a tracing paper t.o a scale
of 1 : 80. The point A, which is the point of intersection of the two dfagonals,
is located. The tracing paper is then held on the Newmark’s chart in such a
way that the point A coincides with the centre of the chart. During such

superpositioning, the orientation of the tracing paper is. gnmgggrjg_l;'
In Fig. 5.15, thekmcn ‘area is drawn with broken lines. The

number of elements of Newmark’s chart covered by the plan area is now

counted. i ;
ny = no. of elements fully covered by the area = 39

n, = no. of elements 1/2 of which is covered by the area = 15
ny = no. of elements 1/3 of which is covered by the area = 4

The stress intensity at a depth of 2 m below A is then given by,
Ao, =igxnxgq
' = (0.005) (39 + 15/2 + 4/3) (85)
= 2,03 t/m’

EXERCISE §

851 A vertical concentrated load of 50 t is applied on the ground
surface. Compute the vertical stress intensity at a point 3 m below the ground

level and 2 m away from the line of action of the load by:

— =
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(i) Boussinesq’s method :
(ii) Westergaard’s method, assuming p = 0 5 3
_[Ans. (i) 1.058 t/m” (ii) 0.681 t/m-]

5.2 A 2m x 2m square footing carries a gross load of 550 kKN. The
footing is founded at a depth of IS m below G.L. The subsoil consists of a 2
m thick layer of sand having a unit weight of 18 KN/m>. The sand layer is
underlain by 2 4 m thick layer of soft clay having a unit weight of 17.2 KN/m>.
Compute the maximum vertical stress at the middle of the clay layer before
and after the construction of the footing. Use Boussinesq’s equation. 3

[Ans. 70.4 kKN/m” ; 80.9 kN/m"~]

5.3 Avertical concentrated load of 100 tis applied at the ground level
over a 6 m thick clay stratum which is underlain by a deep sand stratum. Plot
the distribution of vertical stress intensity on a horizontal plane at the middle
of the clay layer by :

(i) Boussinesq’s method.
(ii) Westergaard’s method.
(iii) 2 :1 dispersion method.

Given, Poisson’s ratio, u = 0.

5.4 Plot the distribution of vertical stress intensity on a vertical plane
due to a vertical concentrated load of 750 kN applied on the ground surface
at a lateral distance of 3 m from the given plane.

5.3 Draw the isobars for 25% and 10% stress intensities due to a fg)oting
of 25 m x 2.5 m, carrying a uniformly distributed. load of 10 t/m”. Use
Boussinesq’s method.

5.6 Abuilding is supported by a raft footing of 15mx 18 m plan area.
The gross load of the building, including the self weight of the raft, is 40500
kN. Plot the variation of vertical stress intensities with depth (2) below the
ground level, taking 0.5m < z < 5.0 m, at equal intervals of 0.5 m. Use
2 : 1 dispersion method.

5.7 Two adjacent footings of building, placed at a centre-to-centre
distance of 4.5 m, have to carry gross loads of 750 kN each. Using
Boussinesq’s theory, plot the distribution of vertical stress intensity ata depth
of 3 m below the base of the footings.

5.8 Three consecutive footings of a building are carrying gross loads
of 80 t, 120 t and 110 t respectively. The centre-to-centre distance between
the first and second footing is 3.0 m, while that between the second and third
footing is 4.0 m. All the footings are founded at 1.5 m below G.L. Determine
the maximum vertical stress intensity due to the focting loads at a depth of
3.5 m below G.L. : [ Ans. 15.06 t/m? |
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5.9(a) Draw the influence line for the vertical stress intensity at a depth
of 2.0 m below the point of application of a unit load.
(b) Solve Problem 8 using the influence line thus drawn.

5.10 A strip footing of 2 m width carries a uniform load of 8 t/m2 The
footing is placed on the ground level over a homogeneous deposit of clay
having the following properties :

G=272, e=0.78, w=12%.

Determine the initial and final overburden pressure at a depth of 3 m

below the centre of the footing. [ Ans. 5.49 t/m : 7.11 t/m? ]

5.11 Two long boundary walls run parallel to each other at-a
centre-to-centre distance of 1.5 m apart. The width and beight of the first wall
are 250 mm and 2000 mm respectively, while those of the second are
respectively 125 mm and 3000 mm. Plot the distribution of vertical stress
intensity due to the walls on a horizontal plane, 2 m below G.L. The walls
have negligible depth of foundation and are made of brick masonry having a
unit weight of 1920 kg/ms.

5.12  Fig. 5.16. shows the —{20m }—
cross-section of an earth dam. The
unit weight of the carth-fill is 1.85 !
t/m”. Determine the maximum 25m
stress intensity at a depth of 5 m J.
below the base of the dam. L : [

513 Draw a Newmark's T 95m f
influence chart, on the basis of

Boussinesq’s equation, for an
influence factor of 0.00556.

3
514 The plan ofa raft 4 L
a X 5 ‘

footing supporting
multistoried building is shown N s
in Fig: 5.18. The raft carries a 8 13
udl of 15 t/m’ Using the A 12m
Newmark’s chart given in Fig. 32 N
5.14, determine the vertical P N

stress intensity at a depth of 3 ‘ N

m below point A, | 3m
—t

Fig. 5.18

6

CONSOLIDATION

6.1 Introduction: (When an external static load is applied on a saturated
soil mass, an excess pore water pressure is developed. As water is
incompressible for the low stress ranges commonly encountered in
foundation problems, this pore water now tries to escape from the void spaces.
Such expulsion of water results in a decrease in the void ratio and, conse-
quently, a reduction in the volume of the soil mass. This process is known as
consolidation.

Consolid4tion is essentially a time-dependent process. In coarse-grained
soils having high co-efficient of permeability the pore water escapes very
rapidly. The time-dependent volume change of the soil mass, therefore,
occurs only in less permeable fine-grained soils like clay and silt. .

6.2 Definitions: The following terms are frequently used to express the
compressibility characteristics of soils:

(i) Co-efficient of compressibility (a,): It is defined as the change in
void ratio per unit change in pressure.

: = Ae € - €
ie., a, = e ..(6.1)

where, €p and e are the void ratios of a soil under the initial and final
vertical stresses 0 and o respectively.

(ii) Co-efficient of volume change or volume compressibility (m,): It
is defined as the change in volume of a soil mass per unit of its original volume
due to unit change in pressure.

. A 1
€., N g
. ™=V Ao

Fig. 6.1 shows a soil mass having an initial void ratio ¢ . If the volume

of solids be unity, then volume of voids is given by,

(6.2)

Vv = eo.Vs = eo.l = €
.. Total volume, Vo=V, + V
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=1+ €y
If the void ratio now decreases to e due to increase in pressure, then
V1 =1+ e '

YoueeVi
1+e-(+¢e

or, change in volume AV

ey — €
Ae

B2 Lo e oes Qe B }po*‘Ap

} 4P _ g
—qr—‘[— preseh sty o

e e Y = e St

| 222 i/)}d /

Fig. 6.1
From eqn. (6.2) we get,
| Be 1
o i eg Ao
ek g § T
R T Ao 1+ e
a,
= ..(6.3
i 2y 1+ €y ( )

The unit of both @, and m, is cmzlkg.

(iii) Compressionindex (C.): Itisdefined as the gradient of the virgin
compression curve drawn from the results of a consolidation test performed
on a soil.

Fig. 6.2. illustrates an e vs. log p curve.

By definition, C. = gradient of AB
= tan 0
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. AC
" BC
But, AC = ¢y - e =Ae

and BC = logjop ~ logiopo

\ 60 o (8 Ae .
C. = = ..(6.4)
logigp ~ logigpg  logiopy/py
The value ¢

thecompression index may also be determined from the
following empirical formulae:

For normally consolidated clays (sensitivity < 4),

C = 0.009 (w, - 10) ...(6.52)
For remoulded clays, = 0.007 (w, - 10) ...(6.5b)
My L
where, wy = liquid limit (%)
? |
3“'\‘-“__
-~ sl
) \\ﬁ.
SR
Recompressjon| T
r 09 1 % LN Virgin Compressjon |
= . R o i Curve
;;i &l Expansion ' ux
& *«.J&
g Jisks
@ ™~
- 07 N
S 9\\
> b
C f B
06
Ce=tan®
05 | EF]
0-1 02 030405 0.7 1 2 3] 4 5678910
logyp —=
Fig. 6.2

6.3 Terzaghi’s Theory of One-dimensional Consolidation: The process
of consolidation is closely related to the -expulsion of pore water and
dissipation of pore pressure. Terzaghi, in his theory of one-dimensional
consolidation, investigated the relationship between the rate of change of.
excess pore pressure and the degree of consolidation, and deduced the
following differential equation:
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2
ou ou
== = (G = ...(6.6
= o (6.6)
where, u stand for the excess pore pressure at a depth z

t stands for the time elapsed after the application of the load.
C, = Co-efficient of consolidation, which is defined as:

foia 1F A6.7)

el
where, = co—efficient of permeability, cm/sec

¥,, = unit weight of water, gm/cc

m, = coefficient of volume change, cmz/gm
The unitof C,, is cm?/sec.

Equation (6.6) is a second order differential equation, the solution of
which may be obtained in the form,

U=fT) ..(6.8)
where, U = degree of consolidation.
(G5
T, = Time factor = ——hz— ..(6.9)
where, t = time required for U% consolidation, sec
h = maximum length of drainage path, cm.

In case of double drainage condition (i.e., when a clay layer of thickness
H lies between two permeablc layers at top and bottom) the maximum length
of drainage path h = H/2, whereas in case of single-drainage condition (i.e.,
when the clay lies between a permeable and an impermeable layer), h=H.

The time factor T, is a dimensionless quantity, the value of which

depends on the degree of consolidation taken place at a given time, and not
on the properties of the soil. Terzaghi suggested the following equations for
the determination of T, :

2
For 0<U<53%, T,=% (T%%) / .(6.10)

for 53%<U<100%, T, = 1.781 - 0.933log (100 - U) - ...(6.11)})//

6.4 Laboratory Consolidation Test: ( In order to determine the compres-
sibility characteristics of a clay deposit, laboratory consolidation tests are to
be performed on representative samples of the clay collected from the site. A
knowledge of such characteristics is required for:
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(i) Estimating the probable consolidation settlement of a proposed
structure to be constructed on this soil.
(ii) To determine the time-rate of settlement. _

The sample is placed in an oedometer between two porous stones and
arrangements are made to keep the sample saturated throughout the test. The
loading intensities are generally applied in the following order:

0.25, 0.5, 1.0, 2.0, 4.0, 8:0 and 16.0 kg/sz.

The vertical deformations of the sample under each loading intensity are
measured with the help of a dial gauge. The readings are taken at elapsed
times of : ;

0.25,0.5,1, 2, 4, 8, 15, 30, 60, 120, 240 and 1440 minutes.
From the results of the test, the following three curves are drawn:
(i) e vs. logjop curve, to determine the value of C,
(ii) Dial reading vs. logjgt curve il 7
(iii) Dial reading vs. vt curve } ot B

In order to plotthe e vs. logyq p curve, the void ratio of the sample at
the end of each load increment has to be determined from the corresponding
dial reading. This can be done by either of the following methods.

(a) Height of solids method :  After the completion of the test, the
sample is taken out from the oedometer, dried in oven and its dry weight
W, is determined.

Now, volume of solids, o == e

and, height of solids in the sample,

; WV W,
5= 4 " GyA ..(6.12)
where, A = cross-sectional area of the sample.

Let e be the void ratio corresponding to a height / of the sample.
V, V-V, A-h-A-h

RN A e
h-h
or, e=— (6.13)

s

e =

Thus if the value of h is known at any time during the test, the

corresponding void ratio can be determined. The value of # may te obtained
from:

h=H-R:-C
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where,

(b) change in void ratio method :

H
R
C

Vi
V2

AV

il

fi
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initial height of sample.

dial reading.
dial gauge constant

With reference to Fig. 6.3, let,

initial volume of the sample.

volume of the sample at the end of compression

under a loading intensity p

change in volume =

i -V,

Now

AV MA-lA Iy -k Ap

W F‘j""_'_:::.—:

Vs

Vv
o | B

W27

Fig. 6.3

Yo E et o]
GiAa
e
Vs V77 Solid /
22,
| oo
Vl = hl -A and V2 = IIQA

[~ e =V/V]

|4 A - hy
If ¢) and e; be the void ratio corresponding to volume V; and V,,
then, Vi=V,+ V.=V, +V,

=V, + ¢)

Similarly, V, = V(1 + ¢)

AV =V (1 +e) -V.(1 +¢) =V (e - )

Vi(ey - e
Therefore, % = A_‘}/ = H
or G Be
2 h 1+ ¢
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(1 + ¢)An ‘
or, Ae = -——h—— ...(6.14)

Thus, knowing the values of e¢; and 4, ihe change in void ratio at any
given instant can be determined if the corresponding value of A 4 is known.
6.5 Determination of C,: For a given soil, the value of C,, is not constant
but depends on the magnitude of the applied stress. In order to determine the
degree of consolidation of clay layer under an extemnal load, it is required to
determine the initial and final pressures (G, and o, + Ao, respectively )on the
soil. If, for example, the initial and final pressure before and after the application
of external load be 1 kg/t:m2 and 2 kg/cm2, then the value of C,, must be obtained

~ftom this particular range of loading in the consolidation test.
The value of C, may be determined from either of the following methods:

som ok (T, )oo x K

(a) Square root of time fitting method: C, = -T ..(6.15)
(Tv)so X h2

(b) Logarithm of time fitting method: C, = ——— ...(6.16)

Iso
6.6 Computation of Settlement: The total setflement, S, of a footing is
given by,

S=5+8 +85, «.{6.17)

where, §; = immediate settlement
S. = primary consolidation settlement

[
Ss = secondary consolidation settiement.

The secondary consolidation settlement is of importance only in case of
highly organic soils and peats.

6.6.1 Immediate Settlement: The immediate settlement due to a vertical
concentrated load Q at a depth z and radial distance r is given by,

.0 |avw# 2(1 =)
' 2xnE (,2 + 2372 (?,z 1 33) 1/2

/
The immediate settlement due to a uniformly loaded area is given by,

-,
E 1%

intensity of contact pressure

least lateral dimension of loaded area

Poisson’s ratio of soil

modulus of elasticity of soil

(6.18)

S; = qB. .(6.19)

where,

e W
(]
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Iy = Influence factor, the value of which depends on:

(i) Type of the footing (i.e., whether it is rigid or flexible)
(if) Shape of the footing
(iif) The location of the point below which settlement is required (i.c.,
the centre, corner or any other point of the footing)
(iv) Length to breadth ratio of the footing.

The value of I may be obtained from Table 6.1, while Table 6.2 gives
the elastic properties of various soils.

Table 6.1 : Influence factors of various footings

Shape of Influence factor —‘
{oaded area Flexible footings Rigid footings
Centre Corner Average

Square 1.12 0.56 0.95 0.82
Circular 1.00 0.64 0.85 0.79
Rectangular: J
L/B= 15 1.36 0.68 1.20 1.06
L/B= 2.0 1.52 0.76 1.30 1.20
L/B= 25 2.10 1.05 1.83 1.70
L/B= 5.0 2.54 1.27 2.20 2.10
LL/B = 10.0 3.38 1.69 2.96 3.40

Table 6.2 : Elastic properties of various soils

Type of soil | Properties of Void ratio
n ‘-'
s 0.41100.50 | 0.51100.60 | 0.61100.70
1. Coarsesand| ¢ (°) 43 40 38
(0 =0.15) | E (kN/m?) 45200 39300 32400
2. Medium ¢ (®) 40 38 35
sand (0=0.2)| E (kN/m?) 45200 39300 32400
3.Finesand | ¢ (°) 38 36 32
(1 =025) | E(kN/m?) 36600 27600 23500
4. Sandy silt | ¢ (°) 36 34 30
(#1=030t0 | E(KN/m?) 13800 11700 10000
0.35)
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6.6.2. Consolidation Settlement: F ig. 6.1 represents a soil sample
subjected to an initial stress Po - Let gy be the void ratio of the soil. Due to a

stress increment Ap, the void ratio reduces to e, The charge in void ratio,
Ae =: 'éO = 1€

Again, let Hy and Hj be the initial and final thicknesses of the soil mass.

AH = H, - H;

Now, by definition,
R Ut
v = 1% Ap

For a laterally confined sofl, area of cross-section A is constant.
AV _AH.A _AH
V = Hy.A ~ Hy

gt 1
" Hy Ap’
or AH =m,-Hy-Ap -..{6.20)

The change in thickneSs of the soil mass, and hence the consolidation
settlement, can be determined from eqn. (6.20).
Again, by definition.

C = Ae
¢ logyop1/pg
or, Ae = Cc P lOglo ﬁ—:’ od t/

Assuming unit volume of solids, the initial and final volume of the soil
are,

[}
uwry
+

»

Vo=1+¢, and V,

AV=1+e0—(1+e0)=eO—e=Ae

or Sl o
: Vo 1+ eo
But é_ﬁ = ﬂ
Hy W
e o
/ C,+1 /Py |
Hence, /AH _ _4e | Cc'logio pi/py | {6.21)

f HU | €n I-'I 1+ €p
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Ce Po + Ap
or, AH = Ho. 1+ eO 'lOgIO T (621)

In eqn. (6.21) pg and p; represent the average initial and final pressure
acting over the thickness Hjy of the soil. While computing the probable
consolidation settlement of a clay stratum, generally it is assumed that, the
average stresses are those acting at the mid-height of the 'clay stratum.
However, this assumption is not correct because, as we have seen in chapter
5, the stress intensity due to an external load does not vary linearly with depth.
If thethickness of the clay stratum is substantially high, this leads to erroneous
results.

In order to determine accurately the probable consolidation settlement
of a clay layer of finite thickness, the following steps should be followed. |

(i) Divide the given clay layer into a2 number of sub-layers of small
thickness.

(ii) Determine the effective overburden presssure and stress increment
at the mid-height of each sub-Jayer.

(iii) Compute the consolidation settlement of each sub-layer using
either eqn. (6.20) or eqn. (6.21).

(iv) The probable settlement of the clay stratum is then obtained by
summing up the setlements of all sub-layers, i.e.,

n

S, =28, .(6.22)
i=1 °

EXAMPLES

Problem 6/1/ A normally consolidated clay stratum of 3 m thickness
has two permeable layers at its top and bottom. The liquid limit and the initial
void ratio of the clay are 36% and 0.82 respectively, while the initial
overburden pressure at the middle of clay layer is 2 kg/cmz. Due to the
construction of a new building this pressure increases by 1.5 kg/cmz.
Compute the probable consolidation settlement of the building.

Solution: Using eqn. (6.21), consolidation settlement of the building,

Po + 4p

. loglo LRI a5

S, = H-—*
1+ ¢ 2o

c

Again, using eqn. (6.5a)
C. = 0.009 (w; ~ 10)
0.009 (36 - 10) = 0.234
3m = 300 cm
0.82

H

i

€y
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po = 2kg/ cm?

Ap = 1.5 kg/cm2

0.234) 2+15
S. = (300) - m log1g > cm
‘ = 937 cm

Problem 6.{ A 3 m thick saturated clay layer is overlain by a 4 m
thick sand layer and is underlain by rock. The unit weight of the sand and clay
are 1.72 t/m” and 1.85 t/m3 respectively. The clay has a liquid limit of 53%
and a void ratio of 0.65. A concentrated load of 200 t is applied on the ground
surface. Compute the probable consolidation settlement of the clay,

(i) considering the entire clay layer !
(ii) dividing the clay layer into three sub-layers of equal thickness.

Solution: Compression index of clay,
C, = 0.009 (w; ~ 10)
0.009 (53 - 10y = 0.387.
H=3m = 300cm
¢ = 0.65
(i) Initial overburden pressure at mid-depth of clay layer, -
po = (40)(1.72) + (3.0/2) 1.85) = 9.65 t/m? = 0.965 kg/cm”
From Boussinesq’s eqn., the maximum stress intensity at the middle of

clay layer,

S (3) (200) 5 = 3.16t/m” = 0316 kg/cm?
@) (3.14) (4 + 1.5)
_00)(@38T) 0965 + 06 _ g o

Sc =74 + 065 %810 T 0965

(ii) In this case the clay layer is divided into three sub-layers of thickness
1 m each, as shown in Fig. (6.4).
The consolidation settlement of each sub-layer is estimaied below:

1.0
Sub-layer I : Depth of the middle of layer 1 below G.L. = 4.0 + i = 45m

Po = (4)(1.72) + (05)(1.85) = 7.805 t/m* = 0.781 kg/cm®

Apy = — 2200 _ 471 0md = 0.471 kg/em?
() (3.14) 45
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200¢
TRy
Sand
- (Y=172+/m3)
-?m ___44Por _ _4448P1__  Sub-layer
! 1
3m 11m ___4tPo2_ _ 4j4BP2_ Sub-layer
Il
m o __ttPo3__ §4¢8P3_ Sub-layer
L 111
Cd Cd i Fd ¥ o i i G A i G " 4 s
Rock
Fig. 6.4
(100) (0.387) 0.781 + 0471 _
Se, = "1+ 065 loggg 78 4.81 cm.

Sub-layer I :  Depth of middle =5.5m.

= (4)(1.72) + (1.5)(1.85) = 9.655 t/m* = 0.965 kg/cm*

Ap, = —MO)—Z = 3.157t/m* = 0.316 kg/cm®
() (3.14) (5.5)
(100) (0.387) 0.965 + 0316 _

S, = 14065 B0 gges, i

Sub-layer Ill : Depth of middle =6.5m
= (4)(1.72) + (2.5)(1.85) = 11.5 t/m? = 1.15 kg/cm®

Apy = ——QM)—-E = 2.26 cm
(2) (3.14) (6.5)
.. Total estimated settlement 481 + 2.89 + 2.26

9.96 cm.
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Problexn 6:37 A 3 m thick layer of silty clay is sandwitched between
two layers of dense sand. The effectlve overburden pressure at the centre of
the silty clay layer is 2 kg/cm However, due to the construction of a raft
toundation, this pressure increases to 4 kg/cm

Laboratory consolidation test was performed on a 2.5 cm thick sample
of the silty clay. Under applied stresses of 2 kg/(:m2 and 4 kg/cm” -the
compressions of the sample were found to be 0.26 cm and 0.38 cm
respectively. Compute the probable consolidation settlement of the raft.

Solution :  Using eqn. (6.20),
S, =m, -Hy-Ap
where,  Hy = initial thickness
= 2.5 cm for the soil sample and 300 cm for the soil in-situ.
Ap = change in effective pressure
=y = =) kg/cmz.
m, = co-etficient of volume change for the pressure range of
2 kg/cm2 04 kg/cm?'
For the laboratory test:
Initial thickness of the sample =25cm
Thickness under a pressure of 2 kg/cm2 =25-0.26 = 2.24 cm.
Thickness under a pressure of 4 kg/cm2 =25-038= 212 cm.

Change in thickness when the pressure
mcreases from 2 kg/cm to 4 kg/c:m2 =224-212= 0.12 cm.
From eqn. (6.20)

0.12

(m,) (2.5) (2.0)

or, m, = 0.024 cm®/kg.

v

Again, using eqn. (6.20), the consolidation settlement of the silty clay
layer,

S. = (0.024) (300) (2)
14.4 cm

Problem .4 Due to the construction of a new structure the average
vertical pressure at the centre of a 2.5 m thick clay layer increases from 1
kg/c m? to2 kg/cm A laboratory consolidation test was performed on a 2
cm thick undlslurbed sample of the clay. Under applied stresses of 1 kg/cm2
and 2 kg/em 2 the equilibrium thicknesses of the sample were found to be 1.76
cm and 1.63 cm respectively. On removing the stress completely, the thick-
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ness increased to 1.88 cm. The final moisture content and the specific gravity
of solids of the sample were found to be 29% and 2.71 respectively. Compute
the probable consolidation settlement of the structure.

Solution: Let efand Hybe the final void ratio and thickness of the
sample.

wG _ (029 Q71 _ (786

Then, e =

s (1)
. AH Ae
Again, Hf A E o
where, AH = change in thickness due a given stress
and, Ae = corresponding change in void ratio.
AH
Ae = (1 C—
or, e=(14+ ef) i
Here, e = 0.786, and Hf = 1.88 cm.
AH
Ae = (1 + 0.786) (1.88)
or, Ae = 0.95 AH ..(1)

when =20 kg/cm2 , AH = 1.88 - 1.63 = 0.25cm
= (0.95) (0.25) = 0.238

ef - Ae
0.786 - 0.238 = 0.548.

Hence, void ratioat o = 2.0 l(g/cm2

Again, when g =10 kg/cm2 , AH = 1.88 - 1.76 = 0.12¢cm

Ae = (0.95) (0.12) = 0.114
Hence, void ratioat o = 1.0 kg/cm2 = 0.786 - 0.114
= 0.672.

Let m, be the average value of the co-efficient of volume change in the
pressure range of 1.0 to 2.0 kg/cmz.

We have from eqn. (6.2),

29y Ae 1
"“1+e bo
_ (0672 - 0548) 1 _ ogeml/ig

(1 + 0.548) (20 - 1.0)
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Required consolidation settlement of the clay layer in the field

S, = m,Hy Ao
= (0.08) (250) (2 - 1) = 20 cm.
Hence, the required sgttlement of the structure =20 cm

Problem (;/ In a laboratory consolidation test, the void ratio of the
s.unpl( reduced from 0.85 to 0.73 as the pressure was increased from 1to2
kg/c m®. If the co-efficient of permeability of the soil be 3.3 x 107 cmy/sec
determine: ’

(1) co-efficient of volume change
(i1) co-efticient of consolidation.

Solution :  Using eqn. (6.2),

e de ol
" 1l+e Ap
Here, ¢y = 0.85,
Ae = 0.85 - 0.73 = 0.12
Ap =2 -1 =1kg/cm?
_ _(012) 2
m, T+ 085) 1 = 0.065 cm”/kg
Again, using eqn. (6.7),
C, = k
m, Y
Were,  m, = 0.065 cm’/kg
= 0.065 x 107 cmz/gm
= 65 x 107 sz/gm
k = 33 x 107 cm/sec.
Yw = 1 gm/cc.
3.3 x 107
C, = =307 cm?/sec.
6.5 x 1077)(1)

' I’mhluer?n 66" A 6 m thick clay layer is drained at both top and bottom.
T'he f‘(»-c-l1|('|¢t||l of consolidation of the soil is 5 x 107 cmz/sec. Determine
the time required for 50% consolidation of the layer due to an external load.

Solution :  Using eqn. (6.9),
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Gyt
I=E=r
It
s 1
o, t = o
n( U x (50 5
¢ idati el e s~ e [ g
For 50% consolidation, T, 3 (100 2 (100) 0.19
For double drainage condition, #h = g = % = 300 cm .
and, C,=5x 1074 cn12/sec.
= 2
t = ww—of)sec = 3546 x 10 sec
5 x 107
7
3.546 x 10
= — = days.
36400 days = 410 days

Problem 6.7 A raft footing is to be constructed on a 7.5 em thick clay
layer which lies'between two sand layers. In order to predict the time rate of
settlement of the building, a 2.5 cm thick undisturbed sample of the soil was
tested in the laboratory under double drainage condition. The sample was
found to have undergone S0% consolidation in 12.5 minutes. Determine the
time required for 50% settlement of the building.

Solution: We have from eqn. (6.9),

;o Coxt o BT "
v = h2 , Or, A= ¢
In the laboratory test,
T, = time factor for 50% consolidation = 0.197
t = 12.5 min.
H 25
h = Bl =% 1.25cm
2
_ (0.197) (1.25)" 2 ¥
C, = —-—-————————(12.5) = 0.0246 cm”/min .
In case of the actual building,
7, = 0.197
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_ (15) (100)
(2)

2
T, - b (0.197) (375) i
c, 0026

_ 1126143.3
~ 60 x 24

782 days = 2years 1 month and 22 days.

Problem Q_.g/"ln a laboratory consolidation test, a 2.5 cm thick sample
of clay reached 60% consolidation in 17 minutes under double drainage
condition. Determine the time required for 60% consolidation of a layer of
this soil in the field under the following conditions:

(i) when a 3 m thick layer of the given soil is sandwitched between
two sand layers.

(ii) when a 5 m thick layer of the soil is overlain by a sand layer and
underlain by a deep layer of intact shale.

h = 375 cm

=

days

Solution :  Using eqn. (6.11), the time factor for 60% consolidation

7, = 1.781 - 0.933 log;g (100 - 60)
= (.286
Again, using eqn. (6.9)
C,-t T, W
T,,=-—2—, or, C, = :
h f
In the laboratory test,
t = 17 min.

h =25/2 =125cm
0.286) (1.25)° 2yt
c, - QBOUDY _,
v a7) 0.0263 cm”/min
(i) Here the soil layer is drained at both top and bottom

(3) (100) 3
H = —-——(2) = 150 cm

. (0.286) (150
0.0263

(ii) In this case the soil layer is drained at top only
H =5m = 500 cm

t = 244800 min = 170 days
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)
= D.286)(EH0) | 2718631 min = 1888 days = 5.17 years.

0.0263
Problem 6,}/3 The consolidation settlement of a new structure founded
on a 5 m thick lay?r is estimated as 6.5 cm. The structure was found to have
settled by 1.6 cm in 6 months after the completion of construction. If the clay
layer is underlain by rock and overlain by a layer of coarse sand, determine:
(i) the time required for 50% consolidation to occur
(if) the amount of settlement which will take place in the next six
months.

Solution : Degree of consolidation occurred in the first six months

- 18 100% = 24.62%
6.5

Time factor for U= 24.62%
T, = (1/4) (24.62/100)* = 0.048.

As single drainage condition is prevailing, A= Sm.
Using eqn. (6.9),

_ (0.048) (52)
’ (6) (30)
(i) For 50% consolidation, time factor, T, = 0.197.

C = 6.67 x 107 m*/day.
Using eqn. (6.9),

_ T, x 3 ~ (0.197) (52)
C, 6.67 x 1073

= 738.4 days

= 2 years and 8.4 days.

(ii) Let U be the degree of consolidation that will take place in the next
six months, i.e. atthe end of 1 year since the completion of construction. We
have already found that the time required for 50% consolidation is 2 years
and 8.4 days. Thus, degree of consolidation occurred in 1 year must be less
than 50%.

The corresponding time factor may be determined using eqn. (6.10),

2
T, = (n/4) (U/100)* = 4’55100

Again, using eqn. (6.9),
(667 x 107%) (365)

= (0.0974.
’ %
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o}
n U~
40000 = 0.0974.
or, U= \/W = 35.22%
3.14
[f x be the amount of settlement, then
X
U = A 100
_ 65U  (6.5)(35.22) _ 550
or, X = 100 " 100 = 229 cm
Problem 40— Undisturbed samples were collected from a 3 m thick

clay stratum which lies between two sand strata. A laboratory consolidation
test was performed on a 2.5 cm thick sample of the clay. During the test, water
was allowed to drain out only through the top of the sample. The time required
for 50% consolidation was found to be 35 minutes. Determine the time
required for 60% and 90% consolidation in the field.

Solution :  As the sample was tested under single drainage condition;
h=H=235cm

Again, for U = 50%, we have T, = 0.197.
Using eqn. (6.9),

_ 0191 @5y 2, .
C, = 35) = 0.035 cm”/min.
Now, for 60% consolidation, va = 1.781 - 0.933 log;o (100 - 60)
= (.286
For a double drainage condition,
s
h = 5 = 5m= 150 cm.
Ty Tv60 K
60 = CV
_ (0.286) (150)*
(0.035)
= 183857 min
= 127.7 days = 128 days
For 90% consolidation, T‘,90 = 1.781 - 0.933 log;y (100 - 90)

= 0.848.
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T, W
tgg = C

2
. 0‘8‘(‘)8())3;50) = 545143 min

378 days.

Problem 6.11. A flexible footing of 2 m x 2 m size carries a total load
of 490 kN, inclusive of its self-weight. The footing rests on a sand layer having
a modulus of elasticity of 40000 kN/m2 and a Poisson’s ratio of 0.38. Estimate
the probable settlement below the centre and below any one comer of the
footing:

Solution: We have, from eqn. (6.19),

(-
Si = qB —Tlf
Here, q = intensity of loading
(490) 2
= ~——= = 1225 kN/m

22

B=2m

p = 038, E = 40000 kN/m?

The influence factor Iy may be obtained from table 6.1,
I (corner) = 0.56
I (centre) = 1.12.
Immediate settlement below the centre,

(122.5) (2) 1~ 0.38%)

Si(centre) = (40000) < (1.12)
= 0.59 cm
Immediate settlement below the comer
(0.59) (0.56)
S; (comer) = le—)‘— = 0.295 cm.

Problem 6.12. A 6 m thick clay stratum is overlain by a 8 m thick
stratum of coarse sand and is underlain by an impermeable shale. A raft
footing, supporting the columns of a building, is to be founded at a depth of
1.2 m below ground level. The size of the raft is 8.5 m x 13.6 m, and it is
loaded uniformly with a stress intensity of 9.2 t/m”. The water table is located
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at 2 m below the ground lev3el. The unit weight of sand above and below water
table are 1.90 and 2.10 t/m”. The properties of the clay are as follows:

Initial void ratio = 0.72

specific gravity of solids = 2.71

liquid limit = 42%

co-efficient of consolidation = 2.2 x 10~ cm2/sec.

Determine :
(i) Probable settlement of the raft.
(ii) The time required to undergo a settlement of 5 cm.

Solution : (i) The soil profile is shown in Fig. 6.5. The clay layer is
divided into three sub-layers of thickness 2 m each. The settlement of each
sub-layer may now be computed using eqn. (6.21),

AH =H,  ——— - X
L 1+ ¢ Po

The computation of settlement for the first sub-layer is shown below :
= (0.009) (42 - 10) = 0.288
e = 0.72
Hy = 2m = 200 cm.
Depth of middle of the sub-layerbelow G.I. =8 + 22=9m

f——-——' 13:6 —-«1
X Raft

| H“‘ >
2m l_’t i 44 492t/méy HLI (¥=1 90t/m3)

f
(v- 2:10t/m3)
Bm Sand
Clay
6m (e0=0.72,6 = 271,
WL =42% Cy=22x103cnf/sec)

EEITTTTTTTIT TV T ITTITTT T I I DT T IT T T T T T TP TTTr Iy

Impervious Shale

Fig. 6.5
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Initial effective overburden stress at a depth of 9 m below G.L.

= stress due to sand above water table + stress due
to sand below water table + stress due to clay

Po=Yh + Yaup By + Yelay hs.
Here, unit weights of sand are :

y = 1.9t/m’
and, Yo = 2.1 t/m>
Ysub = Ysat — Yw = 21 -1 = 1.1 t/m3
] G+t+e
A = .
gam,  Yclay g g
2.71 + 0.72
= W)- X (1) = 2.0t/m3

po = (19)(2) - 1L.1)@B - 2) + (20 - 1.0) (1)

= 11.4t/m® = 1.14 kg/cm2

Again, depth of middle of this sub-layer below the base of footing
=9-15=75m.

Using the 2 : 1 dispersion method,
gl gBL ___(92)(85)(13.6)
B+2)(L +2) 85+ 175)(136 + 7.5)
= 3.15t/m? = 0.315 kg/cm?
P1 = po + Ap = 1.14 + 0.315 = 1.455 kg/cm?
_ (200)-0288) | 1.455
(1 +0.72) 101 114

Similarly, settlements of the second and third sub-layers are found to be
2.54 cm and 1.86 cm respectively. Hence, the total settlement of the raft

= (3.55 + 2.54 + 1.86)cm

AH ) = 3.55 cm.

= 7.95 cm.
(ii) The degree of consolidation corresponding to a settlement of 5 cm,
(5)(100)
U O S =
(7.95) 62.89%

Using eqn. (6.11), the corresponding time factor is,
T, = 1.781 - 0.933 log; (100 - 62.89)
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= 0.317
As single drainage condition prevails at site,
h=H=6m = 600 cm.
Using eqn. (6.9), ‘
ICsh W
Cy

2
- 03N 600) _ 51895797 sec

(22 x 107)
600 days

Problem 6/43. The construction of a multistoreyed building started in
January 1989%and was completed in June 1990. The total consolidation
settlement of the building was estimated to be 8 cm. The average settlement
of the building was measured in December 1991 and was found to be 2.2 cm.
Compute the probable settlement of the building in January 2001.

Solution: LetC, be the co-efficient of consolidation of the soil in the
appropriate pressure range, and [ be the effective length of drainage path.

Time elapsed from June 1990 to December 1991 = 1.5 years

Degree of consolidation occurred in 1.5 years.

_(22)(100) ,,
=g %= 25%
T, = (n/4) (27.5/100)* = 0.059
C,t
But, T, = 5
H

C, T, 0059

e R S
C 0.039 )
or, naal {1
H2

Again, time elapsed from June 1990 to January 2001 = 10.5 years.

Let U be the corresponding degree of consolidation.

Assuming U > 53%, T,=1.781-0.933 logyg (100-0)
C,t C,
But, T, = — = (0.039) (10.5) v — = 0.039
H H
= 0.4095.
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1.781 - 0.933 logy (100 - U) = 0.4095
(1781 - 0.4095)

or, logyo (100 - U) = (0.933) = 1.47
Taking antilog of both sides we get,
100 -U = 29.51
or, U =100-29.51 = 70.49%
Amount of consolidation settlement in January 2001
8) (70.49
= L%.T)__) = 5.64 cm.

Problem §.14, A 2 m thick layer of saturated clay lies in between two
permeable la% ~The clay has the following properties :

liquid limit = 45%

co-efficient of permeability = 2.8 x 107 cm/sec

initial void ratio = 1.25

The initial effective overburden pressure at the middle of the clay layer
is 2 kg/cm2, and is likely to increase to 4 kg/cm2 due to the construction of a
new building. Determine ;

(i) the final void ratio of the clay.

(ii) settlement of the proposed building.
(iif) time required for 50% consolidation.

Solution : (i) Compression index, C,. = (0.009) (45 —10) = 0.315.
But, by definition,

Ae
AT,
Po
or, Ae = C, loglOM
Po
Ae = (0.315) logyo {(2 + 2)/(2) }
= 0.095

.. Final void ratio = ¢ - Ae
= 1.25 - 0.095 = 1.155
(ii) Let AH be the consolidation settlement of the clay layer.

AH _ _Ae
H 1+ ¢
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Ae
1 + €

_ (2)(100) (0.095) _ 8.44
ST+ 12) i
(iii) In the pressure range of 2 to 4 kg/cmz.
o le 1
™= 1+ve Ap

0.09) ool propienig:

or, AH = H -

T@+125)
. C = k
Using eqn. (6.7), By
Here, k = 2.8 x 107 cm/sec.
m, = 0.021 cm®/kg
Yo = lgm/cc = 1 x 10_3kg/cc.

c . (28x 107)
(0.021 x 1073

For 50% consolidation, we have, T, =0.197.

= 0.0133 cm?/sec

Using eqn. (6.9),

_T,.H (0.197) (200/2)
IOl (0.0133)
1.71 days.

Problem 6.15. A laboratory consolidation test was performed on a 2
cm thick sample of a silty clay, and the following results were obtained :

4
v

Pressure Final dial gauge Pressure Final dial gauge
( kg/cmz) reading (mm) ( kg/cmz) reading (mm)
6 5.590 2.00 3.964
0.25 5.234 4.00 3.515
0.50 4.960 8.00 2.785
1.00 4.604 0 5:224

The final moisture content of the sample after swelling was found fo be
32.5%. The specific gravity of solids = 2.70.




e ———————————————————

change of the soil.

(i) Plotthee vs. logp curve.
(ii) Determine the compression index and the co-efficient of volume

The final void ratio of the sample at the end of swelling

_wG (0.325) (2.70)
‘ = ————(1) = (.878.
The thickness of the sample at this stage,
H = Hy - AH
= 20 - (0.5590 - 0.5224) cm
= 1.9634 cm.
Now, we have,
AH A
H 1 +e
AH
or, Ae = —
e H (1+e)
Substituting the final values of e and H, we get,
1 + 0.878)-
Ae = AH - (b 5 0878) =
19634 0.9565 AH
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Solution: Inordertoplotthe e vs. logp curve, the final void ratios
at the end of each pressure increment are to be determined.

()

_ The change in void ratio, and hence the final void ratio after cach load
mcrexpent, are now determined by putting the corresponding values of AH in
eqn. (i). The computed values are shown below in a tabular form :

Pressure P.ressure Increase | Change | Equili- Ae my C
range incre— in invoid | brium |* (- -A;) . (T Ace ]
ment |thickness| ratio void i ) s
1
Ap AH Ae ratio ; T g0 (pl/PO)J
(kglem®) | ( kg/cmz )| (cm) ( cmz/kg) ( cmzlkg)
(1) ()] 3 4 )] (6) @) (8
0t0025| +0.25 | -0.0356 | -0.034 | 0.879 0.136 0072 —
0251050 +025 |-0.0274 | 0.026 | 0.863 0.104 0.055 0.086
0.50101.00| +050 |-0.0356 | -0.034 0.829 0.068 0.036 0.113
100t02.00| +1.00 |-0.0640 | -0.061 | 0.768 0.061 0.019 0:203
20010400 +2.00 |-0.0549| -0.053 | 0.715 0.027 0.014 0.176
40010800 +4.00 |-00730 | -0070 | 0.645 0.015 0.008 0.199
8.0010 0 800 |+0.2439 | +0.233 | 0.878 —

—
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Note that, in column 5 of the above table, the final void ratio after the
withdrawal of the load has been entered first (¢f = 0.878). The void ratios
corresponding to the previous loadings were then determined by subtracting
from it the appropriate values of Ae from col. 4. 1

For example, equilibrium void ratio corresponding to 8 kg/cm®

= e - De = 0.878 - 0.233 = 0.645,

and that corresponding to 4 kg/cm2
=0.645 - (-0.070) =0.715

The co-efficient of compressibility, a,,, and the co-efficient of volume
change, m,,, are then computed for each pressure range, and are shown in col.
6 and 7 respectively. The computed values of C, are given in col. 8.

The values of Ae ( in ordinary scale) and Ap (in log scale) bave been
plotted along the Y and X-axis respectively on a semi-log graph paper, to
obtain the e vs. logjg p curve. This is shown in Fig. 6.6

Void ratio —

Fig. 6.6

Problem 6.16. A raft footing is to be founded in a 3 m thick layer of
clay which is underlain by a highly permeable sand layer. The initial over
burden pressure at the centre of the clay layer is 2.0 kg/cm” and this is likely
to increase to 4.0 kg/cm2 due to the construction of the raft. A 2.5 cm thick
sample of this soil is tested in a consolidometer under double drainage
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condition. The following data were obtained when the pressure on the sample
was increased from 2 to 4 kg/cm” :

Time Dial reading Time Dial reading

(min) (Divisions) (min) (Divisions)
0 1972 16.00 1727

0.25 1921 36.00 1642

1.00 1870 64.00 1555

2.25 1848 100.00 1491

4.00 1813 144.00 1449

L 9.00 1769

The dial gauge constant is, 1 division = 0.002 min.

(a) Determine the co-efficient of consolidation of the soil by the square
root of time fitting method.

(b) Estimate the time required for 50% and 90% consolidation to occur
in the field.

Solution: (a) The procedure for obta ining the value of C, by the square
root of time fitting method is explained below : -

1. The values of the square roots of various time intervals at which the
dial readings were taken are plotted along the X-axis while the corresponding
dial readings are plotted along the Y-axis of an ordinary graph paper.

2. A number of points, each representing a certain dial reading and the
corresponding value of V7 are obtained. A smooth curve is drawn through
them.

3. The straight portion of the curve is projected to intersect the Y-axis
at R.. This is taken as the initial reading.

4. A point P is arbitrarily chosen on the curve.

5. From P, a horizontal line PQ is drawn to intersect the Y-axis at Q.
Let, PQ = a.

6. The point R is chosen on projected PQ, such that, PR = 0.15a.

7. Ro and R are joined. The line Ry is then projected to intersect the -

curve at S.

The dial reading corresponding to S represents 90% consolidation. Let
19 be the corresponding time required.
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Fig. 6.7
From Fig. 6.7, Vigy = 11.6
tog = 134.56 min
2
Tv (90) “ ’l
Now, C,6 = T
Here, T,00) = 0.848, h = 25/2 = 125<m
2
C, = (0.848) (1.25)” = 1.64 x 107 cm?/sec
1 {134.56) (60)

(b) The time required for 50% and 90% consolidation to occur in the field
may be obtained using eqn. (6.9).

Iso - TV(SC?) L anidl LD (30(22 = 1.081 x 108sec
v 1.64 x 10
1251 days = 3 years 5 months and 6 days.
Lo x i (0848) 300
YOG T ieax10t
= 5386 days = 14 years 9 months and 6 days.

= 4.654 x 10%sec
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EXERCISE 6

6.1. Estimate the consolidation settlement of a 2 m thick clay layer
which is overlain by a layer of sand and underlain by a deep layer of intact
shale, if the construction of a new footing increases the average over-burden
pressure by 50%. The initial overburden pressure was 2 kg/cm2. Given,
co-efficient of volume change = 0.023 cmz/kg. [4.6 cm]

6.2. An 8 m thick clay stratum lies between a 10 m thick sand stratum
at top and a rock layer at bottom. The unit weight of sand is 1.75 t/ms. The
clay stratum has the following properties:

LL =42%, w=285%, G=272

A raft footmg of 15 m x 15 m area and carrying a uniformly distributed
load of 20 tm? is proposed to be constructed at the site. Determine the prob-
able consolidation settlement of the footing. The clay layer should be divided
into four sub-layers of equal thickness and the stress increments may be
computed by 2 : 1 dispersion method.

6.3. A 3 m x 3 m square footing, carrying a gross load of 125 t, has
been constructed over a S m thick sand layer which is underlain first by a 6
m thick layer of soft clay and then a layer of impermeable shale. Compute the
consolidation settlement of the footing by considering the clay layer (i) as a
whole (ii) divided into three layers of equal thickness. Given,

unit weight of sand = 1.8 gm/cc

compression index of clay = 0.42

water content of clay = 32% L

specific gravity of clay particles = 2.7 [(1) 3.6 cm (ii) 4.29 cm]

6.4. During a laboratory consolidation test, the void ratio of a soil
sample decreased from 1.2 to 1.05 when the pressure on it increased from 2
to4 kg/cm2 Determine the co-efficient of compressibility and the co-efficient

of volume change of the soil. Will these values remain the same if prcssure
increases from 4 to 8 kg/cm”. [O 075 cm /kg, 0.034 cm /kg]

6.5. A consolidation test was pcrformed on a sample of saturated clay
in the laboratory. The liquid limit and the initial void ratio of the soil were
48% and 0.96 respectively. What will be the final void ratio of the soil if the
pressure is increased from 0.25 l(g/cm2 to 1.0 kg/cm2 X [0.72]

6.6. Sample of a silty clay was subjected to a laboratory oedometer test.
Under a vertical pressure of 2 kg/cm” the equilibrivm void ratio was found to
be 1.05. On increasing the pressure to 3 kg/cm®, the final equilibrium void
ratio reduced to 0.93. If the co-efficient of permeability of the soil be 1.2 x
107’ cm/sec, detcrmme the co-efficient of consolidation in mZ/day

[1.77 x 107% m%/day]
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6.7. Estimate the immediate settlement below the centre of a
15m x 25 m flexible raft footing carrying a gross pressure of 12 vm>. The
raft rests on a sand stratum having a modulus of elasticity of 4080 tm?and a
Poisson’s ratio of 0.25. The influence factors are as follows :

when L/B = 1.5, If = 1.36

when L/B = 20, Ip = 152 [5.84 cm]

6.8. A footing is to be constructed in a homogeneous bed of clay having
an overall thickness of 3 m. The clay layer is underlain by rock and overlam
by 2 sand layer. If the co-efficient of consolidation of clay be 9.5 x 10
cm®/sec, find out the time required for 90% consolidation. [930days]

6.9. The total consolidation seftlement of a building founded ona S m
thick silty clay layer, drained at both ends, is estimated to be 6.8 cm. The
building is found to have undergone a settlement of 2.5 cm in 3 months. The
initial void ratio and the co-efficient of permeability of the soil are 0.88 and
1.2x 107 cm/sec respectively. Determine the co-efficient of compressnblhtv
of the soil. [0.265 cm /kg]

6.10. A building is to be supported by a raft footing laid in a 3 m thick
bed of clay, which lies between two permeable layers. A 2.5 cm thick sample
of the soil is found to have undergone 50% consolidation in 3 minutes under
double drainage condition. Determine the time required for 90% consoli-
dation of the building. [129.1 days]

6.11. In a laboratory consolidation test, a 2 cm thick clay specimen
reached 50% consolidation in 12 minutes. The sample was drained at both
top and bottom. A 2 m thick layer of this soil lies below a sand layer and above
an impermeable layer of very stiff clay. Find out the degree of consolidation
of the clay layers which will take place in 1 year. [27.5%]

6.12. An isolated footing-of 2 m x 2 m plan area is constructed over a
saturated sandy clay stratum of 5 m thickness. The soil has the following
properties. :

E = 30600 kN/m nw=036, Cc=03, w=35% G=269.

Estimate the probable settlement of the footing if it carries a gross load
of 225 kN. [12.57 cm]

6.13. A5 m thick layer of normally consolidated clay supports a newly
constructed building. The weight of sand overlying the clay layer is 660
gm/cm2 while the new constructlon increases the stress at the middle of the
clay layer by 450 gm/cm Compute the probable consolidation settlement of
the building. Given,

LL =39%, G=27, w=45%. [4.39 cm]
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6.14. The total consolidation settlement of a clay layer due to an
imposed load is estimated to be 8.5 cm. A settlement of 2 cm took place in
15 days Determine the time required for 50% and 90% consolidation.

[68 days; 292 days]

6.15. The results of a consolidation test are shown below :

Pressure(kg/cmz)’ 0 }U_Z’j ‘ 0.5 ‘ 1.0 ‘ 2.0 J 4.0 ‘ 8.0

Finaldial reading 3047

2658 | 2699 ‘ 2744 ‘ 2804 ‘ 2889 | 2966

The sample had an initial height of 2 cm and an initial mass of 112.04
gm. After the completion of the test the oven-dried sample was found to weigh
81.39 gm. The specific gravity of solids was 2.71 and the dial gauge constant
was: 1 divn. = 0.02 mm.

(a) Determine the equilibrium void ratio of the sample after each load
increment.

(b) Determine the values of co-efficient of compressibility and
co-efficient of volume change for various pressure ranges.

6.16. An undisturbed sample of saturated clay, collected from a depth
of 5 m below G.L., was subjected to a laboratory consolidation test. The initial
diameter and thickness of the sample were 7.5 cm and 2 cm respectively. The
mass of the sample in the wet and dry states were 175.2 gm and 138.8 gm
respectively. The final compressions under various pressures are shown
below :

Pressure 0.25 | 0.50 ‘ 1.00 | 2.00 ‘ 4.00 | 8.00 | 16.00
(kglent®) | i
Final compres- | 0.001 | 0.003 | 0.008 |0.0168 |0.0484 |0.0901 |0.1160

sion (cm)

Plot the e vs logyy p curve and check whether the soil is over-

consolidated. If so, determine the preconsolidation pressure. Given, G = 2.67.
i ¢

7

COMPACTION

7.1 Introduction: Construction of structures on weak soils (e.g., soft clay,
loose sand, etc) sometimes requires “stabilisation” of the soil mass, i.c., an
artificial improvement of its engineering properties.

There are various methods of soil stabilisation, the most common one
being the mechanical stabilisation, and the simplest technique of mechanical
stabilisation is compaction.

A soil mass can be compacted by elther a dynamic process or a static
one. In the dynamic method the soil is compacted by repeated applications of
a dead load, while in the static method compaction is done by a steadily
increasing static load. Generally, the dynamic mediod gives better results in
coarse-grained soils and the static compaction is suitable for less permeable
fine-grained soils.

7.2 Moisture-density Relationships: While compacting a soil in the field,
itis always desirable to compact the soil in such a way that its dry density is
maximum. If a given soil is compacted under a specified compactive effort,
its dry density will be the maximum at a certain moisture content, known as
the optimum moisture content. Hence, before compacting a soil in the field,
its optimum moisture content and the corresponding dry density must be
determined in the laboratory. The test employed for this purpose is called
Standard Proctor Test.

7.3 Standard Proctor Test: In this test, samples of the given soil are
prepared at various moisture contents and are compacted in ¥ cylindrical
mould, 127.3 mm high and having an internal diameter of 100 mm. The
sample is compacted in three layers of equal height, each layer being
subjected to 25 blows of a compaction rammer having a self-weight of 2600
gm and a height of free fall of 310 mm.

Samples are compacted in the mould at increasing moisture contents.
After each test, weight of the sample compacted is determined and its bulk
and dry densities are computed.

A curve is then plotted to show the variation of dry density with moisture
content (Fig. 7.1). The curve is usually parabolic in shape. Initially the dry
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density increases with increasing moisture content, until a certain peak value
is reached. Further increase in moisture content results in a decrease in the
dry density. The moisture content represented by the pcak of the curve is the
optimum moisture content (OMC) and the corresponding dry density is the
maximum dry density of the soil under that particular compactive effort.

For heavier field compaction, the moisture-density relationship can be
investigated by the modified AASHO test. The test procedure is similar to
that of Proctor test except that a heavier rammer (weight = 4900 gm, free fall
= 450 mm)\is used and the soil is compacted in 5 layers.

Under heavier compaction, the moisture-density curve (Fig,7.1) is shifted
upwards and simuitancously moves to the left, resulting in a lower OMC but

a greater Y may- -

7.4 Zero Air Voids Line: Compaction is achieved by the expulsion of air
from the voids. However, as the external load acts for a very short time, it is
nearly impossible to drive out all the air from the voids. Thus, during
compaction, a soil is not fully saturated. If the remaining air could be driven
out, its void ratio would have been reduced and consequently, its dry density
would have increased. The zero air voids line (Fig,7.2) is a theoretical curve
which represents the relationship between water content and- dry density of
the soil when it is 100% saturated.
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At any given moisture content, the dry density of a soil in the fully
saturated condition can be derived as follows:

G Yw
We have, Yar® g
and wG = se

For a fully saturated soil, s=1, .. wG =

Gy,

1= e w (7.1)

From eqn (7.1) it is evident that, for a given soil, an increase in moisture
content will always result in a decrease in v, Hence the zero air voids line is

always a steadily descending line.

2.0
-9
N \\\w—— Zero air voids line
~ & { 100% Saturationline)
e 18 1 =5 NN -
o 80°% Saturation NN
= line N NG
= 17 74 AN s
= IG > ﬁx \‘-‘—
o ~
=) ,/ \\m\
15 //
14

Water Content {%)

Fig. 7.2

7.5 California Bearing Ratio (CBR): The California bearing ratio test is
of immense importance in the field of highway engincering. The CBR value

angm \ againST probable

rullmg, failure due to moving wheel loads

The California bearing ratio is defined as the ratio of the force per unit
area required to drive a cylindrical plunger of 50 mm diameter at the rate of




168 Problems in Soil Mechanics and Foundation Engineering

1.25 mm/min into a soil mass to that required to drive the same plunger at the
same rate into a standard sample of crushed stone.

Test load

Thus, CBR = m x 100% (7.2)

The test is performed by first compacting the given soil in the AASHO
mould at the specified compactive effort as stated in Art. 7.3. The sample is
compacted upto a height of 127 mm at the particular moisture content and
density at which the CBR value is required. The plunger is then driven into
the soil under a steadily increasing static load. The settlement of the plunger
is measured with the help of a dial gauge while the corrésponding load is
obtained from the proving ring. From the results a load-settlement curve is
plotted and the test loads for 2.5 mm and 5.0 mm penetration are determined.
The values of unit standard loads corresponding to these two penetrations are
70 kg/cm and 105 kg/cm2 respectively. Therefore, the CBR-values at 2.5
mm and 5.0 mm penetrations can be determined.

Generally, the CBR value at 2.5 mm penetration should be greater than
that at 5.0 mm penetration. In that case, the former value is accepted as the
CBR value for design purposes.

If the CBR value corresponding to S mm penetration exceeds that for 2.5
mm penetration, the test should be repeated. However, if identical results are
obtained once again, the CBR value for S mm penetration should be used.

7.5.1 Correction tc the curve : The load-penetration curve should always
be convex upwards (curve A in Fig.7.3). However, due to surface
irregularities, the initial portion of the curve is sometimes concave upwards
(curve B in Fig.7.3). The curve then must be corrected in the following
manner:

(i) The straight portion of curve B is projected backwards to meet the
X-axis at O'.
(ii) The origin O is shifted to O'.

(iii) Subsequently, all penetrations are measured from the new ongm o'
Thus, the points corresponding to 2.5 mm and 5.0 mm penetration
should be shifted towards the right by an amount equal to the shift of
origin.

In order to simulate the worst possible field conditions, the CBR test is
sometimes performed on scaked samples. After compacting the sample in the
mould. the sample is kept submerged in water for a period of 4 days, after
which the sample becomes almost saturated. The CBR test is then performed
on this soaked sample.
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EXAMPLES

Problem 7.1. The resuits of a laboratory Proctor test are shown below-:

No. of Test 1 2 3 4 5 6

Wt. of mould and soil (kg.)| 3.526 | 3.711 | 3.797 | 3.906 | 3.924 | 3.882
Water content (%) 833 |1040 |1223 [1620 |17.92 |20.39

The mould is 12.7 cm high and has an internal diameter of 10 cm. The
weight of the empty mould is 1.89 kg.

(i) Plot the moisture content vs. dry density curve and determine the
optimum moisture content and the maximum dry density.

(ii) Plot the zero air void curve and the 10% air void curve.

Given, G = 2.68.

Solution: Volume of the mould = (t/4) (12.7) (102) cc
= 997 cc

3526 - 1.89

1.636 kg = 1636 gm

In the first test, weight of soil

Bulk density, y = % = -1-96—937(1

H

1.64 gm/cc,



T R RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRERh_Nm—ETTTTT™™™

170 Problems in Soil Mechanics and Foundation Engineering Compaction 171
; Y 1.64 22 5 Pty
and, dry density, y; = = = 1.515 gm/cc. ~ e |- Zero air voids
1+w 1+ 0.0833 | w B w et
The dry density y 4, of the soil corresponding to the zero air void condition ; - : L—eol<_
be obtained fr 71 o, 10% air voids — T Db
may be obtained from eqn. (7.1). I | "ot
G (268) (10) e | D trgdi] e e
= = . B = Y — mu x— % l B
Yo = T wG T T+ (0.0833) (268) - ~1ogm/ee 26 am/cc, . 5 s
(%]
Again, when the soil has 10% air void, its degree of saturation is 90%. 5 |‘
o
; 14 :
L G _ (0.0833) (2.68) - 0.248 {
s (0.9) \a {OMC=152%
4 5 10 15 20 22
Yoy, = (12-682) ;4%) = 2.147 gm/cc X
+ 0. Water Content {%)
Similarly, the dry densities corresponding to the actual Proctor test, the Fig. 7.4

Zero air void condition, and the 10% air void condition are computed for the

remaining five tests. Table 7.1 shows the results in a tabular form. Problem 7.2 The optimum moisture content of a soil is 16.5% and its

maximum dry density is 1.57 gm/cc. The specific gravity of solids is 2.65.
Table 7.1

Determine: ,‘
i i ir voi the soil at OMC.
No. of test 1 2 3 4 5 6 (1) the degree 9f saturation :{nd percentage of air voxfls of the so atOl
(ii) the theoretical dry density at OMC corresponding to zero air voids.
Wt. of mould and soil (kg.)| 3.526 | 3.711| 3.797 | 3906 | 3.924 | 3.882
Solution: (i) When the soil is at OMC, it has a moisture content of 16.5%
Water content (%) 833 |1040 [1223 (1620 |1792 |2039 and a dry density of 1.57 gmyec.
Wit. of soil (gm) 1636 | 1821 | 1907 | 2016 | 2034 | 1992 Gy, ;
Now, we have, Yg = f
Bulk density (gm/cc) 1.641 | 1.826 | 1.913 | 2.022| 2.040 | 1.998 lL+e
Dry density, y4 (gm/cc) 1.515| 1.654| 1.705| 1.740 | 1.730 | 1.660 157 = Q—‘gﬂ'—ol
- o + ¢
Dry density for zero air| 2.190 | 2.096 | 2.018 | 1.869| 1.810| 1.733 2.65
void, y4s (gm/cc) or, l+e = E’i = 1.688
Dry density for 10% air| 2.147 | 2.046 | 1.964 | 1.808 | 1.747 | 1.667 or, e = 0.688
void, Y90 (gm/cc)
G
Again, se = wG, or, § = Ye—
The compaction curve is shown in Fig. 7.4. From the curve we find,
: - 0165 265) _ 635  63.5%
optimum moisture content = 15.2% $ = 0688 - O
and maximum dry density = 1.76 gm/cc Hence, the required degree of saturation is 63.5% and the percentage of
FouER A e air void is (100 —63.5)% = 36.5%
The zero air void line and the 10% air void line also are shown in Fig.

1 7.4. (ii) At zero air void the soil is fully saturated, i.e., s = 1.
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_wG _ (0.165) (2.65) _ 0.437
i 1 )
_ (265)(1.0) _

Ya = ——-———(1 + 0.437) ~ 1.844 gm/cc

Therefore, the theoretical dry density at OMC for zero air void = 1.844
gm/cc.

Problem73. During the construction of an embankment, the density
attained by field compaction was investigated by the sand jar method. A test
pit was excavated in the newly compacted soil and was filled up by pouring
sand. The following were the observations :

Weight of soil excavated from pit = 2883 gm

Weight of sand required to fill the pit = 2356 gm

Bulk density of sand = 1.52 gm/cc

Moisture content of embankment soil = 16%
Determine the dry detisity of the compacted soil.

Selution: The volume of sand required to fil! up the pit,

Volume of the pit = 1550 cc.
But, weight of the soil excavated from the pit = 2883 gm

*. In-situ bulk density of the soil, y = % = 1.86 gm/cc

And, in-situ dry density of the soil,

Y 186 1.66 gm/cc.

“1+w 1+016
Problem¢ A. 1t is required to construct an embankment by compacting a soil

excavated from nearby borrow arcas. The optimum moisture content and the
corresponding dry density of this soil were determined in the laboratory and
were found to be 22.5% and 1.66 gm/cc respectively. However, the natural

moisture content and bulk density of the soil were 9% and 1.78 gm/cc

respectively.
Find out the quantity of soil to be excavated and the quantity of water to
be added to it, for every 100 m° of finished embankment.

Solution: The embankment should be constructed by compacting the soil
cbtained from borrow area at the optimum moisture content and the
corresponding maximum dry density. But the natural moisture content of the
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existing soil is less than its OMC. Hence, a certain amount of water is to be
added to the soil prior to compaction.

Now,yg = 1.66 gm/cc = 1.66 t/m®

W,
—‘-,'i, or, Wg = v4.V

Thus, for every 100 m° of finished embankmci\t, the weight of dry soil
required is,
W;=v; -V =(166)(100) t = 166t

But,y; =

And the weight of water is,
5 Ww .
IR N A
(0.225) (166) = 37.35t.

The bulk density of the ekisting soil is 1.78 t/m3 and its moisture conient
is 9%.

W,

AL

Dry density of the existing soil, y; = TR

1.78
or, Ya = 75500 = 1633 t/m’

The volume of soil, V}, to be obtained from borrow area in order to obtain
166 t of dry soil is,

Wg 166

4. 2 =101.65m>
TRl

Vy =
Weight of watér available from this soil,
W, = Wi w, = (166) (0.09) = 14.94t
. Quantity of water to be added = (37.35 - 14.94) t
' be added= Weight of water

Volume of water to Density of water

But, density of water, y,, = 1gm/cc

107 t/cc
(1000) (1078 1/1it

1073 it

f
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.. Volume of water to be added = (220431) ) = 22410 litre.
10~

Thus, 101.65 m® of soil is to be excavated from the borrow pit and 22410
litre of water is to be added to it.

Problem 7/5 An embankment was constructed by compacting a soil at a
moisture content of 15.5% and a dry density of 1.72 gm/cc. If the specific
gravity of soil solids be 2.68, determine the void ratio and degree of saturation
of the embankment soil.

. Gy,
Solution: We have, y; = e
Here, Ys = L.72gm/cc, G = 2.68
172 = (2.68) (1.0)
1+e

or l+e= 268

; 172
or, e = (.558.
Again, se = wG, or s = WTG

_ (0.155) (2.68)
(0.558)

The required degree of saturation is 74.4%.

= 0.744 = 74.4%

Problem 7.6. In order to determine the relative density of a'sand sample, its
natural moisture content and bulk density were determined in the field and
were found to be 7% and 1.61 gm/cc respectively. Samples of this soil were
then compacted in a Proctor’s mould of 1/30 cft capacity, at the loosest and
the densest states. The following data were obtained:

Weight of empty mould = 2100 gm

Weight of mould + soil in the loosest state = 3363.6 gm
Weight of moﬁld + soil in the densest state = 3857.4 gm
Moisture content of the sample used in tests = 11%

Determine the relative density of the sand and comment on its type.

Solution: Volume of the mould = :—;lb—cft

Compaction i

3
Y 12323(%54 ) cc = 943.89 cc

In the loosest state,
(3363.6 - 2100)

bulk density = (943.89) = 1.339gm/cc
; Y (1.339) - '
dry density, Va2 L 1+ 010 1.206 gm/cc
In the densest state,
3857.4 - 2100
bulk density = (—94—3—8—6———) = 1.862 gm/cc
D) - 1.677 gm/cc

dry density, y; = 1+ 0.11)

In-situ bulk density of the soil = 1.81 gm/cc and its natural moisture

content = 7%

) (1.61) .
In-situ dry density, y; = 1 + 0.07)

= 1.505 gm/cc
Yd Ya = Yd,.

. x 100%
Ya Ydmlx N Ydmin

Relative density, Rp =

(1.677) (1.505 - 1.206)
 (1.505) " (1.677 - 1.206) (100) %

= 70.74 %

Problem y/ It is required to construct an embankment having a tqtal
volume of 64000 cu.m. The required soil is to be collected from borrow pits.
It was found that the existing soil has a moisture content of 14%, void ratio
of 0.63 and specific gravity of solids of 2.68. Laboratory tests indicate that
the OMC and maximum dry density of the soil are 19.5% and 1.72 gm/cc
respectively. The soil is to be carried from the borrow pit to the consn:ucnon
site by trucks having average net carrying capacity of 5.5 t. I?etemune t'he
total number of trips the trucks have to make for constructing the entire
embankment. Also find out the quantity of water to be added to the borrowed

soil before compaction.

Solution:
G Y.
1 +e

In-situ dry density of the soil, y; =
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_ (2.68)(1.0)
(1 + 0.63)
1.64 t/m’
< In-situ bulk density, y = y; (1 +w) = (1.64) (1 + 0.14) = 1.87 t/m’

= 1.64 gm/cc

Now, in 1 m> of borrowed soil, quantity of dry soil present is 1.64 t, and
quantity of water present = (0.14) (1.64) [.- W,, = w. Wyl

= 0.231

While constructing the embankment, this soil has to be compacted at a
moisture content of 19.5% and at a dry density of 1.72 ym’>.

For 1 m° of finished embankment, dry soil required = 1.72 t,
(0.195)(1.72) t
0.335t.

and water required

. For the entire embankment of 64000 m’
quantity of dry soil required = (1.72) (64000) = 1,10,080 t
and, quantity of water required = (0.335) (64000) = 21,440 t

As the in-situ dry density of existing soil is 1.64 t/m3, every cubic metre
of excavation will produce 1.64 t of dry soil.

1,10,080
1.64

Gross weight of this soil = (1.87) (67,122) t = 1,25,518 t

1,25,518
5.5

Weight of water obtained from 67,122 m® of borrowed soil
= (67,122) (0.23) t = 15,438 t
- “Weight of water finally required = 21,440 1,
- Quantity of water to be added before compaction
= (21,440 — 15,438) 1 = 6,002 1.

.. Total volume of excavation required to be made = =67,122m’

.. No. of trips to be made = = 228125 =~ 22,822

Problem 7.8. The rock content in a fill is 80% by dry weight. The rock can
be compacted to a minimum void ratio of 0.73, The maximum dry unit weight
to which the soil fraction can be compacted is 1.63 gm/cc. What is the
maximum dry density to which the fill can be compacted ? Given, specific
gravity of the rock = 2.56.
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Solution: When the rock present in the fill is compacted to the densest
state, its dry unit weight is given by,

_ Gy (256)(10)
Y ST +e~1+073

1.63 gm/cc.

= 1.48 gm/cc.

For the soil, Yd

Let us now consider 1 gm of the given fill. According to the question,
the weight of rock and soil present in the fill are 0.8 gm and 0.2 gm
respectively.

N~
Now, volume of 0.8 gm of rock = 10 '488 cc = 054 ce.
. 0.2
and, volume of 0.2 gm of dry soil = 163 = 0.123 cc.
Total volume of 1 gm of fill = 0.54 + 0.123 = 0.663 cc.
Dry unit weightof the fill = dy. weight
volume
1
= 0663 = 1.508 gm/cc.

Problem 7.9. The results of a laboratory CBR test are shown below :

No. of test 1 2 3 4 5 6 7 8 9 10 11 12

Penetration| O 05 |10 |15 |20 |25 |30 |40 | 50 | 75 |100 | 125
(mm)

Load (kg) 0 |19.8 525|937 (1321|1719 |207.0|288.8 |322.21401.7 |431.8 [458.3

Determine the CBR value of the soil. Given, unit standard loads for 2.5
mm and 5.0 mm penetrations are 70 and 105 kg/cm2 respectively.

Solution: Fig. 7.5 shows the load vs. penetration curve. As the curve is
initially concave upwards, an initial zero correction is required.
The straight portion of the curve is projected backwards to intersect the

X-axis at O’, which then becomes the new origin. Consequently, all points on
the penetration axis are shifted to the right by an equal amount.

From Fig. 7.5 we obtain,
test load for corrected 2.5 mm penetration = 200 kg.

and, testload for corrected 5.0 mm penetration= 332 kg.

Area of CBR plunger = g(S.O)2 em? = 19.635 cm®
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. Unit test load for 2.5 mm penetration = 200 = 10.19 kg/cm?
19635 - 8
and, unit test load for 5.0 mm penetration = 3% = 16.91 I( /em?
19635 = 07 %8

10.19

CBR value for 2.5 mm penetration = x 100% = 14.6%

CBR value for 5.0 mm penetration = 16.91 x 100% = 16.1%

105

Thus, CBR value for 5.0 mm penetration is greater than that for 2.5 mm
penetration. Therefore, the CBR test has to be repeated and if similar resulis
are obtained once again, then the CBR value of 16.1% should be accepted.
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Fig. 7.5
EXERCISE 7

7.1. The following are the resuits of a Proctor compaction test performed
on a soil sample.

Water Content (%) 92 | 127 [ 155 [ 183 | 202

[Bulk Density (gm/cc) 154 | 1749 | 1949| 2040 | 2010
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(i) Plot the water content vs. dry density relationship and determine the
optimum moisture content and the corresponding maximum dry density of

the soii.
(ii) If the specific gravity of soil solids be 2.70, plot the zero air void line.

[Ans. OMC = 17.6%, Y gy = 1.74 gm/cc]

77.2. The results of a standard Proctor test are shown below.

|Water Content (%) 78 | 116 | 149 | 177 | 201 | 225

Wt. of soil and mould (gm) | 3263.4 |3523.28 | 3734.8 | 3852.9 | 3832.7 | 3765.1

The height and internal diameter of the mould are 12.6 cm and 10.1 cm
respectively. The empty mould weighs 1950 gm. Plot the compaction curve
and determine the optimum moisture content and the corresponding dry and
bulk densities of the soil.

Also plot the zero air void line and the 80% saturation line.

Given, specific gravity of solids = 2.69. [Ans: OMC = 17%, v, ='1.6 gm/cc,
vy =1.87 gm/cc] _ ;

7.3. The in-situ density of a soil mass is being determined by_the‘?ore
cutter method. The height and internal diameter of the core are 12.7 cm and
10 cm respectively and its weight, when empty, is 1847 gm. When the core
is filled with soil, it weighs 3674 gm. If the specific gravity of solids be 2.67
and the degree of saturation of the soil be 63%, determine the in-situ dry
density of the soil. The in-situ void ratio of the soil is found to be 0.85.[Ans.
1.526 gm/cc}

7.4. An embankment of trapezoidal cross-section is to be constructed for
a 2 km long highway. The embankment should have a height of 2.2 m and a
top width of 10 m. The sides of the embankment are to be sloped at ZH : 1
V. The soil obtained from the borrow area is tested in the laboratory and is
found to have the following properties :

Natural moisture content = 12%
In-situ bulk density = 1.8¢/m’
Optimum moisture content = 19%

Dry density at OMC = 1.65t/m’

Determine the quantity of soil to be excavated and the quantity of water
to be added to it before constructmg the embankment. [Ans: 65055 m>; 7318
m’]

7.5, Detenmne the magnitudes of compactive effort imparied to a soil
during:

(i) Standard Proctor Test

RN REREESSESTT™™
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(ii) Modified AASHO Test.

[Hints: Compactive effort = Wt. of rammer x height of fall x no. of
blows/layer x no. of layers]

7.6. The specific gravity of solids of a soil is 2.65. Determine the quantity
of dry soil and water required to compact the soil in « Proctor mould having
D =10 cm and H = 12.7 cm, at a void ratio of 0.6 and-at a moisture content
of 20%. [Ans: 1652 gm; 330 cc]

7.7. Three identical triaxial test samples of 7.5 cm height and 3.75 cm
diameter are 10 be prepared at a moisture content of 15% and a dry density of
1.48 gm/cc. Determine the total quantity of oven-dried soil and volume of
water required for the purpose . [Ans: 367.8 gm, 55.2 cc]

7.8. Determine the CBR value of a given soil from the following data
obtained from a laboratory CBR test :

Load (kg) 0 19.8 | 50.1 | 81.8 | 120.0 | 170.1 | 421.7 | 605.9 | 699.3 | 662.8 ‘
Penetration 0 0.5 1.0 1.5 2.0 2.5 5.0 7.5 10.0 | 125
(mm)

Plot the load-penetration curve and determine the CBR value of the soil.
Comment on the test results. [Ans. 23.7%]

8

SHEAR STRENGTH

8.1 Introduction: When an external lnad is applied on a soil mass,
shearing stresses are induced in it. [t the shear stress developed on any plane
in the soil exceeds a certain limiting value, failure of the soil occurs. The
maximum shear stress which a given soil can withstand is called its shear

strength. ,

The factors governing the shear strength of a soil are :
{i) internal friction, i.c., the resistance due to particle interlocking
(ii) cohesion, i.e., the resistance due to the internal structural bond
which tends to hold the particles together.
According to Coulomb’s law, the shear strength, T, of a soil is given by:

T=c+0Otan ¢ ..(8.1)

where, o = normal stress acting on the soil
¢ = cohesion
¢ = angle of internal friction

The factors ¢ and ¢ are called the shear parameters of a soil.

When expressed graphically, eqn. (8.1) can be represented by a straight
line called the failure envelope: The general form of failure envelope for a
cohesionless, a cohesive and a ¢ — ¢ soil are shown in Fig. 8.1 (a), (b) and ()
respectively. ‘

T r T
1 | |
A
c .
2 o B o j" pa
(a) (b) (c)
Fig. 8.1
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The shear parameters of any soil depend not only on the nature of the soil
but also on such factors like moisture content and loading conditions. At very
low moisture contenta cohesive soil may develop a certain amount of internal
friction. Likewise at high moisture contents a cohesionless soil may show the
signs of having an apparent cohesion.

8.2 Mohr’scircleofstress: This is a graphical representation of the stress
conditions.in a soil mass which enables one to find out the stresses developed
on any plane within the soil due fo an external loading system.

In a stressed material, a plane which is subjected to only a normal stress,
but no shear stress, is called a principal plane. Through any point in the
material, two such planes exist. These planes are called the major and the
minor principal planes, and are orthogonal to each other. If the principal
stresses, 0; and o3, are known, the normal stress ¢ and shear stress T on a
plane inclined at an angle 6 to the major principal plane is given by,

0y + O3 01 - 03
c = > + 2 cos29 ..(8.2)
O -
and, T= 5 sin 20 ..(8.3)

Equations (8.2) and (8.3) can be represented by a Mohr Circle, as
illustrated in Fig. 8.2. The co-ordinates of any point on the circumference of
the circle give the stress conditions on a particular plane represented by that
point.

+T
|
3 Q (o T)
0'3 |~ ——f‘
L = |
1 3 | ¥
A | l
5 A 8 28 (N \By
T"'l e © °1-3 C >
o= Major Principal fa— —1*73 ¢
Stress 2
*3= Minor Principal
Stress =
1
-T

Fig. 82
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8.3 Pole: The concept of the pole, or the origin of the planes, is very useful
in such problems where the locations of the principal planes are not known.
Consider the soil element subjected to a system of external stresses as
shown in Fig. 8.3. It is required to determine the normal and shear stresses
acting on the plane AA, inclined at an angle 0 to the horizontal,
Considering the free body diagram of the element it can be proved that
the element can be in equilibrium only if, <, = Ty -
The procedure for drawing the Mohr Circle and locating the pole are as
follows :
(i) Choose the co-ordinate axes and select a vector scale.
(ii) Locate the points A and B such that they represent the stresses on
the horizontal and vertical boundaries respectively, of the element.
(iii) Join AB. It intersects the o-axis at C.
(iv) With C as centre and CA = CB as radius, draw the Mohr circle.
(v) The point A represents the stress conditions on the horizontal
plane. From A, draw a straight line parallel to this plane. It intersects the
circumference at P. Again, if from B a line is drawn parallel to the vertical
plane (since the point B represents the stresses acting on this plane), it will
intersect the circle at the same point P. This is the pole of Mohr’s circle.

0 4
___‘_IYX ’A
&
. ’t’[y
7
T x ¢ P O
i o
8
A/ ;1" -
Ty e —— Q
Tyx oy (o-"[) B (OY’T*Y]
Y

Fig. 8.3

(vi) From the pole P draw a line parallel to the plane on which the
stresses are required. This line intersects the circle at Q. The co-ordinates of
Q give the normal and shear stresses on the given plane AA.

Thus, the pole may be defined as a particular point on the Mohr’s cuclc
such that, if a line is drawn from this point making it parallel to any given
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plane within the soil mass, then, the co-ordinates of the point of intersection
of this line with the circle will represent the stresses acting on that plane.

8.3.1 Sign convention: The following sign conventions are normallv
followed for plotting the stress co-ordinates :

Normal stress: Compressive stresses are taken as positive and tensile
stresses as negative.

However, soils can with stand only compression and
not tension. Hence the normal stress on any plane of a
soil element which is in static equilibrium is always
positive.

Shear stress:  The sign of a shear stress is determined on the basis of
the direction of its moment about any arbitrary point
inside the soil mass. If the moment acts in the anti-
clockwise direction, the shear stress is positive, whereas
if it acts in the clockwise direction, the shear stress is
negative.

8.3.2 Location of the failure plane : Fig. 8.4 represents a soil sample
subjected to-a major principal stress o; and a minor principal stress 03. As
the sample is on the verge of failure, the Mohr circle has touched the failure
envelope at P. Evidently, the pole of the Mohr circle is at A.

The highest point on the circumference of the Mohr circle is the crown
R. The line AR is inclined to the o-axis at 45°. The corresponding plane in
the soil is MN, which is the plane subjected to the maximum shear stress,
Tmax- However, the potential failure plane in the soil is not MN, but the plane

represented by the point P, because the stress co-ordinates given by P are

ﬂl K
// i’N T

s ol
;o !
W2 &=
- i
3 |45 2
//.
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/
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such that coulomb’s equation is satisfied as the point P lies on the failure
envelope. In order to determine the location of this plane, join PA and PC.

Now, LPCB = LPAC + LAPC

As AC = PC, LAPC = LPAC = a

55 LPCB =a +a=2a

Again, since DF ||OB, (PGF = LPCB =2a

In A PDG, LPGF = (PDG + (DPG

or, 20 = ¢ + 90° [+ PG L DE, . LDPG = 90° ]
45° + ¢ /2 .(8.4)

In Fig. 8.4, the plane BB, drawn at (45° + ¢ /2) to the major principal
plare, represents the failure plane.

It can be proved that, at failure the relationship between the two principal
stresses is given by,

o3 an2(45° + ¢/2) + 2ctan (45° + ¢/2)  ..(8.5)

]

or, a

0'1 =
or, O = 03Ny + 2c VN, ...(8.6)
where, Ny = flow value = tan 2 (45° + ¢ /2) ..(8.7)

8.4 Determination of Shear Strength: The following tests are employed
tor the evaluation of the shear strength of a soil :

A. Laboratory tests :
1. Direct Shear Test
2. Triaxial Compression Test
3. Unconfined Compression Test.

B. Field Test:
1. Vane Shear Test
For a detailed description of the test procedures, the reader is referred to
any standard textbook of Soil Mechanics. Only the essential points regarding
the computation of shear strength will be highlighted here.

8.4.1 Direct Shear Test: In this test, soil samples compacted at known
densities and moisture contents in a shear box of 6 ¢ x 6 cm size, which can
be split into two halves, is sheared by applying a gradually incteasing lateral
load. Three identical samples of a soil are tested under different vertical
compressive stresses and the corresponding shear stresses at failure are
determined. A graph is then plotted between normal stress and shear gtress.
Results of each test are represented by a single point. Three points obtained
from the three tests are joined by a straight line which is the failure envelope
for the given soil. The siope of this line gives the angle of internal friction,
while the intercept from the t-axis gives the vaiue of cohesion of the soil.
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8.4.2 Triaxial Compression Test: In this test, cylindrical soil specimens
of 3.8 cm diameter and 7.6 cm height, enclosed in an impermeable rubber
membrane, are placed inside the triaxial cell. An all-round cell pressure, o3,
is applied on the sample. Simultaneously, a gradually increasing vertical
stress is applied until either the sample fails, or its axial strain exceeds 20%.
Stress vs. strain curves are plotted to determine the normal stress at failure.
This stress is called the deviator stress, 6. The major principal stress, oy, is
obtained from the following relation (refer Fig. 8.5) :

o1 = 03 + Oy ...{8.8)

| 5 e

e
] _0-3 73 3
T ) 1 % I’i =3+%
(a) {b) {c)
Fig. 8.5

Three samples of a soil are tested under different cell pressures. From the
results, three Mobr circles are constructed, and a common tangent is drawn
to them. This is the failure envelope.

The normal stress at any point during the test is determined by dividing
the normal load obtained from the reading of the proving ring by the
cross-sectional area of the sample. Due to the bulging of the sample during
shear, the cross-sectional area should be modified using the following
equation :

S
]

c = Ag/(1 - &) ...(8.9)
where, A, = corrected area
Ag = initial area 3
€ = axial strain = AL/L
where, AL = axial compression
L = initial length
In the drained triaxial tests, the volume of the sample may change during

the test due to expulsion or absorption of water. In that case, the corrected
area should be determined from :
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Vl B2 AV
= —— ...(8.10
A= Tl (8.10)
where, V, = initial volume of the specimen

AV = change in volume due to drainage.
L; = initial length of the specimen
AL = change in length of the specimen
8.4.3 Unconfined Compression Test : This is a special case of triaxial test in
which 03 = 0. We have, from eqn. (8.5)

o3tan® (45° + ¢/2) + 2ctan (45° + ¢ /2)

o1 =
As g3 = 0, for an unconfined compression test,
op = 2ctan (45° + ¢/2) ...(8.11)

A number of tests on identical specimens will give the same value of
o;. Thus, only one equation is available while two unknowns, viz.,c and ¢,
are involved. Hence, eqn. (8.11) cannot be solved without having a pricr
knowledge of any one of the unknowns.

Due to this reason, the unconfined com- / i
pression test is employed to determine 90° ! !
the shear parameters of purely cohesive / 3 V
soils only. For such soils, ¢ = 0°, and Torque p
hence, . Head

o1 = 2ctands” = 2¢ -+

The vertical stress o; at failure, F— Torque Rod

known as the unconfined compressive.
strength and denoted by g,,, is obtained

by dividing the normal load at failure by / Vanes
the corrected area, as given by eqn. (8.9)

Thus, q, =2c¢

.

2
8.4.4 Vane Shear Test : This is a field —
test used for the direct determination of
the shear strength of a soil. Generally
this test is conducted in soft clay situated

at a great depth, samples of which are
difficult to obtain.

The apparatus consists of four metal

or, ..(8.12)

e o

blades, called vanes, mounted on a steel
rod, as shown in Fig. 8.6. The device is L_ 0 —4
pushed slowly upto the desired depth Fig. 8.6
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and is rotated at a uniform speed by applying a torque through the torque rod.
The amount of torque applied is recorded on a dial fitted to the rod. Failure
occurs when the vane can be rotated without any further increase in the torque.
For a cohesive soil, ¢ = 0. Hence coulomb’s equation reduces to :
s=c

Thus, for a cohesive soil, the skear strength is equal to its cohesion. In a vane
shear test, the cohesion, and hence the -SECEI_S_ECII th can be determined from:

o Bl seFie e (8.13)

é (E B
! 7!‘.D2 2 + 61“
T.\ L2

where, = torque applied (= P.a
H = height of the vane
D = diameter of the vane.

8.5 Sensitivity: When the shear stresses developed in a soil exceeds its
shear strength, the soil fails by shear and loses its strength. However, if the
soil is left in that state for some time, it regains some of its original strength.
The sensitivity of a soil is a measure of its capability of regaining strength
after a disturbance has been caused in the soil. It is expressed as,

shear strength in the undisturbed state

S =
!~ shear strength in the remoulded state

(8.14)

On the basis of the sensitivity, clayey soils are divided in the following
categories:

Sensitivity Nature of clay
1 Insensitive
il =7 Low sensitive
2-4 Medium sensitive
4-8 Sensitive
8-16 Extra sensitive
> 16 Quick clay

EXAMPLES

Problem §.¥. A soil sample is subjected to a major principal stress of 2
kg/cm2 and a minor principal stress of 1.1 kg/cmz. Determine the nonmal and
shear stresses acting on a plane inclined at 30° to the major principal stress.

Solution: (a) Analytical method : The normal stress, ¢ and the shear
stress, T on any plane inclined at 6 to the major principal plane is given by :
01 + O3 01 -~ O3

g = 3 + 5 cos 20
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1 - O
and T = = e sin 20
z 2
Here, 0y = 2kg/cm® and o3 = 1.1kg/cm®

The given plane is inclined at 30° to the major principal stress. f?ut}he
direction of major principal stress is perpendicular to the major pnncqfal
plane. Hence the angle of inclination between the given plane and the major
principal plane is,

0 = 90° - 30° = 60°
2 +11) R 2-11)
L 2 2
1.55 + (0.45) (cos 120°)
1.55 + (0.45)(-1/2)

1.325 kg/cm®

o ) @—‘zlﬂsin 2 x 60°)

.cos (2 x 60°%)

= (0.45) (sin 120°) = 0.39 kg/cm?

T (Kg/cm?)
[
075 |
}—133Kg/em™
iy D(133,0-39)
025 |
0 =
25 o
{Kg/cm?)

Fig. 8.7

(b) Graphical method : The graphical solution is shown in Fig 8.7. The
procedure is stated below :

; 2
(i) The Mohr circle is drawn with 6) = 2.0 kg/ cm? and g3 = 1.1 kg/em”™
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(i) From the centre C of this circle, CD is drawn at an angle of 120°
(=2 8) to the o-axis. This line intersects the circle at D. '

Alternatively, from the point A corresponding to o3, a straight line AD is
drawn at an angle of 60° (= 0) to the o-axis. AD also intersects the circle at
the same point D.

(iii) The co-ordinates of D give the normal and shear stresses acting on
the given plane. From Fig. 8.7 we obtain,

1.33 kg/cm’
0.39 kg/cm?

[0

and T

Problem 8;2'. The stresses acting on a soil element are shown in Fig. 8.8 (a).

10kN /m?
B 10kN /m2

20kN /M
A LOkN/m?
3
o 3 X ta)
i ,,C
® it
0
Fig. 8.8 (a)

(i) Determine the magnitude and direction of the principal stresses.
(ii) Find out the stresses acting on the plane XX.

(iii) If the soil has a cobesion of 5 kN/m?” and an angle of internal friction
of 25°, find out whether a shear failure is likely to occur along the plane XX.

Solution: The graphical solution of the problem is presented in Fig. 8.8
{b). The procedure is as follows:

1. Two orthogonal co-ordinate axes and an appropriate vector scale
{lem =5 kN/mz) are chosen.

2. The points M (20, —10) and N (40, 10) are chosen to represent the
stresses on the planes AB and BC respectively.

3. M and N are joined and the mid-point O of MN is located.
4. With O as centre and MN as diameter, the Mohr circle is drawn.

5. The point M represents the stresses on the plane AB. From M, a straight
line MP is drawn parallel to AB, to intersect the circle at P. P is the pole.

R /™™™
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T(kN/m?)
15

b, N(40,10)
--.—cr'=16-5kN/m2——>t
&¥ it gy AP
T=36kN/mY S - 1‘
0 1 Il ‘ ] £ E
5 10
_5 =
_}O =
(20 -10)
15 F
i ¥
_T(kN/m?) (bl

Fig. 8.8 (b)

6. From P, PQ || XX is drawn to intersect the circle at Q.
The solutions to the three given questions are now obtained as follows :

(i) The points of intersection, R and S, between the circle and the o-axis
give the principal stresses. Here, :

oy = 48 kKN/m*
and o3 = 16.2kN/m?

In order to locate the directions of the principal planes, the points R and
S are joined to the pole P. Through any point Z in the soil element, Z -1 || PS
and Z -3 || PR are drawn. _
The planes Z — 1 and Z — 3 give the directions of the major and minor
principal planes respectively.
" (ii) The stresses on XX are given by the co-ordinates of Q. From the figure
we obtain.

oyy =165 kN/m? and Tyx = 3.6 KN/m?

(iii) The normal stress on XX is 16.6 KN/m’. From coulomb’s equation,
the shear strength of a soil is given by,

s =C + ctan¢
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Here, c-.SkN/m o= 166kN/m ¢ = 25°
= 5 + (16.6) (tan 25°)
= 12.74kN/m? > 3.6 kN/m?
AsT < s, failure along XX is not possible.

‘Pro!)lem -3¢ 'The stresses acting on an element of elastic soil massare shown
in Fig. 8.9 {a). Determine the normal and shear stresses on the plane XX.

SKg/cm? b

2Kg/cm
» C
2Kg/cm 5‘Kg/cm2
sl 305
d ¥ ;
{a)
Fig. 8.9 (a)

Solution: Fig. 8.9 (b) shows the graphical solution. The solution is
obtained in the following steps:

(i) Locate the points A (2, 0) and B (5, 0) which represent the prmcnpal
stresses acting on the soil elemem With AB as diameter, draw the Mohr’s
circle.

+TUKg/ecm?)
i

2 F

el X
r— 2-35 —QJ
—2

~T(Kg/cm?)

{b)
Fig. 8.9 (b)

—= = e
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(i) From A (representing the stress conditions on the plane bc) draw AP
l| bc, to intersect the circle at P. This is the pole of the Mohr circle.
Alternatively, if from B, BP|| ba is drawn, it also will intersect the circle at
/2

(iii) From P, draw PQ || XX. It intersects the circle at Q. The co-ordinates
of Q give the stresses on the plane XX. From the figure we obtain,

2.35t/ m2

Oxx
0.95 t/m>

and Txx
Problem 8.4: The stress conditions on a soil element are shown in Fig. 8.10

(2)-
(i) Find out graphically the stresses on the plane AA.

(ii) Draw a free body diagram of the soil element and show these stresses.

(iii) Prove that the free body is in equilibrium.

l60kN/m2

L A 55kN/m2
P~ &

LOKN/m2 ] LOKN/mZ | L0kN/m2
};}:r q kN/m2 Z530°
30°

T(kN/md)_~ " ] 4
L A 60kN/m?2
TﬁOkN/mZ
20 F “—J:‘ {E,’
e SSkN/m2 ———>
i0F ____.J_
s 67kN/m2
i 1 'l =r
0 10 20 30 40\\—/50 ) ?U 80 (kN/mz)
10k

Fig. 8.i0
Solution: (i) The graphical solution of the problem is shown in Fig.8.10
(b), from which we get,
o = 55 kN/m”
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t = 8.67kN/m?

(ii) The free body-diagram of the soil element pgr, bounded by the
vertical plane, the horizontal plane and the given plane AA, is shown in

Fig. 8.10 (c). 7
_ (iii) The free body will be in equilibrium if the sum of the components
of all forces acting on It along any two: orthogonal axes separately be Zero.
Let, pg = 1 umt A

= 2, LS = 2 units

PT = sin 30°
- = = ’.
and, qr = _BLtan 30 " 1/ \,—5 .‘ 3 : 1.732 units

Considering unit thickness of the clement,
ZFy = (-40) (1) - (8.67) (cos 30°) Q@) + (55) (cos 60° )(2)
=-40 - 15 + 55 = 0.
Y = (- 60)(1.732) + (8.67) (sin 30°) (2) + (5S) (sin 60° )(2)
= - 103.92 + 8.67 + 9525 = 0.
Hence the free body is in equilibrium.:
Problem &,5/ The subsoil at a site consists of a 10 m thick homogeneous layer
of dense sand having the following properties :
¥g = 1.62gm/cc, G = 2.68, ¢ = 35°
The natural ground water table lies at 2 m below the ground surface.
(i) Determine the shear strength of the soil along a horizontal plane
through the middle of sand layer. :

(ii) If during monsoon, the water table rises to the groundlevel, how will
the shear strength along the same plane change 7

Assume that the soil is dry above water table.
Solution: The horizontal plane under consideration is at a depth of S m
below the G.L.

_ G,
We have, Yd = N
o (2.68) (1.0) - 162

1+e
or, e = 0.654
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: G +e
Now, Ysat = dod g * Yw
2.68 + 0.654
=71+ 0654 L0

=2.02gm/cc = 2.02t/m>
(i) The normal stress on the given plane,
C=%Y-21 * Ysub- 22
= (1.62)(2) + (1.02)(3) = 6.3 t/m
Shear strength of the soil at this plane,
$=¢ + otané¢
= 0 + (6.3) (tan 35° ) = 4.41 t/m?
(ii) }n this case the entire soil mass is submerged

G = Yapez = (102)(5) = 5.1 v/md

' and, s = (5.1) (tan 35%) = 3.57/m’

blem}/‘/Specunens of asilty sand were subjected to the direct shear
test in the laboratory, in a shear box of 6 cm x 6 cm size. The normal load and
the corresponding shear forces at failure are shown below :

Normal load (kg) | 10 l 20 | 30
Shear force (kg) | 9.90 | 1541 I 20.88

Draw the failure envelope and determine the apparent angle of shearing
resistance and cohesion of the soil. ‘

Solution: The cross-sectional area of the shear box = 6 x 6 = 36 cm 2

The normal and shear stresses are first obtained using the relation,

loa
stress = IS8 -
area .

These are showﬁ in a tabular form below :

Normal load (kg) ) 1v 20 30

Shear force (kg) 9.90 15.41 20.88
Normal stress (kg/cm?) 0.28 0.56 0.83
Shear stress (kg/cm?) 0.275 0.428 0.580
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In Fig. 8.11 the normal and shear stresses are plotted along the horizontal
and vertical axes respectively. Three points thus obtained are then joined by
a straight line. This is the failure envelope for the given soil.

The intercept of the failure envelope on the t-axis represents the apparent
cohesion, which is found to be 0.12 kg/cmz. The apparent angle of shearing
resistance is given by the angle of obliquity of the failure envelope to the
horizontal, and is found to be 28.5°.

&; :
%5 785"
206
b2
v 04
@
j
-
(%3]
802- j:
(V)
& | Cc=0-12kg/cm?
0 o2 04 06 08 10

Normal Stress,o- (Kg/cmZ)
Fig. 8.11

Problem ?/ A direct shear test was performed on a sample of dry sand.
Under a ndrinal stress of 1.5 kg/cmz, failure occurred when the shear stress
reached 0.65 kg/cn12. Draw the Mohr circle and the failure envelope. Hence
determine the orientation of the principal planes and the magnitude of the
principal stresses.

Solution: The construction is shown in Fig 8.12. The procedure is as
follows:

(i) Choose two orthogonal co-ordinate axes and a suitable vector scale.

The scale chosen in this problem is : 1 cm = 0.4 kg/cm®.

(ii) Locate the point Q corresponding to o = 1.5 kg/ em? and T =
0.65 kg/cmz.

(iii) Since the soil is a dry sand, it should not have any apparent cohesion
and the failure envelope should pass through the origin. Join the origin O and
the point Q. OQ is the failure envelope.

(iv) The point O represents the siresses on the failure plane. But in a
direct shear test, the failure plane is always horizontal. Now, the point Q must

“Tie on the Mobr circle and at this point the circle must touch the failure
envelope. If Q can be joined to the centre of the circle the resulting line will
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be the radius which must be perpendicular to OQ, since OQ is a tangent/to
the circle.

Thus, in order to locate the centre of Mohr circle, draw QC 1 0Q. QC
meets ﬂ]t? o-axis at C, which then, is the centre of Mohr circle.

(v) With Cas centre and CQ as radius, draw the Mohr circle. It intersects
the o-axis at A and B, which, then, represent the minor principal stress o3 and

the major principal stress o; respectively.
From Fig. 8.12, we obtain, 03 = 1.08 kg/cm?, o, = 2.47 kg/cm®.
(vi) Draw a horizontal line PQ through Q. It intersects the circle at P.
This is the pole of the Mohr circle.

(vii) Join PA and PB. These two lines are parallel to the directions of the
planes on which o3 and oy, respectively, act. From the figure we obtain,

LPAB = 325° and £LPBA = 575°

‘Hence the minor and the major principal planes are inclinéd to the
horizontal at 32.5° and 57.5° respectively. The orientation of the planes are

shown in Fig. 8.12 (b).
Major
Principal
Plane

L Failure
& Plane
L2t
o
o
9 08 Q p Principal
= ———== Ptane
w
« 04 (b}
o
@
L
m o i L A L A [ i 'l B ]
04 08 0312 6 20 240j 28

Normal Stress (Kg/cmz)
{a)

Fig. 8.12

Pm_blem &.8/ Three identical specimens of a partially saturated clay were
subjected to an unconsolidated undrained triaxial test and the following
results were obtained:
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‘Sample No. Cell Pressure (kg/cm?)  Deviator stress (kg/cm?)
1. 0.5 0.80
2. 1.0 6.97
3. 1.5 1.13

Determine the shear parameters of the soil (i) graphically (ii) analytically.

Solution: In a triaxial test the cell pressure acts as the minor principal
stress, while the major principal stress is the sum of the cell pressure and the
deviator stress at failure. The values of 03 and o, are shown below:

Sample No. o3 (kg/em?) 04 (kg/cm?) o1 (kg/cm?)
1. 0.5 0.80 1.30
2. 1.0 0.97 1.97
3, 1.5 1.17 2.67

(i) Graphical solution : Three Mohr circles are constructed and a

common tangent is drawn through them (Fig. 8.13). The shear parameters are
found to be :

C

0.27 kg/cm
85°
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un
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Shear Stress ( Kg!cmzﬁ

~
1]
=
3
=
S +
=)
e

0] 025 05 075 10 125 15 175 200 225 20
Normal Stress (Kg/cm?)

Fig. 8.13

(ii) Analytical solution : From eqn. (8.6) we have,
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01 = 03 N¢ +2c¢ \/m-
In case of the first samplé, o3 = 0.5 kg/cm2 and oy = 1.30kg/ cm?
Substituting in eqn. (8.6) we get,

05Ny + ZCW/-N; = 1.3 (1)
where Ny = tan 45° + ¢/2)

Similarly, for the second and third samples, the following equations are
obtamcd

Ny + 2c/Ny = 1.97 i)
and, 15N, + 2cVN, = 2.63 ...(iii)

subtracting (i) from (ii) we obtain,

05N, = 0.67, or, Ny =134

or, tan? (45° + ¢/2) = 1.34
or, tan (45° + ¢/2) = 1.157
or, 45° + ¢/2 = 9.2
or, ¢/2 = 42
or, ¢ = 8.4°

Substituting for ¢ in eqn. (i),
(05)(1.34) + 2¢)(1.157) = 1.3
or, c =027 kg/cm2
Check : Substituting the values of ¢ and ¢ in eqn. (iii), we get,
LHS.= (1‘.5) (1.34) + (2) (0.27) (1.157)
=2.63=R.H.S.

Problemny 8,9-A sample of dry coarse sand is tested in the laboratory triaxial
apparatus in the undrained condition. Under a cell pressure of 2 kg/cmz, the
sample failed when the deviator stress reached 4.38 kg/cmz.

- (i) Determine the shear parameters of the soil.

(uz) At what deviator stress will the soil fail if the cell pressure be 3
kg/cm” ?
Solution: Here,03 =2 kg/cm o;=4.38 kg/cm

Oy =03 + Oy = 2 + 438 = 6.38kg/cm’.
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With o5 = 2 kg/em? and 01 = 6.38 kg/cm’, a Mohr circle is drawn (Fig.
8.14). ' —s.
Since the sample is made of coarse sand and since it is in the dry state,
no apparent cohesion will develop and the failure envelope passes through

the origin. :
In order to locate the failure envelope, draw a tangent to the Mohr circle

from the origin. By measurement, the angle of obliquity of this line is 31°
Hence, the shear parameters are: =

c=0,¢ = 31°
(ii) We have, from eqn. (8.6),
Oy = 0'3N¢ o 2CVN¢
Asc =0, ~. 0y = 03N,

or, oy = oztan’(45° + ¢/2) (i)
(: -
§ 4r 31°
g T
L
P
»o2r
—
o
p=
w» r

s A o 1 1 IG |
0 1 2 3 4 5 6 7 8

Normal Stress (Kg/cmZ2)
Fig. 8.14
Here, 03 = 3 kg/em®, ¢ = 31°
o = (3)[tan (@5° + 31°/2)F = 9.37kg/cm’

Deviator stress, 0y = 01 ~ O3
= 9.37-3 =637 kg/om’

Problem 8.19/ The following resuits were obtained from a laboratory triaxial

test with arfangements for pore pressure mea surements:
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Sample No. Cell pressuie Deviator stressat ~ Pore pressure at

(kg/cm?) failure (kg/om?)  failure (kg/cm?)
1. 1.0 2.02 0.41
2. 1.5, 2.18 9.62
3. 2.0 2.37 0.70

Determine the shear parameters of the soil considering
(i) total stresses (ii) effective stressess.

Solution: The values of cell pressures and deviator stresses given in the
problem ar€ the total stress values. The corresponding effective stresses may
be obtained from the relation :

The major and minor principal stresses, considering the total stress
analysis as well as effective stress analysis, are tabulated below :

Sample g3 od o1 o, o3 o't
No. | (kg/om’) | (kgfem’) |(= 03+ 04)| (kglem) |(=03-4) | (=01-4)
(kg/om’) | (kg/em)
(kg/om’)
1. 1.0 2.02 3.02 0.41 0.59 2.59
2. 1.5 2.18 368 0.62 0.88° 3.06
3 2.0 2.37 437 0.70 1.30 3.67

Total stress analysis: Three Mohr circles are drawn using the three sets
of values of 0y and 3. In Fig. 8.15, these circles are shown by firm lines. A

common tangent is drawn through them, which is the failure envelope for
total stress analysis. From the figure we obtain.

J ¢=0.75 kg/em® and p = 7.5 °
Effective stress analysis: In this case the Mohr circles are drawn with the
three sets of values of ;' and 03'. In Fig. 8.15 the effective stress circles are
represented by broken lines. The values of the corresponding shear strength
parametess are, ‘
¢ = 0.65kg/cm® and ¢ = 13°

Fd
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Problem we shear strength parameters of a given soil are, ¢ = 0.26°
¢

kg/cm2 a = 21°. Undrained triaxial .tests are to be carried out on
specimens of this soil. Determine :

T (i? deviator stress at which failure will occur if the cell pressure be 2.5
kg/cm”.

(i) the cell pressure during the test, if the sample fails when the deviator
stress reaches 1.68 kg/cm”.

Solution:
(i) We have from eqn. (8.6).
0y = 03Ny + 2¢VNy
For the given soil, ¢ = 0.26 kg/cm2 and¢ = 21°
Ny = an’(d5° + ¢/2) = an’(45° + 21°/2) = 2.117.
and \/N; = V2117 = 1.455

Hence, eqn. (8.6) reduces to :
op = 2.117 03 + (2)(0.26) (1.455)

or; oy = 211703 + 0.757 )
Wkhen C: = 2.5 kg/cm2 |
o = (2117)(2.5) + 0.757
= 6.05 kg/cm2

Now, o4 = 0; - O3

= 605 - 2.5 = 3.55kg/cm”

Hence the required deviator stress at failure is 3.55 kg/cmz.

(iii) Let the required cell pressure be x kg/em’.

O; = 04 + O3

or, o, = 168 +x -(ii)
Substituting for o; and o3 in eqn. (i), we get

1.68 + x = 2.117x + 0.757
or, 1.117x = 0.923
T or, x = 0.83

». The required cell pressure is 0.83 kg/cmz.

Problem 8 ie following are the results of a set of drained triaxial tests
performed on three identical specimens of 38 mm diameter and 76 mm height:

Sample No. &(ell pressure  Deviator load Change in Axial
; (kN/mz) at failure Volume Deformation
(kN) (c0) (mm)
1. : 50 0.0711 -0.9 51
2. 100 0.0859 -13 70
3. 150 * 0.0956 -16 91

Determine the shear parameters of the soil.

Solution; The deviator loads at failure corresponding to each cell
pressure are given. In order to determine the corresponding deviator stresses,
these loads are to be divided by the corrected area of the sample, which can
be obtained from

Vl x AV
¢« " 1,- AL
Here, V; = Initial volume of the specimen

= (n/4) (3.8%) (7.6) cc
= 86.19 cc
L, = 7.6cm
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For the first sample, AV = ~0.9ccand AL = 5.1 cm

_ 8619 - 09
€= 76 - 051
g = —2OML__ _ 5010 KN/m

12.03 x 10

and, oy = 03 + 0g = 50 + 59.10 = 109.10 kN/m’

The major principal stresses for two other samples are computed in a similar
mannet. The results are tabulated below :

A = 1203 cm? = 12.03 x 1074 m?

Sample ' o3 Fq AV AL Ac l od o1
No. |(kN/md)| N) | () | (em) | (cm?) |(kN/m?) (kN/m?)
1 50 | 00711 | -09 | 5.1 1203 | 59.10 | 109.10
2 100 | 0.0859 | -13 76 | 1236 | 69.50 | 169.50
3| 150 | 00956 | -16 | 91 1265 | 7561 | 22561

This is the failure envelope of the soil (Flg 8.16).
By measurement we obtain,

c=25kN/m,¢—3.8

~
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Fig. 8.16

Three Mohr circles are constructed and their common tangent is drawn.

R R RRRRRRRRRRRBRERRRRRRRRRRRRRRRRRRRRRRER S —™=

Shear Strength 205

Problem 843 An unconfined compression test was performed on an
undisturbed sample of normally consolidated clay, having a diameter of 3.75
cm and 7.5 cm high. Failure occurred under a vertical compressive load of
116.3 kg. The axial deformation recorded at failure was 0.9 cm. A remoulded
sample of the same soil failed under a compressive load of 68.2 kg, and the
comesponding axial compression was 1.15 cm. :

Determine the unconfined compressive strength and cohesion of the soil
in the undisturbed as well as remoulded state.

Also determine the sensitivity of the soil and hence classify it

accordingly.
Solution: (a) Undisturbed state :

Initial area of cross-section of the sample,

Ay = (1/4) (3758 = 11.04 cm®

AL 09
{; =] =L e 1
Axial strain at {ailure, ¢ 1 75 0.12
Ap
Corrected area, A,
1 -¢
11.04 2
i - o012 12.55 cm
] 116.3
Normal stress at failure = 1555 = = 9.27 kg/ om’

and, cohesion ¢ = ik ——2—— = 4.64 kg/cm
(b) Remoulded state :
€ = 17—152 = 0.153
- P
= %2% = 5.23 kg/cm’
or,‘ = %ﬁ = —5—522- = 262Lg/cm

strength in the undisturbed state
strength in the remoulded state

Sensiiivity =
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29227
=353 =177

As the value of sensitivity lies between 1 and 2, the soil is classxﬁed as
a low sensitive soil.

Problem 8.14.
pressure of 2 g/cm2 and a back pressure of 1 kg/cm”, for 24 hours. On the
next day, the cell pressure was increased to 3 kg/cmé. This resulted in the
development of a pore pressure of 0.08 kg/cmz. The axial stress was then
gradually increased to 4.5 kg/cxnz; which resulted in a failure of the soil. The
pore pressure recorded at failure was 0.5 kg[cmz. Determine Skempton’s pore
pressure parameters.A and B.

Selution: We have .
= B[Ao3 + A(Ao; - Aoj)], where A and B are
Skenpton’s pore pressure

parameters.
In the first case,Ao3 =3 -2 =1 kg/cmz' Aoy =0
PR 0.08 = B[1 + A0 - 1)]
or, B(1 -A) =008 )

In the second case,
Aoy =45 -1 = 35kg/em’, Aoz = 0
' ~ 050 - 0.08 =B[0+A(35 - 0)]
or, . 042 = 35AB (i)
Dividing (i) by (ii), we get, ’

1-A 008
354 042
1-A
or, AN 0.67
" or, 1 -A=2067A, or, A = 0.6

Substituting this value for A in (i), we obtain
' B(1 - 0.6) = 0.08
0.08

or, B=W-O.2

Problem 16, A vane shear test was carried 6ut in the field to determine the
shearing strength of a deep-seated layer of soft clay. The vane was 11.25 cm
high and 7.5 cm across the blades. The equivalent torque recorded at the

'CU triaxial tcst, a soil sample was consolidated ata cell
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torque head at failure was 417.5 kg-cm. The vane was then rotated very
rapidly in order to completely remould the soil. It was found that the
remoulded soil can be sheared by applying a torque of 283.2 kg-cm.

Determine the shear strength of the soil in the undisturbed and remoulded.. -
states and its sensitivity.

Solution: We know that, e
T

Here, H=11.25 cmand D = 7.5 cm,

s

7
(%) (7.5%) (11.25/2 + 7.5/6)
or S = T
¥ 1113.67

In the undisturbed state, T = 417.5 kg-cm
417.5 ' 2
S = -I'ﬁ-j:'6—7 = 0.37 kg/cm

In the remoulded state, T = 283,2 kg-cm,
" , — 283.2 4 2
TN A ek

, Sensitivity = -6% = 1.48
EXERCISE 8

8.1. The normal stresses aCtll¥ on two orthogonal planes of a soil
sample are 250 kN/m? and 110 kN/m”. Find out the normal and shear stresses
o a plane inclined at 60 ° to the direction of the major principal stress.

[Ans. 0 = 215 kKN/m’, = 60.6 kN/m?]
- 8.2. The stress conditions on a soil element are shown in Fig. 8.17.
Determine: - '
(i) The orientation and magnitude of the pn’nciphl stresses.

(ii) The stresses acting on the horizontal and the vertical planes.

[Ans. (i) o; = 2.76 kg/cm? at 98.5° with horizontal; oy = 0.83 kg/cm? at 8.5°
with horizontal (ii) oy = 0.77 kg/cmz, fH = -03 kg/cmz;
oy = 2.72 kg/em?, Ty = 0.3 kg/em?)
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1Kg/cm?2

1Kg/cm?

Fig.8.17

8.3. Fig. 8.18 illustrates the stress conditions on a soil element.

(i) Determine the normal and shear stresses on the plane X-X.
(ii) Draw a free body diagram of the element bounded by plane X-X
and show these stresses.

lht/mz

2-5 t/m2 a

X_1

L at/m2

1

Fig. 8.18
(iii) Prove that the free body is in equilibrium.
[Ans : (i) o = 3.63 kg/em?, T = 0.65 kg/cm®]

8.4. The subsoil ata site consists of a S m thick stratum of a cohesionless
soil which is underlain by a rock layer. A surcharge of 5 t/m? is placed on the
ground level. The properties of the soil are as follows:

. G=2.68,e=07,w=6%,¢=30"

Determine the shear strength of the soil on a horizontal plane at a depth
of 2 m below the G.L. [Ans : 4.82 t/m” ]

- —
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8.5. In problem 8.4, if the water table rises from a great depth to the
ground surface so that the soil becomes fully saturated and its natural moisture
content increases to 19%, how will the shear strength on the given plane
change ? [Ans. Reduced by 0.85 t/m? ]

8.6. The stress conditions on an infinitely small soil element are shown
in Fig. 8.19. Find out the magnitude and direction of the principal stresses.

[Ans:o; = 1.68 kg/cm2 at 12° to the horizontal
= 0.47 kg/cm2 at 102° to the horizontal]

0-5Kg/cm? 5
0-75Kg/cm2

Fig.8.19

8.7. The results of a direct shear test performed on a soil sample in a
shear box of 6 cm x 6 cm size are given below:

|
Normal load (kg.) ’ 30 | 4 ‘ 50 ‘ 60

Shear force at failure (kg.) ‘ 9.5 ‘ 26.3 ‘ 32.4 ‘ 399

Plot the failure envelope for the soil and determine its shear parameters,
[Ans. ¢ =0, ¢ = 33°]

8.8. A given soil has a unit cohesion of 2 tm” and an angle of internal
friction of 28°. Samples of the soil were tested in the laboratory i ina triaxial
apparatus under the undrained condition. Determine :

(i) Deviator stress at failure when the cell pressure is 1.5 kg/cm2

(i) The applied cell pressure, if the sample fails under a total vertlcal
pressure of 5.09 kg/em®. [Ans. (i) 3.32 kg/em?, (ii) 2.5 kg/em?]

8.9. A set of triaxial tests were performed on three samples of a soil.
The cell pressures and the deviator stresses at failure are given below:
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Sample No. Cell Pr. (kN/m?) Deviator stress (kN/m?)
1 200 690
2 300 855
3 400 1030

Plot Mohr’s circles of stress and determine the apparent Cohesmn and
angle of internal friction. [Ans.c=112 kN/m $=27"]

8.10. A direct shear test was performed ina 6 cm x 6 cm shear box on
a sample of dry, cohesionless soil. Under a normal load of 40 kg, failure
occurred when the shearing force reached 26.65 kg. Plot the Mohr strength
envelope and determine the angle of shearing resistance of the soil. Determine
graphically the magnitude and direction of the principal stresses at failure.

[Ans. ¢ = 36 03 = 0.64 kg/em® at 27 to H, oy = 2.47 kg/em® at 117° to H]

8.11. Two triaxial tests were performed on samples of a moist soil in
an undrained condition. The all-round cell pressures during these two tests
were 2.5 kg/cm2 and 4.0 kg/cm2 and the samples failed under deviator stresses
of 4.85 kg/cm and 6.70 kg/cm respectivély. Determine the apparent
cohesion and the apparent angle of shearing resistance of the soil (i)
analytically (ii) graphically.

Do you expect to obtain the same values of the shear parameters if the
samples were tested in a drained condition ? Explain your answer with
reasons. [Ans: c = 0.59 kg/cm ¢ =22.4°)

8.12. Laboratory triaxial tests were performed on three soil samples of
3.8 cm diameter and 7.6 cm height. The following results were obtained:

Sample No. Cell Pr. Deviator load Change in Axial
(kg/cmz) at failure volume (cc) Deformation
(kg) (cm)
1 0.5 45 11 0.92
2 1.0 52 1.5 1.15
3 7 20 79.5 1.7 128

Plot Mohr’s circles and determine the apparent values of shear para-
meters of the soil. [Ans.c=1 kg/cm ¢ =18.7°]
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8.13. A set of triaxial tests were performed on three samples of a
fine-grained soil. The height and diameter of each sample were 75 mm and
37.5 mm respectively. The following are the results:

Sample No. Cell Pr. Deviator load Axial Deformation
(kg/em’) (kg) (cm)
1 1.45 295 0.98
2 2.70 379 1.13
3 ? 428 1.16

Determine the missing value of cell pressure in test no. 3.

8.14. The following results were obtained from a set of consolidated
undrained tests with arrangements for pore pressure measurements:

Test No. 1 2 3

Cell Pr. (kg/cm?) 1.0 2.0 3.0
Deviator Stress (kg/om?) 1.31 1.62 1.89
Pore pressure (kg/cm ) 0.18 0.42 0.86

Determine tlie shear parameters of the soil, consxdermg (i) total stress

(i) Effective stress
[Ans. (i) ¢ = 0.46 kg/cm®, ¢ = 6.5°
, (ii)c’ = 0.42kg/cm?, ¢ = 9.8°]
8.15/ An unconfined compression test was performed on a silty clay
sampl¢/of 4 cm diameter and 8 cm height. The sample failed under a
compressive load of 23 kg and the deformation recorded at failure was 1.42
cm. A triaxial test was performed on an identical sample of the same soil. The
all round cell pressure was 1 kg/cm™ and the sample failed under a deviator
load of a 39.5 kg, The axial deformation recorded at failure was 1.18 cm. Find

out the apparent values of shear parameters (i) graphically and gn) analyti-
cally. : [Ans ¢ =0.70 kg/cm®, ¢ = 4.5 °]

8.16. A 21.5 cm long cylindrical soil sample having a diameter of 10
cin was subject to an increasing vertical compressive load. Failure occurred
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when the load reached 151 kg, and the corresponding axial deformation was
2 cm. The sample was made of clay and had the following properties :

G=267,e=069,w=26%
Determine the shéar parameters of the soil
| [Ans. ¢ =0°, ¢ = 0.77 kg/em’]
8.17. An unconfined compression test was performed on a cylindrical
soil sample having a diameter of 37.5mmand a height of 75 mm. The sample
failed at a vertical compressive load of 23.5 kg. The axial strain recorded at

fajlure was 1.16 cm and the failure plane was observed to be inclined at 53°
to the horizontal Determine the apparent shear parameters of the soil.
[Ans. ¢ = 0.68 kg/em?, ¢ = 16°]
8.18. A triaxial test was performed on a sample of dry sand having an
apparent ¢-value of 36 °. Initially, a chamber pressure of 5 kg/cm” was applied
and the deviator stress was gradually increased to 3 kg/cmz. Keeping this
deviator stress unchanged, the cell pressure was then gradually reduced. At
what value of cell pressure the sample will fail?

[Ans. 1.05 kg/cm’]

8.19. Determine the minimum lateral pressure required to prevent
failure of a soil subjected to a total vertical stress of 10 kg/cmz. The shear
parameters of the soil are givenas : ¢ = 0.3 kg/em™, ¢ =17.5".

[Ans. 4.94 kg/cm?]

8.20. A laboratory vane shear test was performed in an undisturbed
sample of soft clay. The diameter and height of the vane were 6.3 mm and
11.3 mm respectively. The sample failed under an applied torque of 110 gm
cm. The sample was then completely disturbed by rotating the vane rapidly.
The remoulded soil failed under a torque of '45 gm-cm. Determine the
undrained shear strength of the soil in the undisturbed and remoulded states
and compute its sensitivity. [Ans. 0.55 and 0.22 lnig/cm2 respectively; 2.5]

8.21. If a field vane shear test is performed on the soil mentioned in
above problem, with a vane of 11.3 cm heightand 7.5 cm diameter, determine
the torques required to fail the soil in the undisturbed and remoulded states.

[Ans. 670.6 kg-cm; 268.2 kg-cm]

9

EARTH PRESSURE

9.1. Introduction: It is often required to maintain a difference in the
elevation level of the ground on the left and right hand sides of a vertical
section. Such situations call for the construction of an earth-retaining
structure, e.g., a retaining wall or a sheet-pile wall. The earth retained by such
a structure exerts a lateral thrust which is of paramount importance in the
design of the retaining structure.

Depending on the conditions prevailing at the site, the lateral earth
pressure may be divided into the following three categories:

(i) Earth pressure at rest.
(ii) Active earth pressure.
(iii) Passive earth pressure.

9.2. Earth Pressure at Rest: Fig. 9.1 (a) shows a retaining wall, embedded
below the ground level upto a depth D, and retaining earth upto a height H.
If the wall is perfectly rigid, no lateral movement of the wall can occur. And
hence, no deformation of the soil can take place. The lateral pressure exerted
by the soil is then called the earth pressure at rest.
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The conjugate relationship between the lateral carth pressure and the
vertical overburden pressure is given by:

op = Ky'o,, or o = Ky vz -(9.1)
where KO = co-efficient of earth pressure at rest.
y = unit weight of soil
z = depth at which lateral pressure is measured.

The value of K, depends on the properties of the soil and its stress history,
and is given by:

|t et
e ..(9.2)
where, 1 = Poisson’s ratio of the soil.

9.3. Active and Passive Earth Pressures: In reality, a retaining wall is not
rigid, but flexible, i.e., it is free to rotate about its base. In Fig. 9.1(a), let
P, and Py’ be the at-rest lateral thrusts acting on the back and front faces of
the wall respectively. Due to the difference in elevation levels, Py > Pp'.
Hence, a flexible wall will yield away from the backfill. The soil wedge ABC
will then tend to slide down along the potential sliding surface BC. This
condition is illustrated in Fig. 9.1 (b). The frictional resistance Fg againstsuch
movement will act upward along BC. Its horizontal component Fyy will act in
the opposite direction to that of Py. Thus the net pressure on the wall will
decrease. Such a state is called the active state of plastic equilibrium, and the
lateral pressure is called the active earth pressure.

Simultaneously, the soil wedge DEF in front of the wall gets compressed.
The frictional resistance Fg' in this case acts along ED and its horizontal
component Fy’ acts in the same direction as that of Py'. Hence the net pressure
on the wall increases. Such a state is called the passive state of plastic
equilibrium and the lateral pressure is called the passive earth pressure.

The active and passive earth pressures are usually computed by either of
the two classical earth pressure theories, viz., Rankine’s and Coulomb’s
theory. \

9.4. Rankine’s Earth Pressvre Theory: This theory is based on the
following assumptions:
1. The soil is homogeneous, semi-infinite, dry and cohesionless.
2. The back of the wall is perfectly smooth and vertical.
3. Deformation of the wall is sufficient to create a state of plastic
equilibrium.
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4. On any vertical plane in the soil adjacent to the wall a conjugate
relationship exists between the lateral earth pressure and the vertical
overburden pressure.

This theory was later extended by other investigators to take into account
cohesive backfills and walls with battered backface.

The equation governing the relationship between the major and minor
principal stresses, acting on a soil element, is given by,

o) = 03Ny + 2c VN, (9.3)
where, N¢ = 45° + ¢/2)
¢ = angle of internal friction
¢ = cohesion.

Let us consider an infinitesimally small soil element at a depth Z below
the ground level, adjacent to a retaining wall, as shown in Fig. 9.2.

TEE

Clayey Sand

¥ =185t/m3
3m /?22 P=24° 3

t=11/m2

S
,/ Dense Sand

P
15m [//ﬁ{?, A ¥ =195+t/m3

A e=36°

Fig.9.2

o, = vertical overburden pressure on the element.

o), = lateral earth pressure on the element.

According to the fourth assumption stated above, a conjugate relation-
ship exists between.o, and o . The relationship is similar to the one

expressed by eqn. (9.3). However, the exact form of the equation depends on
the prevailing conditions, i.e., whether the backfill is.in an active state or in
a passive state.

(i) Active state :
In this case, 6; = O, and 03 = G,

But, ¢, = yz
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and, ©j = active pressure intensity = p,.
. Eqn. (9.3) gives,
Yz = p,"Ny + 2c VN,

¥ _ 2
or’ p = — ...(9.4) >
(ii) Passive state : & Y
Here, 01 = 0O and o3 = O, o ™ v
But, 0, = Y2
and, g;, = passive pressure intensity = p, -
*. Eqn. (9.3) gives, .
Pp = YzNy + 2c¢ VN \Xf -{(9.5)
9.4.1. Computation of Earth Pressure Using Rankine’s Theory :
(A) Active Earth Pressure:
(a) Cohesionless soils:
For a cohesionless soil, ¢ = 0.
.. Eqn (9.4) reduces to
¥z ¥z 1 -sin¢
Rl Ol e e e L ‘YZ e w0
g Ny tan® (45° + ¢/2) 1 +sin¢ ok
or, P, = K,z ..(9.6)
; : 1 -sin¢g
Lt ="t .97
where, K, = co-efficient of active earth pressure Ticne ©.7

Eqn. (9.6) and (9.7) can be used to compute the active earth pressure for
various backfill conditions, as discussed below:

(i) Dry or Moist Backfill with Horizonsal Ground Surface:

Fig. 9.3 (a) shows a retaining wall supporting a homogeneous backfill of
dry or moist soil, upto a height H.

At any depth 2 below the top of the wall.

Pa = BgY2
Atthe top of thewall (z=0),p,=0
At the base of the wall (z=H), p, = K,YH

>
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{a) {b)
Fig.9.3

Fig. 9.3 (b) shows the distribution of active pressure intensity. The
magnitude of resultant thrust per unit length of wall may be obtained by
multiplying the average pressure intensity by the height of the wall.

pli 0+K,yH 1
Average pressure intensity, p,, = — 5~ = -2—Ka yH
- Resultant thrust, P, = %K,, yH-H = %Ka vEP -(9.8)

Itis evident from eqn. (9.8) that the resultant thrust is given by the area
of thie pressure distribution diagram. This thrust acts through the centroid of
the triangle ABC, i.e., is applied at a height of H/3 above the base of the wall.

(ii) Fully Submerged Backfill:
This condition is shown in Fig. 9.4 (a). As the soil is fully submerged, its
effective unit weight is,
Y = Yaar = Yw
At any depth z below the top of the wall, the total active pressure is the

sum of pressures exerted by the soil and water. According to Pascal’s law, a
fluid exerts equal pressure in all directions at any given depth.

Hence, at a depth z,
P. = K, ¥z + 1,2 (9.9)
The corresponding pressure distribution diagram is shown in Fig. 9.4 (b)

(iii) Partially Submerged Backfill:
(a) Backfill having similar properties above and below water table:
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Pa

\\\I\x
:

N

H
3

T Lk arht f—¥oH —}

{a) (b)

Fig. 9.4

In Fig. 9.5 (a), the retaining wall has to retain earth upto a height H. The
ground water table is located at a depth hy below ground level. The active
pressure intensities are given by: .

Above ground water table: p, = K, yz (0 s z = hy)

Below ground water table: p, = K, viy + K, Yz +¥,2 (0 szsh,
zbeing measured from G.W.T.)

Fig. 9.5 (b) shows the corresponding pressure distribution diagram. The
resultant active thrust per unit run of the wall is given by the entire area of
this diagram. It is easier to determine the area by dividing it into a number of
triangle and rectangles. In Fig. 9.5 (b).

P, = AABD, P, = area of BCED
P; = ADEF, P, = ADFG.

Resultant active thrust,
n
P, =P +Py+Py+Py= 2 P; (9.10)
i=1
The point of application of P, can be determined by taking moments of
individual pressure areas about the base of the wall. Thus,

Py-y = Py + Pyyy + Pays + Payy
n

2 P;-y;

i=1

r n
PR
i=1

or,
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Eqns. (9.10) and (9.11) may be used to determine the resultant thrust and
its point of application corresponding to any pressure distribution diagram.

.I T G
[Kavbel  wahz JI

7 i
(a) (b)
Fig. 9.5
(b) Backfill having different properties above and below water table:

Fig. 9.6 (a) and (b) illustrate this backfill condition and the corresponding
pressure distribution diagram.

(a) {b)

Fig. 9.6
(iv) Backfill with Uniform Surcharge:

Fig. 9.7 (a) illustrates a retaining wall supporting a backfill loaded with
a uniform surcharge g. The corresponding pressure distribution diagram is
shown in Fig. 9.7 (b). From the figure it is evident that the effect of the
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surcharge is identical to that of an imaginary backfill having a heightz,, placed
above G.L., where,

z, =1 (9.12)

G/unitarea

5 Tiii}, |

Py 4

PA"T "
_T_.- )‘t-“zlr
12
X

NN

—}(Ka’.q Ka¥H 1l

{a) (b)
Fig.9.7
(V) Backfill with a Sloping Surface:

The condition is shown in Fig. 9.8 (a). The active earth pressure at any
depth z below the top of the wall acts in a direction parallel to the surface of
the backfill and is given by:

P, = K,YH

.cosB - Vcoszﬂ - oos2Q
cos f + Veos* B - cos® ¢

(vi) Wall Having an Inclined Backface:

In order to determine the active earth pressure in this case using
Rankine’s theory, the following steps should be followed (Ref. Fig. 9.9)

(i) Draw the wall section and the ground line.
(ii) Draw a vertical line through the base of the wall to intersect the
ground line at c.
(iii) Compute the length BC from:

where, K, = cos B ...(9.13)
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= /é
H
H = Pa
H/3
—
|t -
Fig. 9.8

BC = H(1 + tan 0 tan @) ...(9.14)
(iv) Determine the active pressure on this imaginary plane BC, using eqn.

(9.13).
(v) For designing the wall, compute the self-weight of the soil wedge
ABC and consider its effect on the stability of the wall separately.

Fig. 9.9

(b) Cohesive-frictional Soils:

From eqn. (9.4), the active earth pressure at a depth 2 is given by,

S~
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2
Atz =0 SR
z , Pa m;
4 _ YH " 2c
Atz = H, p, N, \/IV;
Let H_ be the depth at which pressure intensity is zero.
i SRy e P
N, VN, """ N, TN,
2cVN,
or, H, = —Y“’— .(9.15)

{a) (b)
Fig.9.10

Fig. 9.10 (b) shows the distribution of active pressure. The negative side
of this diagram (i.c., A abc) indicates the development of tension upto a depth
H._. Since soils cannot take tension, cracks will be formed in this zone. The
depth H, is, therefore, called the zone of tension crack. The resultant lateral
thrust is obtained by computing the area of the positive side of the diagram
(i.e. A cde). :

(B) Passive Earth Pressure:

(a) Cohesijonless soils:
For a cohesionless soil, eqn. (9.5) reduces to:

Pp = YZN¢

—

P ——— 2 e

223
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pp = Kpyz

co-ecfficient of passive earth pressure

or,

where, Kp
Ny = tanZ (45° + ¢/2)

1 +sing _ 1
T 1 -sing K

Fig. 9.11 (a) and (b) shows a retaining wall subjected to a passive state,

and the corresponding passive pressure distribution diagram.

N\
N
L N
[
“7 Kp¥H — —{2c/Npte— Nep¥H JI
Cohesionless Soil C- < Soil

{a) ' (b) (c)
Fig. 9.11

(b) Cohesive-frictional Soils:

From eqn. (9.5), we have,
Pp = ¥z Ny + 2¢ VN,

For the retaining wall shown in Fig. 9.11 (a),
atz=0, p,=2VN,
al z = H, pp=yHN¢+ZcW;
The corresponding pressure distribution diagram is shown in Fig. 9.11

(c).
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a) Active State

b) Passive State

L ]
Fig.9.12

9.5. Coylomb’s Earth Pressure Theory: Instead of analysing the stresses
on : soil element, Coulon}b considered the equilibrium of the failure soil
wedge as a whole. The major assumptions in Coulomb’s theory are:

(i) The soil is dry, homogeneous and isotropic.

ii) The fail 1 )
(ii) Sul’facc.ure surface formed due to the yielding of the wall is a plane

(i.ii) The failure wedge is a rigid body.
(iv) The backface of the wall is rough.
(v) The resultant thrust acts on the backface of the wall at one-third

height and is inclined to the normal o 5 3,
n the wall at
angle 8 , where, all at this point at an

6 = angle of wall friction.

‘ Based on this theory, the lateral earth pressure can be determined by the
trial and error method. As the location of the actual failure surface isy not
known, a.number of potential failure surfaces are chosen and the lateral earth
pressure is determined for each of them. The one for which the lateral thrust
reacl.les a certain extreme value (minimum for active state and maximum for
passive state) is accepted as the true failure surface, and the correspondin

lateral thrust is accepted as the active or passive thrust, as the case ;rfay be d

9.5.1 Wall friction : Th A o =1
and (b). /i e concept of wall friction is illustrated in Fig. 9.12 (a)
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Earth Pressure 225

In the active state, the wall moves away from the backfill and the failure
wedge ABC tends to move downwards. As it slides down, frictional
resistances act upward along the backface of the wall (soil-wall friction) and
the failure plane (soil-to-soil friction). In absence of the frictional force Fp ,

the active thrust P would have been acting normally on the backface. But now
the resultant P, of P and Fp, is inclined at an angle 8 to the normal on the
backface. Due to similar reasons, the soil reaction R, will also be inclined at
an angle ¢ to the normal on the failure surface.

The same arguments lead us to the conclusion that in a passive state also,
P,and R, will be inclined at angles 8 and ¢ respectively to the normals on
AB and BC. However, in the active state, the lines of action of P4 and R, lie
below the respective normals, whereas in the passive state, the lines of action
of P, and R, lie above them.

A number of graphical and analytical methods for the determination of
lateral earth pressure have been proposed on the basis of Coulomb’s theory.
The most important methods are:

Graphical method: (i) Culmann’s method
(i) Rebhann’s construction
Analytical method: (i) Trial wedge method.

For detailed descriptions of these methods, the reader may refer to-any
standard text-book of Soil Mechanics. However the application of these
methods have been illustrated in this chapter by a number of worked-out

problems.
Some of the special techniques required to enable us to solve more

complex problems involving external loads, or irregularities in the shape of
the wall or the ground surface. have also been dealt with.

EXAMPLES

Problem 9.!./ A 5 m high rigid retaining wall has to retain a backfill of dry,
cohesionless soil having the following properties: :

£y ¢ = 30°, e = 0.74,G = 268, u = 0.36.

(i) Plot the distribution of lateral carth pressure on the wall.

(ii) Determine the magnitude and point of application of the resultant

thrust.
(iii) Compute the percent change in the lateral thrust if the water table
rises from a great depth to the top of the backill. .

Solution: (i) Bulk density of the dry backfill,
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e GYw _ (2.68)(1.0)
4 1+e” 1+074

As the wall is rigid, the lateral pressure exerted by the backfill is earth
pressure at rest. '

= 1.54 t/m3.

Co-efficient of earth pressure at rest,

K= u = : =
071 -p 1-036 Dot

Atthetopofthewall (z = 0), py =0

Atthe base of thewall (z = 5m), py = Kpyz
0.5625) (1.54) (5.0)

: 4.33 t/m?
The distribution of lateral earth pressure is shown in Fig. 9.13.

(ii) Resultant lateral thrust on the wall (considering unit width),
L
2
(1/2) (0.5625) (1.54) (5.0)°
10.83 t per m run

PO = KO 'YHZ

The resultant thrust is applied at a height of 5/3 = 1.67 m above the base
of the wall.

(iii) If the water table rises to the top of the backfill, the soil will get.fully
submerged. ,

G-1._  [(268-1 2
Yaub = 7, Y= (——‘—1 s 0.74) {1) = 0.965 t/m
Resultant thrust L
1 3 1
= 5 KoYaup H”™ + EYsz /
= (1/2) (5.0)% [(0.965) (0.5625) + 1] /
= 19.28 t per m run 5m /

Per cent increase in lateral thrust

19.28 - 10.83
= W x 100% /‘ﬁ
: i
= 78%. L_ 433 “l'
Z
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Problem 9.2. A retaining wall with a smooth, vertical backface has to retain
a sand backfill upto a height of 4.5 m. A uniform surcharge of 5 t/m2 is placed
over the backfill. The water table is at 2 m below G.L. The specific gravity
of solids and the void ratio of the backfill are 2.68 and 0.82 respectively. The
soil above the water table has a degree of saturation of 10%. The angle of
internal friction of the soil, both above and below water table, is 30°.

Determine the magnitude and point of application of the resultant active
thrust on the wall.

Solution: Bulk density of the soil above water table,

_ G + se

YT Taet

L I i0.322(0.82) (1) = 1.517 t/m>
Submerged density of the soil below water table,
G -1 268 - 1
Ysub = T 7 ¢~ 1+ 082
Co-efficient of active earth pressure,
_ L sin 30°
2 = 1 + sin 30°

1) = 0923 t/m’

4
3
Active pressure due to surcharge =K, ¢ (%) (5.0) = 167 t/ m?

Active pressure at B due to moist soil above water table
- K, = (—;—) (1517) @2) = 1.01 tv/m®.
Active pressure at C due to submerged soil
Kz (—;-) (0.923) (2.5) = 0.77 t/m?.
Lateral pressure exerted by water

=Y,z = (1)(25) = 25 vm®.

The pressure distribution diagram is shown in Fig. 9.14.

The resultant active thrust is equal to the area abcde. For convenie
this area is divided into a number of triangles and rectangles. Considering

width of the wall,




228 Problems in Soil Mechanics and Foundation Engineering

St/m2

Py

i

Y1

I

I
L

167 t/m2 | 1:01 l.ﬁ-T?]L 250 /m2 |
h | 1 q

(a) (b)
Fig.9.14
Py = (1.67) (4.5) = 7.51 t yi=4572=225m
P, = (%) (1.01)(2) = 1.01 t ya= 25+ 2/3=317m
Py = (1.01)(2.5) = 252 t y3= 252=125m

1
Py = (5) .77 + 25)(25) = 409t  ys= 2.53= 0.83m

Resultant thrust P4 = P; + P, + P3 + P,

= 15,13 t perm run.

The point of application of this thrust above the base of the wall may be
obtained from eqn. (9.11).
S (7.51) (2.25) + (1.01) (3.17) + (2.52) (1.25) + (4.09) (0.83)
15.13.

. 26.64
15.13

Problem %.%A 5 m high masonry retaining wall has to retain a backfill of
sandy soil having a unit weight of 1.82 gm/ cc and an angle of internal friction
of 32°. The surface of the backfill is inclined at an angle of 10° to the
horizontal. Determine the magnitude and point of application of the active
thrust on Mall.

= 1.76 m.
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Solution: Co-efficient of active earth pressure,
CO! - Ycos* B -~ cos2
K, = cosp 56 B ¢
cos B + \/oos2 B—coszq;

L] 2 o 2 L
- 10° - 32
- (cos 10°) cos 10° - Veos® 10 COS — 0.296

cos 10° + Vcos® 10° - cos? 32°

1 2
3 KaYH

(%) (0.296) (1.82) (5)*

6.734t/m

This thrust is inclined at 10° to the horizontal (i.e., acts parallel to the

ground surface) and is applied at a height of 5/3 = 1.67 m above the base of
the wall.
Problem 9.4. A retaining wall with a smooth vertical back has to retain a
backfill of cohesionless soil upto a height of S m above G.L. The soil has a
void ratio of 0.83 and the specific gravity of soil solids is 2.68. The water
table is located at a depth of 2 m below the top of the backfill. The soil above
the water table is 20% saturated. The angle of internal friction of the soil above
and below water table are found to be 32° and 28° respectively. Plot the
distribution of active earth pressure on the wall and determine the magnitude
and point of application of the resuitant thrust.

Solution: Bulk density of the soil above water table,

Resultant thrust, P,

oG +se
1+e

2.68 + (0.2) (0.83)
1 + 0.83

Submerged density of the soil below water table, -

_G-1_ _268-1
Ysb = 70 W T 77083

Active earth pressure above water table:

Y

w

(1) = 1.55 t/m>

(1) = 092 t/m>

1 - sin 32°

Co-efficient of active earth pressure, K,,1 =TT smar - 0.307

AtA(z = 0), py = 0
AtB(z = 2m),pg = K, vz = (0.307) (1.55) (2) = 0.95 t/m?
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Active pressure below water table: In this case the upper layer (.., the
moist soil above water table) should be treated as a uniform surcharge for
which the intensity g is equal to the self-weight of the layer.

(1.55) (2) = 3.10 t/m?

q=yz =
Now, K, = %;—:;[‘% - 0.361
ALB(Z = 0), py = K, q = (0.361)(3.10) = 1.12t/m’
AtC(Z = 3m), po = K, q + Ko Ysun 2 + 1,7
= 1.12 + (0.361) (0.92) (3) + (1)(3)
=112 + 099 + 3
= 5.11 t/m’

The pressure distribution diagram is shown in Fig. 9.15 (b)

Now, P = (—;—) (2)(095) = 095t/m  y, <3 +2/3 = 3.67Tm

= (1.12) (3) = 3..36 t/m Y2 =3/2=15m
Py = % (0.9 + 3)(3) = 5.98t/my; = 3/3 = 1m
Resultantthrust Py = P; + Py + P,
= 10.29 t per m run.
ok (0.95) (3.67) + (3.36)(1.5) + (5.98) (1)

10.29
=141 m

. The resultant thrust of 10.29 t per m run is applied at 1.41 m above
the base of the wall. .

| 112 Lo99] )
1 i 1

(a) Fig. 9.15 (b)

30 t/m2 \
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Problem 9,8/ For the retaining wall shown in Fig. 9.16 (a), plot the
distribution of active earth pressure and determine the magnitude and point

of application of the resultant active thrust.

3

1 A LooseSand
m A (=160t m3, b= 25)

/]
j/,:;B Loose Sand
v2m [y, = 1B #=22°)

"‘"'d

2T
"]~ Dense Sand Pa
A Wsqr=205+/m3
23 / sat [
m *=32° 7
A
WA ,L

{a)
Fig. 9.16

Solution: Active pressures exerted by various strata are as follows:

Stratum I:
1 - sin25°
= —————— = (0.406
K"l 1 + sin25° Ol
Pa=0

Pp = K, v1 Hy = (0.406) (1.64) (1.0) = 0.67 t/m’

Stratum II: This stratum is fully submerged. While computing the active
earth pressure in this region, stratum I is to be treated as a uniform surcharge

of intensity g;, where,
g1 = 11 H; = (1.64) (1.0) = 1.64 t/m’.

1 - sin22°
Now, Ka2 = +sn2>r - 0.455

P = K, q1 =(0.455)(1.64) = 0.75 t/m’.

c = Ko, a1 + Ko, Y2 Hy + v, Hy b
= 0.75 + (0.455)(1.80 - 1.0)(1.2) + (1.0)(1.2)
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=075 + 0.44 + 12 = 239 t/m?
Stratum I1I: Equivalent surcharge

¢ =y H + Y2 H
5 = (1.64) (1.0) + (1.80 - 1.0)(1.2)
- 2.60 t/m?.

1 - sin 32°
K"3 1 + sin 32"

pc =Ko q + Y
= (0.307) (2.60) + (1.0)(1.2)
= 0.80 + 1.2 = 2,00 t/m?.
Pp = pc * K, Y3H; + v, H3
= 2.00 + (0.307) (2.05 - 1.0)(23) + (1.0) (2.3)

= 200 + 0.74 +.23 = 5.04t/m’.
The distribution of active earth pressure is shown in Fig. 9.16 (b)

Computation of forces and lever arms:
P, = (0.5)(1.0)(0.67) = 0335t/m y; = 3.5 + 10/3 = 3.83m

P, = (1.2)(0.75) = 0.90 t/m ¥y =23 + 1.2/2 = 2.90m
Ps = (0.5)(1.2) (0.44) = 0.264t/m y; = 2.3 + 1.2/3 = 2.70m
Py = 05)(12)(1.2) = 0.72t/m  y4 = 23 + 12/3 = 270m
Ps = (2.3)(20) = 46t/m ys = 23/2 = 1.15m
P = (0.5)(23)(0.74) = 0.851 t/m yg = 23/3 = 0.77m
Py = (05)(23)(23) = 2645t/m  y; = 23/3 = 0.7Tm

n

Py =Y P;=10315¢/m

= 0.307

i=1
n
S @ xy)
=0 =8 14.53
y = = = 10315 = 1.409m
2 P
=1
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Hence the resultant active thrust of 10.315 t per m run is applied at 1.409
m above the base of the wall.

Problemt 976. A retaining wall with a smooth vertical backface has to retain

a backfill of ¢ — ¢ soil upto 5 m above G.L. The surface of the backfill is
horizontal and it has the following properties:

y = 1.8t/m, c = 1.5t/m, ¢ =

\(j)’?lot the distribution of active earth pressure on the wall.

\( Determine the magnitude and point of application of active thrust.
1 Determine the depth of the zone of tension cracks.

(IV) Determine the intensity of a fictitious uniform surcharge, which, if
placed over the backfill, can prevent the formation of tension cracks.
(v) Compute the resultant active thrust after placing the surcharge.

Solution: The wall section is shown in Fig. 9.17 (a)

21.3

e —f243 }—

A S

2'94 m [ ® |
b c o e
¢ b 35{;3;‘;
(a) (b)
Fig. 9.17

For a ¢ - ¢ soil, the intensity of active earth pressure at any depth z is
given by:

R, Al
Ny VN,

Here, N, = tan® (45° + 12°/2) = tan?51° = 1.525
and, VN, = 1.235
At the top of the wall (z = 0),
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2c (2) (1.5) 2
Pa = - = - = —243t/m".
VN, 1.235

At the base of the wall (z=5 m),

_ @8 G) 2as) _ 2
PB = Ns35 T 1235 - >AIvm

The pressure distribution diagram is shown in Fig. 9.17 (b).

The depth of the zone of tension crack is given by,

2 VN,

C ’

Y
or, Hc = u!—u'"—lz 1.51 81.235 = 2.06 m.

The resultant active. thrust is given by the part abc of the pressure
distribution diagram.

P, - (%) (294) 3.47) = S.10UM?

The point of application of P, is located at 2.94/3 = 0.98 m, above the
base of the wall. ' v

The maximum negative pressure intensity developed at the top of the
wall =—-2.43 t/m2. Evidently, the formation of tension cracks can be prevented
by placing a surcharge g on the backfill which can neutralise this negative
pressure.

Now, after placing the surcharge g, the vertical stress o, at any depth Z
is given by,

o, =4q + Yz

_qry _ 2 (i)

2
Atz =0, PA=#;‘7§—;

But the magnitude of g is such that, atz=0, p4 =0,

g4 _ 2%k _
Ny YNy
or, q = 2 VN, = (2)(1.5)(1.235) = 3.7 t/m’.
_9+tyH 2

Again, atz = H, ps = N¢ m
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_37+(18)6)  @0S) )
P50 e B o

' The pressure distribution diagram after placing the surcharge is shown
in Fig. 9.17 (c). The resultant active thrust in this case is given by,

P4 =(0.5)(5.9X5) =14.75 t/m, applied at a height of 5/3 = 1.67 m above
the base.

Problem 9.7.- A tetaining wall of 5 m height has to retain a stratified backfill
as shown in Fig. 9.18 (a). Find out the magnitude of total active thrust on the
wall and locate its point of application.

Solution: (i) Sandy silt layer:
Ny = tan” (45° + 20°/2) = 2.04

VN, = 1438
(2) (1.0 2
A= - Srae ts 1.39 t/m".
_ (18519 @a.0) 2
Pp 204 q4sg - ooV
2)(1.0) (1.
He - QUOAHD
(ii) Loose sand layer:
K= ﬂ(}. = 0.33

% 1 + sin30°
Equivalent surcharge intensity, g; = (1.85) (1.9) = 3.51 t/m>
ps = K, q1 = (0.33)(351) = 1.17t/m”.

pc = K, a1 + K, v, Hy = 117 + (0.33) (1.72) (1.0)

”

117 + 057 = 174 t/m>.
(iii) Dense sand layer:

4 1 - sin36°
% 1 + sin36°

Equivalent surcharge intensity, g = (1.85)(1.9) + (1.72)(1.0) = 5.23 t/m?
pc = K, @ = (0.26) (5.23) = 1.36 t/m’

= 0.26

bp = Ka3q2 + KaSY3H3
= 1.36 + (0.26) (1.88) (1.6)
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= 1.36 + 0.78 = 2.14t/m’
Computation of forces and lever arms:

2
\ Sandy Sitt ) i
; ¥= 185 t/m’ :
= 1‘0 ”m2 _L_
g ®=20° 0-35m
L oose Sand T
¢ ¥=172t/m3 =30
Pa
Dense Sand
¥ =188¢+/m3
®=36° N
L |
D I 136 |0-78 l
{a) {b)
Fig.9.18
P; = (0.5) (0.35) (0;33) = 0.06t/m, y; = 2.6 + 0.35/3 = 2.72m
P, = (1.17)(1.0) = 1.17/m, yo =16 + 1.0/2 = 210m
Py = (0.5) (1.0) (0.57) = 0.29t/m, y; = 1.6 + 1.0/3 = 1.93m
Py = (1.36)(1.6) = 2.18t/m, ys = 1.6/2 = 0.80m
Ps = (0.5)(1.6) (0.78) = 0.62t/m, ys = 1.6/3 = 0.53m

n

Y P =432t¢m
i=1 :

n
D> ®ixy)
S i=t N 5.25
y " - 4.32
DR

i=1

= 1216 m

Problem 9.8. A 4 m high retaining wall has a backface inclined at a positive
batterangle of 8°. Thebackfill (y = 1.78t/ m> , & = 30°)isinclined upwards

]
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at 10° to the horizontal. The angle of wall friction is 20°. Determine the total
lateral pressure exerted by the backfill, using:

(a) Culmann’s method

(b) Rebhann’s method.

Solution: (a) Culmann’s method: Fig. 9.19 illustrates the solution of the

problem by Culmann’s method. The procedure is explained below:
(i) The backface AB is drawn o a scale of 1 : 100.
(ii) The ground line AC, ¢ line BC and ¢ line BX are drawn. Here,
P =90° - (& + 0) = 90° - (20° + 8) = 62°.
(iii) The points Dy, D5, ..., Dg are chosen on AC at equal intervals of 1
m. BDy, BD,, ..., BDg are joined.

(iv) From B, BN L AC is drawn. Its length is measured and is found to

be 4.06 m.
Alternatively, BN = BA - cos (o - B) = H- cos c(; ; B)

r (4.0) cos (10° - 8°)
cos 10°

(v) Considering unit width of the wall, the selffv&eights of various
wedges are computed. For example,

= 4.06 m

2
= (0.5) (1.0) (4.06) (1.78) = 3.61 t perm.
Weight of the wedge ~

ABD, = W, = 2W; = (2)(3.61) = 7.22/m.
Similarly, W = 10.83 t/m, Wy = 14.44 ym, Ws = 18.05 ym
W = 21.66 t/m, Wy = 25.27 t/m, Wy = 28.88 t/m.

(vi) Using a vector scale of 1 cm = 3.61 t/m, the weights of various
wedges are plotted along BC, and the points Cy, Cy, ..., Cg are
obtained. .

(vii) From Cy, Cy E; || BX is drawn to intersect BD; at E;.

(viii) Similarly, a number of lines are drawn parallel to the 1y-line BX from
the points Cy, C3, ..., Cg, and the corresponding intersection points
E,, Es, ..., Eg with BD,, BD;, ..., BDg respectively are located.

(ix) The pressure curve is obtained by joining E1, Ey, ..., Eg by a smooth
curve.

Weight of the wedge ABD; = W = e -AD{-BN -y
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(ix) A tangent to this curve 18 drawn at E, such that CE denotes the
maximum ordinate of the pressure curve. BE is joined and extended
to intersect the ground line at D. BD is the failure plane.

The magnitude of the resultant active thrust is given by the distance CE,

the length of which is found to be 1.58 cm.

P, = (1.58) (3.61) = 5.70 t/m.

(b) Rebhann’s method: Fig. 9.20 illustrates the solution by Rebhann’s
method. The procedure is as follows:

(i) The backface is drawn to a scale of 1: 100,
(ii) The ground line AC, ¢-line BC and y-line BX are drawn.
(iii) A semi-circle is drawn with BC as diameter.
(iv) From A, AE || BX is drawn to intersect BC atE.
(v) FE 1 BC is drawn to intersect the semi-circle at F.
(vi) With B as centre and BF as radius, an arc FG is drawn. It intersects
BC atG.
(vii) From G, GH || BX is drawn to intersect ACatH.
(viii) With G as centre and GH as radius, an arc HI is drawn to intersect
BCatl.
(ix) Hl is joined.
(x) HJ L BC is drawn.
The total lateral thrust is now given by,

P, = weight of the soil wedge HIG

1
= ~.GI-HJ-
2 T-HJ -y

= (0.5)(2.76) (2.35) (1.78) = 5.77 t/m.
Problem 9.9. A gravity retaining wall with a rough backface having a
positive batter angle of 10", has to retain a dry, cohesionless backfill upto 4.5
m above G.L. The properties of the backfill are :
y = 17kN/m’, ¢ = 25

The top of the backfill is sloped upwards at 20" to the horizontal. The angle
of wall friction may be taken as 15°. Determine the total active thrust on the
wall by Rebhann’s construction. ;

Solution: This problem cannot be solved by the conventional
Rebhann’s method, as the ground-line and ¢-line will meet at a great distance
(- P is nearly equal to ¢ ). However, certain modifications over Rebhann’s
method will enable us to solve the problem. The solution is presented in Fig.
9.21, while the procedure is explained below :

(i) The backface of the wall, AB, is drawn to a scale of 1 : 80.
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Fig. 921

(ii) The ground-line AC, ¢-line BD and y-line BX are drawn.
Here,y = 90 - (10° + 15°) = 65°
(iii) An arbitrary point E is taken on BD.
(iv) A semi-circle is drawn with BE as diameter.
(v) EF || AC is drawn. It intersects AB at F.
(vi) FG || BX is drawn. It intersects BD at G.
(vii) GH L BD is drawn. It intersects the circle at H.
(viii) With B as centre and BH radius, an arc HI is drawn to intersect BD
atl.
(ix) FIis joined.
( x) AJ || FI is drawn. AJ intersects AD atJ.
(xi) From J, JK || BX is drawn to intersect AC at K.
(xii) With J as centre and JK as radius, an arc KL is drawn fo intersect

BD atL.
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(xiii) KL is joined.
(xiv) From K, KM L BD is drawn.

1
weight of the soil wedge JKL = ) -KM-LJ -y

(0.5) (3.0) (3.3) (17) = 84.2 kN/m.

Problem9.10. Determine the magnitude of the resultant active thrust exerted
by a cohesionless backfill on a 4.0 m high retaining wall having a backtace
inclined at 10° to the vertical. The top surface of the backfill is inclined to
the horizontal at 25 The unit weight and angle of internal friction of the
backfill are 1.8 t/m and 25° respectively. The angle of wall friction may be
taken as 15°.

Solution: In this case, the ¢p-line and the ground line are parallel to each
other (since B = ¢ = 25°) and will never meet each other. The final soil
wedge may be constructed anywhere on the ¢-line.

With reference to Fig. 9.22, the procedure is explained below :

C .

NOW, PA

Fig. 9.22
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(i) The backtace AB, ground line AC, ¢-line BD and y-line BX are
drawn as usual. Here,p = 90° - 10° - 15° = 65°,
(ii) An arbitrary point E is taken on the ¢~line.
(iii) EF || BX is drawn to intersect AC at F.
(iv) With E as centre, an arc FG is drawn to intersect BD at G.
(v) FG is joined. A EFG is the pressure triangle.
(vi) FH 1 BD is drawn.

Now, P, = weight of the wedge EFG

%-GE-FH-Y

(0.5) (4.28) (3.90) (1.8)
15.02 t/m run. S

Problem 9.11. It is required to construct a gravity retaining wall to retain a
sand backfill upto a height of 3.5 m. The wall is required to have a backface
which is battered at 10°. The surface of the backfill has an upward slope of
8° and carries a uniform surcharge of 1 t/m’. The unit weight and angle of
internal tsnctlon of the backfill are 1.80 t/m> and 33° respectively. Determine
the total active thrust on the wall.

Solution: As the value of angle of wall friction has not been supplied,

we will dssume, = 2¢ = (2/3)(33°) = 22°

The uniforin surcharge placed over the backfill may be replaced by an
equivalent soil layer which will exert the same vertical stress on the backfill.
The height of this equivalent soil layer is,

1.0
h, =4 5
e Y~ 180 = 0.56 m.
The problem can now be solved by Rebhann’s method, with a few
modifications as explained below :

(i) The backface AB, ground line AC, ¢-line BC and P-line BX are
drawn as usual.

(i) From 4, a vertical line AA’ is drawn and the distance AA| is laid off
from it such that, AA; = i, = 0.56 m.

(iii) Through A;, A;C; is drawn parallel to the ground line to intersect
the ¢ -line at C;. AB and AC, are projected backwards to meet at
Aj.AxB and AyC, will now be treated as the modified backface and
the ground line respectively.

The problem is then solved by Rebhann’s construction in the usual
manner. With reference to Fig. 9.23, the resultant active thrust,
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"'2‘| e e ——————————————————?\C/E‘
[hanm /k = 2/m2 AL &
- I J el l.LJ_J.!J_J_I_L_J._‘I:J_l.I.U.T..LJ'_Ll%Jﬂ'I_C '\\

=

Fig.9.23

Py

weight of the wedge FGH = % -FH-GI -y

(1/2) (2.73) (2.32) (1.80) = 5.70 t per m run.
Problem 9.12. A retaining wali has to support a homogeneous backfill upto
3.6 m above G.L. A long brick wall, 375 mm thick and 3.5 m high, runs
parallel to the retaining wall at a horizontal distance of 2.8 m from the top
comer of the back of the wall. Determine the total lateral thrust on the wall,
given, ,

y=18t/m>, $=30°,c=0 a=78,p=6,05=15.

Solution: Unit weight of brick masonry = 1920 kg/ms.

.. Self-weight of the brick wall per metre run

=(0.375) (3.5) (1920) = 2.52 t.

The brick wall acts as a concentrated linear load on the backfill. The
problem can be solved by Culmann’s graphical method. The solution is
presented in Fig. 9.24 and the step-by-step procedure is stated below :

Earth Pressure
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Fig. 9.24
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(i) The backface AB, ground line AC, ¢-line BC and p-line BX are
drawn as usual. Here,yp = a - & = 78 - 15° = 63°.

(ii) A number of points, Cy, Cs, ..., Cs are chosen on the ground line and
BC, through BCs are joined. These points are chosen in such a way
that the line of action of the linear load passes through one of them.

In the present problem, these points are chosen at equal intervals of
1.41 m.

(iii) Self-weight of the trial failure wedges are now computed.

Altitude of each wedge, h = AB - cos (12° - 6°) = %?)132?“

= (3.6) (cos 6°)/cos 12° = 3.66 m
... Self-weight of each wedge = (1/2) (1.41) (3.66) (1.8) = 4.64 t/m.
Vector scale chosen : 1 cm = 4.64 t/m.

(iv) Lay-offthe distances BD; and BD, from BC, using the chosen vector
scale, to represent the self-weight of ABCy and ABC, respectively.
Just after crossing C,, the linear load comes into action, and has to
be added to the self-weight of ABC, and all subsequent soil wedges.
From D; lay off the distance DD’ to represent the linear load.

i.e., D2D2I = 3—56% = 0.54 m.

(v) The distances D,'D3, D3D4 and D4Ds are laid off to represent the
weight of the wedges C,BC3, C3BC, and C4BCjs respectively.

(vi) From Dy, D,, Dy, ..., D5 a number of lines are drawn parallel to
Y-line to intersect BCy, BC,, ..., BCs at Eq,E;, E;', ..., Es

respectively.
(vii) The pressure curve is drawn. A tangent to this curve is drawn at
E,', which is the farthest point from the ¢-line.
2 p

BC; represents the potential failure plane.
By measurement, E;'D," = 1.37 cm.
... Total lateral thrust = (1.37) (4.64) = 6.36 t/m.
Problem 9.13. A 5 m high gravity retaining wall has to retain a cohesionless

backfill (y = 19kN/ m3, ¢ = 33°) upto a height of 5 m. The backface of the
wall has a positive batter angle of 12°, and the ground surface has an upward
inclination of 15°. The angle of wall friction is 20°. Determine the total active
thrust by the trial wedge method.

Solution: Fig. 9.25 (a) shows the section of the wall, drawn to scale.
The ground line AC and the ¢ -line BD are drawn.
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Fig. 9.25
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Equal distances AC; = C{C) =...= C4Cs = 1.5 m are laid off from
AC. The lines BCy, BC,, ..., BCs are joined. These are the trial failure lines.
Let W, W,, ..., Ws be the self-weights of the wedges ABC,, C1BC,, ...,
C4BCs. According to the construction, W) = W, =...= Ws = W(say).

Altitude of each wedge = BN = 5.15 m.

- Wy = (1/2) (1.5)(5.15) (19) = 73.4 kN/m.

For each wedge, the resultant active thrust acts at an angle 8 = 20°, to
the normal to the backface of the wall.
Again, for the failure planes BCy, BC,, ..., BCs, the resultant soil re-

actions Ry, Ry, ..., Rs are inclined to the normals on the respective planes at,
¢ = 33°

Construction of Force Triangles :

Let us consider the first trial wedge ABC. The forces acting on it are :

(i) Self-weight W, (both magnitude and direction are known).
(ii) Soil reaction Ry (only the direction is known).

(iii) Wall reaction PAl (this is equal to the resultant active thrust on the

wall and only its direction is known).

Let us choose a suitable vector scale. A vertical line a;1b, is drawn to
represent Wy in magnitude and direction. From a;, a;cy is drawn parallel to
the direction of P4, while from by, b;c, is drawn parallel to Ry. They intersect
at ¢y, and the force triangle a; bic; is closed. a;cy now represents the lateral
thrust for the trial failure plane BCy, in magnitude and direction.

Force triangles for all other trial wedges are constructed in a s1m1]ar
manner. Note that for each wedge,
(i) The magnitude of W and P, change, but their directions do not.

(ii) Both magnitude and direction of R change.

In order to compute the actual value of the resultant thrust and to locate
the corresponding potential failure plane, a pressure curve is drawn as
follows:

(i) Atany height above AC, DDs || AC is drawn.
ii) At Cy, C,, ..., Cs the lines ECq, E5Cy, ..., EsCs are drawn
o =2 S 1%1, &2%2 5%-5
perpendicular to AC.
iii) The distances E{Dy, E»D», ..., EsDs are 1aid off from those normals,
1&1, £2L72 S

to represent PA1’ PAz’ | PA5 to the chosen vector scale.
(iv) The points E;, E,, ..., Es are joined by a smooth curve. This is the
pressure curve.
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(v) At E, a tangent XEY is drawn to the curve, making it parallel to
AC. The distance of this tangent from DE gives the maximum
value of P,.

(vi) From E, draw EC' LAC'. Join BC', which now represents the
potential rupture plane.

From Fig. 9.25 we get, P4 = 113.5 kN/m.

EXERCISE 9

9.1. A retaining wall of 4 m height and baving a smooth vertical back has
to retain a sand backfill having the following properties:

y = 185t/m’ ¢ = 30"
(i) Determine the total active thrust exerted by the backfill on the wall.
(ii) Determine the percent change in active thrust, if the water table rises
from a great depth to a height of 2 m above the base of the wall.
[ Ans. (i) 4.93 t/m (ii) Increases by 27.2% ]

9.2. A 6 m high earth fill is supported by a retaining wall with a smooth
vertical backface and carries a surcharge of 30 KN/m’. The angle of internal
friction of the fill soil is 30°, while its bulk density is 17.5 KN/m?>. Plot the
distribution of active earth pressure on the wall. Also determine the magnitude
and point of application of the resu:tant thrust.

[ Ans. 165 kN/m, applied at 2.36 m above base ]

9.3. A vertical retaining wall has to retain a horizontal backfill upto a
height of 4 m above G.L. The properties of the backfill are :
=0,¢=28,G =268 w=11%, s = 55%, u = 0.5
If the wall is rigidly held in position, what is the magnitude of active
thrust acting on it? [ Ans. 15.5 t/m ]

9.4. With reference to Problem 3, determine the percentage changes in
active thrust if the wall moves :
(i) towards the backfill
(ii) away from the backfill
Assume that, the lateral movement of the wall is sufficient to bring about
a state of plastic equilibrium.
[ Ans. (i) Reduces by 63.9% (ii) Increases by 176.9% ]

9.5. A masonry retaining wall, 5.5 m high, retains a backfill of cohesion-
less soil, having a horizontal top surface. The soil has an angle of internal
friction 0f 27.5°, a void ratio of 0.83, and the specific gravity of solids is 2.65.
The water table is located at 2.2 m below the top of the wall. Above the water
table, the average degree of saturation of the soil is 10%. Plot the distribution
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of active earth pressure and compute the magnitude and point of application
of the resultant thrust. [ Ans. 12.56 t/m applied at 1.58 m above the base ]

9.6. A cohesionless backfill, retained by a S m high retaining wall with

a smooth vertical back, is bounded by a horizontal surface. The water table

is at2 m below the top of the wall. Above the water table, the angle of internal

friction and bulk density of the soil are 18 KN/m? and 30° respectively. Below

the water table, the bulk density increases by 10% while the friction angle
decreases by 20%. Determine the resultant active pressure on the wall.

i [ Ans. 97.9 kN/m ]

9.7. A retaining wall having a smooth vertical back retains a dry,
cohesionless backfill. State, giving reasons, how the active earth pressure
exerted by the backfill will change in each of the following cases:

(a) the backfill becomes saturated due to capillary water, while the
ground water table remains below the base of the wall.

(b) the ground water table rises above the base, but there is no capillary
water.

(<) the given backfill is replaced by a cohesionless soil having :

(i) same unit weight but greater angle of internal friction.

(ii) same angle of internal friction but greater unit weight.

(iii) same unit weight and angle of internal friction, but having a small
apparent cohesion.

'9.8. Compute the total active thrust and its point of application for the
retaining wall shown in Fig. 9.26. The wall has a smooth backface.
[ Ans. 3.6 t/m, 0.90 m above the base]

T T
7 Clayey Sand
¢ ¥=185t/m3
2im P=24°

C=1t/m2
—‘L_.

Dense Sand
1-5m ¥=195+/m3
ALY b= 36°

Fig. 9.26

9.9. A smooth vertical retaining wall has to retain a backfill of

cohesionless soil uptoa heightof 4 m above G.L. The properties of the backfill
are :

Yy = 19kN/m3, ¢ = 36°
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" (a) Determine the active thrust on the wall if the backfill has a horizontal
top surface. i
(b) Determine the percent change in the active thrust if, instead of being
horizontal, the backfill is now sloped upwards at an angle of 15° to the
horizontal. [ Ans. (a) 39.52 kN/m. (b) Increases by 8.85% ]

9.10. A masonry wall has to retain a cohesive backfill having an
unconfined compressive strength of 4 tm? and a bulk density of 1.72 gm/cc.
The overall height of the wall is 6 m. Determine :

(i) the depth upto which tension cracks will be extended.

(ii) the magnitude and point of application of the active thrust.

[ Ans. (i) 2.32 m (ii) 11.63 kN/m at 1.23 m above base]

9.11. With reference to Problem 9.10, determine the minimum intensity
of a uniform surcharge, which when placed over the backfill, will prevent the
formation of tension cracks. [ Ans. 3.08 t/m ]

9.12. A 5 m high masonry retaining wall with a vertical backface retains
a horizontal backfill of dry sand having y-= 20 kN/m3 and ¢ = 32°. Compute
the resultant active thrust on the wall by :

(i) Rankine’s theory

(ii) Coulomb’s theory, using the trial wedge method.

Which one of the results is more realistic and why?

[ Ans. (i) 76.75 kN/m (ii) 79.3 kN/m, assuming & = % ]

9.13. An R.C.C. retaining wall, having a backface inclined to the vertical
at 10°, has to retain a horizontal backfill of dry sand upto a height of 5.2 m.
The soil has a unit weight of 17.5 kN /m3 and an angle of internal friction of
28°. The angle of friction between soil and concrete may be taken as 18°.
Determine the point of application, direction and magnitude of the active
thrust. Use the trial wedge method.

[ Ans. 98 kN/m, at 18" to the normal on the backface]

9.14. Solve Protlem 9.13 graphically, using :
(i) Culmann’s method. '

(ii) Rebhann’s construction.

9.15. A gravity retaining wall has to retain a 6 m high backfill of dry,
cohesionless soil (y = 19 kN/m3, ¢ = 36°) having a surcharge angle of 8°.
The back of the wall has a positive batter angle of 10°. The backfill carries a
linear load of S t/m, running parallel to the wall, at a distance of 3 m from the
top of the backface, measured along the ground. Compute the total active
thrust on the wall by Culmann’s method. Locate the point of application and

direction of this thrust. Assume, d = %4). { Ans. 155 kN/m]
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9.16. Compute the total active thrust exerted by the backfill on the
retaining wall system shown in F ig. 9.27. Locate the position of the potential

rupture surface.
Tso(:r 7

Clean Sand

(¥ = 19kN /m3,
®=33%c=0)
10°
Fig. 927

9.17. The backfill placed behind a 5 m high masonry retaining wall
consists of a partially saturated clayey silt, having the following properties:

unit weight = 18.5 kN/m>

cohesion = 10 kN/m?

angle of intemal friction = 21°

angle of wall friction = 12°

adhesion between soil and wall = 8 kN/m?>
surcharge angle of backfill = 10°

The back of the wall is inclined to the horizontal at 80°. Determine the
magnitude and direction of the active thrust by the trial wedge method. Also
determine the depth to which tension cracks will be extended.

[Ans. 27.5kN/m run ; 1.57 m]

9.18. A retaining wall, 4.5 m high and having a positive batter ang}e of
15°, has to retain a cohesionless backfill having a unit weight of 1.95 t/m> and
an angle of internal friction of 31°, Using Rebhann’s method, determine the
magnitude of lateral thrust on the wall, if the surcharge angle of the backfill
is:

(i) 10° (ii) 25° (iii) 31°.
9.19. A 4 m high retaining wall with a vertical backface was constructed
to retain a backfill of loose sznd with a horizontal top surface flushed to the

top of the wall. Laboratory investigations revealed that the sand had the
following properties:
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¢ =25,G =265 e=105s5s=0

The back of the wall is relatively smooth. Compute the total active earth
pressure exerted by the backfill using any suitable theory.

A few months after construction, the backfill was thoroughly compacted
and consequently, its ¢ -value increased to 32°. However, the top surf.'fce of
the backfill was depressed by 80 cm. Determine the percent change in the
total active earth pressure.

9.20. A 4 m high earth-retaining structure having a smooth vertical
backface retains a backfill having the following properties:

¢ =2t/m’ ¢ = 22°, y = 1.85 t/m?

Plot the distribution of passive pressure on the wall and determine the
magnitude and point of application of the total lateral force.
o < [ Ans. 56.3 t/m ; 1.61 m above the base ]
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STABILITY OF SLOPES

10.1 Introduction: A slope in a soil mass is encountered when the
clevation of the ground surface gradually changes from a lower level to a
higher one. Such a slope may be either natural (in hilly region) or man-made
(in artificially constructed embankment or excavations).

The soil mass bounded by a slope has a tendency to slide down. The
principal factor causing such a sliding failure is the self-weight of the soil.
However, the failure may be aggravated due to seepage of water or seismic
forces. Every man-made slope has to be properly designed to ascertain the
safety of the slope against sliding failure.

Various methods are available for analysing the stability of slopes.
Generally these methods are based on the following assumptions :

1. Any slope stability problem is a two-dimensional one.

2. The shear parameters of the soil are constant along any possible slip
surface.

3. In problems involving seepage of water, the flownet can be
constructed and the seepage forces can be determined.

10.2 Stability of Infinite Slopes: In Fig. 10.1, X-X represents an infinite
slope which is inclined to the horizontal at an angle 8. On any plane YY
(YY || XX) at a depth z below the ground level the soil properties and the
overburden pressure are constant. Hence, failure may occur along a plane
parallel to the slope at some depth. The conditions for such a failure may be
analysed by considering the equilibrium of the soil prism ABCD of width b.

Considering unit thickness, volume of the prism V = zb cos B

and, weight of the prism, : W = y2b cos B
Vertical stress on YY due to the self-weight.
o, = % = yz cos f§ ...(10.1)

This vertical stress can be resolved into the following two components :

O =0, cosB = yz cos® B ...(10.2)
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and, T =0, sinf = yz cos Bsinf ...(10.3)
Failure will occur if the shear stress T exceeds the shear strength T of
the soil. The factor of safety against such failure is given by,

Fig. 10.1.

F = .(10.4)

e

@ohesionless soils:  We have from Coulomb’s equation,
T=¢+Ofan ¢

For a cohesionless soil, ¢ =0,

s Tp = Otan ¢
Substituting in eqn. (10.4)
F= cgtang¢
T

Again, substituting the expressions for ¢ and t.

2
_ yzcos"B-tan ¢ _ fan¢ (105
" yzcosPsinf  tanP /1 (103)
When ¢ = f, F = 1. Thus a slope in a cohesionless soil is stable till

B = ¢, provided that no external force is present.
g( )

ii) )¢ — ¢ soils: In this case, the factor of safety against slope failure
is giverl by,
c + Gtan ¢

T

F=

_c+73z cos’ B tan ¢ .(10.6)
"~ yz cos Psin P ; /

or,
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_Let H_ be the critical height of the slope for which F = 1 (ie,tr = 7v)
YH. cosB sinf = c + yH, coszﬂ tan ¢ »

c
i Y cos B (cos B tan ¢ — sin B)

or, H, = — € .(10.7)

Y cos? B(tan¢ - tan B)
Eqn. (10.7) may also be written as :

or,

Y;{ = cos’ B (tan B - tan ¢) .(10.8)
or, S, = cos? B(tan f - tan ¢) ...(10.9)

where, S, is a dimensionless quantity known as the stability number and is
given by :

c
S, = Y,

.(10.10)

If a factor of safety F, is applied to the cohesion such that the mobilised
cohesion at a depth H is,

C = 1% (10.11)
c

¢ c
Then, o gt L
en S, YH = F.yH

From eqns. (10.10) and (10.12), we get,

+(10.12)

< N hie
YH., F.yH
H_
or, Fc=F'FH

Hence, the factor of safety against cohesion, F,, is the same as the factor
of safety with respect to height, Fy; .

10.3 Stability of Finite Slopes: In case of slopes of limited extent, three
types of failure may occur. These are: face failure, toe failure and base failure
(Fig. 10.2 a, b and c respectively).

Various methods of analysing the failure of finite slopes are discussed below.

10.4 Swedish Circle Method: In this method, the surface of sliding is
assumed to be an arc of a circle.

Stability of Slopes

777;;733;7?’7? P A
a) Face b) Toe ) Bu.se
Failure Failure Failure
Fig. 10.2

(a)2 Purely cohesive soils: Let AB represent the slope whose stability has
to be investigated. A trial slip circle ASIC is drawn with O as centre and OA
= OC =R as radius.

Fig. 103

Let Wbe the weight of the soil mass AS;CB acting vertically downwards
through the centre of gravity and c be the unit cohesion of the soil. The
self-weight tends to cause the sliding: while the shear resistance along the
plane AS;C counteracts it.

Now, arclength AS;C = R-0
where, @ = LAOC (expressed in radiansy
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.. Total shear resistance along the plane AS;C = ROc¢
Restoring moment = shear resistance x fever arm
or Mg =ROc xR =R0c ..(10.13)
Considering unit thickness of the soil mass,
W=A-1-y=Ay

unit weight of the soil
cross—sectional area of the sector AS|CB.

where, ¥
A

The areaA can be determined either by using a planimeter or by drawing
the figure to a proper scale on a graph paper and counting the number of
divisions of the graph paper covered by the area.

Now, disturbing moment, M; = W-d

where, d = lever arm of W with respect to O.

The distance d may be determined by dividing the area into an arbitrary
number of segments of small width, and taking moments of all these segments
about O.

Thus, the factor of safety against slope failure,

Mg cR*®
PR ¥ .(10.14)

A number of trial slip circles are chosen and the factor of safety with
respect to each of them is computed. A curve is then plotted to show the
variation of factor of safety with various slip circles (the curve F; F, F3 in
Fig. 10.11). The slip circle corresponding to the minimum factor of safety is
identified from this curve. This is the potential slip surface, and the
corresponding factor of safety is the factor of safety against failure of the slope
AB.

(b) Cohesive frictional soils: With reference to Fig. 10.4, a trial slip
circle AS;C is taken and the sector AS;CB is divided into a number of vertical
slices, preferably of equal width. The forces acting on each slice are:

(i) Self-weight, W, of the slice, acting vertically downwards through the
centre of gravity. Considering unit thickness of the slice,

W=yxb, xI, ..-(10.15)

where, b, and, represent the average height and length of the slice

=

respectively.

(ii) The cohesive force, C, acting along the arc in a direction opposing
the probable motion of the sliding soil.

Stability of Slopes

where, ¢ = unit cohesion,

I, = average length of slice

(iiii) Lateral thrust from adjacent slices, Ey and Eg . Insimplified analysis
it is assumed that, E; = Ep . Hence the effects of these two forces are
neglected. ; o

(iv) Soil reaction R across the arc. According to the laws of friction, when
the soil is about te slide; R will be inclined to the normal at an angle ¢.

(v) The vertical stresses, V; and Vg, whichare equal and opposite to each
other and hence need not be considered. _

The weight W is resolved into a normal component N and a tangential
component T. For some of the slices T will enhance the failure, for the othe.rs
it will resist the failure. The algebraic sum of the normal and tangential

components are obtained from :

ST = Z(Wsina) ..(10.17)
and, IN = Z(W cos o) ..(10.18)
Now, driving moment, Mp=RZT ..(10.19)
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and, Restoring moment, Mp =R[cZAl + ZN tan¢]
But . X Al = total length of arcAS;C = R0

Mg = R{cR6 + ZNtan¢] : ..(10.20)
.. Factor of safety,

e Mg R[cR6 +ZINun¢]
T Mp " RZT

cRO + TNtan¢
F = ..(10.2
or, v > (10.21)

A number of trial slip circles should be considered and the factor of safety
for each should be determined. The one corresponding to the minimum factor
of safety is the critical slip surface. ,
10.5 Method of Locating the Centre of the Trial Slip Circle: The number
of trials required to find out the critical slip circle can be minimised by an
empirical method proposed by Fellenius. According to him, the centre of the
critical slip circle is located on a straight line PQ, which can be obtained as
follows : : ' '

(i) Draw the given slope AB and determine the slope angle, 8.

(ii) Determine the values of the angles a; and a (Fig. 10.5) from Table
10.1. : e :
(iii) From A, draw AP at an angle of o; to AB.

A—

4'SH
Fig. 10.5
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(iv) From B, draw BP, making it inclined to the horizontal at op. BP and
AP intersect at P, which is a point on the desired line PQ.

(v) The other point Q is located at a depth H below the toe of the slope
and at a horizontal distance of 4.5 H away from it. Locate this point and join
PQ. The centre of the critical slip circle will be located on PQ.

Table 10.1

Slope Slope angle (B) Values of angles

(V:H) 5 %,
1:0.58 60° 29° 40°
1:1 45° 28° r
121.5 33°48' 26° 35°
1:2 26°36 25° 35°
1:3 18°24 25° 3s5°
1:5 11°18’ 25° 27°

16.8 Friction Circle Method: This method is based on the assumption that
the resultant force R on the rupture surface is tangential to a circle of radius
Y = Rsin ¢ which is concentric with the trial slip circle. Various steps
involved are given below :

1. Draw the given slope to a chosen scale.

3. Select a trial slip circle of radius R, the centre of which is located at
O (Fig. 10.6 a)

3. Compute r (= R sin ¢) and draw another circle of radius r, with O as
the centre.

4. Now consider the equilibrium of the sliding soil mass under the
following forces :

(i) Self-weight W of the sector ABCD.
(ii) The cohesive force C along the plane ADC, the magnitude and
direction of which can be computed as follows :

Let ¢ be the unit cohesion. The arc ADC is divided into a number of
small elements. Let Cy, Cy, ....., C, be the mobilised cohesive forces along
them.

The resultant C of these forces can be determined by drawing a force
polygon.

Now, the mobilised unit cohesion, ¢, , is given by :
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(a)

(b)
Fig. 10.6
ey :
iy Fc ...(10.22)
where, F,_ = factor of safety with respect to cohesion.
The cohesive force is given by
; c'L,
CN= (G-l = F -{10.23)
But, summing up the moments of all forces about o and equating to zero,
we get,
C-L,rR=C-L.-a ...(10.24)

where, a = perpendicular distance of line of action of C from the centre of
the slip circle.

La
a=+"R .(10.25)

(i1:i) The other force is the soil reaction F, which is assumed to be
tangential ‘o the friction circle.

5. Draw the triangle of forces in the following manner :
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(i) Draw a vertical line ab to represent W (Fig. 10.6 (b)).
(ii) From a draw ac, making it parallel to the line of action of F .
(iii) From b drop a perpendicular bd on ac. The line bd now represents,
in magnitude and direction, the cohesive force Cg required to maintain the
equilibrium of the soil mass ABCD along the chosen slip circle.
6. Determine the unit cohesion ¢ required for stability from :

&= ..(10.26)
[

7. The factor of safety w.r.t. cohesion is now obtained from :

actual cohesioi =~ ¢

= ..(10.27
required cohesion ¢, ( )

c =

8. The factor of safety w.r.t. shear strength can be obtained as follows:

(i) Assume a certain factor of safety with respect to the angle of
internal friction. Let it be Fy,. The mobilised angle of internal friction is then

given by:
tan §,, = O .(10.28)
Fy
(ii) Draw a new friction circle with O as centre and r’ as radius, where,
r' = Rsin ¢, ..(10.29)

(iii) The factor of safety w.r.t. cohesion F . is then obtained by forming
another triangle of forces. Compare F> and F. If they are different, go for
another trial.

(iv) In this manner, adjust the radius of the circle until Fy and F,

become equal to cach other. This value is then accepted as the factor of safety
for shear strength of the soil w.r.t. the given trial slip circle.

10.9 Taylor’s Stability Number: Taylor carried out stability analysis of a
large number of slopes having various heights, slope angles and soil
properties. On the basis of the results, he proposed a simple method by which
the factor of safety of a given finite slope can be easily determined with
reasonable accuracy. Taylor introduced a dimensionless parameter, called
Taylor’s Stability Number, which is given by,

A e (10.30)

F.yH
The value of S, may be obtained from Fig. 10.7.
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Fig. 10.7

The stability numbers are obtained for factor of safety w.r.t. cohesion,
while the factor of safety w.r.t. friction, F, is initially taken as unity.

The values of S, obtained from Fig. 10.7 are applicable for slip circles
passing through the toe. However for slopes made in cohesive soils of limited
depth and underlain by a hard stratum, the critical slip circle passes below the
toe. In such cases, the value of S,, should be obtained from Fig. 10.8. In this
figure, the depth factor plotted along the x-axis is defined as :

W=D;H ..(10.31)
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Fig. 10.8

where, D = Depth of hard stratum below toe
H = Height of slope above toe.

Fig. 10.8 consists of a family of curves for various slope angles. Each
curve consists of two parts. The portions drawn with firm lines are applicable
to field conditions illustrated in Fig. 10.9 (a), while the portions drawn with
broken lines are meant for the conditions shown in Fig. 10.9 (b).

The figure also consists of a third set of curves, shown with broken lines,
arious values of #, where n represents the distance x of the rupture circle

forv
from the toe, as illustrated in Fig. 10.9 (a), and is given by,
plesl
H




266 Problems in Soil Mechanics and Foundation Engineering Stability of Slopes 267

R Equipotential

Line
X
(a) (b) 4
Fig. 10.9
’ EXAMPLES
Problem 10./( A slope of infinite extent is made in a dense sand layer at Y Flow Lines

an angle of 30° to the horizontal. Determine the factor of safety of the slope

against shear failure if the angle of internal friction of the soil be 36°. Fig, 10.10

Solution: With reference to Fig. 10.1, XX represents the given slope, : 0 g ~
while YY is a plane parallel to it at a depth z. line PQ represents one suck equipotential line, which intersects YT at £
Hence, the piezometric head at P is given by PR.

From geometry of the figure, PR = PQ cos f§
and, PQ = zcos B

Vertical stress on YY due to overburden,
o, = yz
where, y= 1fnit weight of the soil
o, cos’ B (B = slope angle)

o, cos f sin

Normal stressonYY, o

2
Therefore, neutral pressure at P = y,,zcos™ f
Shear stress on YY, T

[}

Now, total vertical stress at P due to overburden,

O; = Ysar Z

Shear strength of the soil on the plane YY,

2
Tr=0tang = o,cos” fland.

2 2
Total normal stress at P, O = 0,c08 B = yg 2c0Os” P

But, factor of saftey against shear failure,

2 B Shear stress at P, T = 0, cos BsinP = yg z cos Psin P
T g, cns” b tan
L -3 i : - omé Effective normal stress at P = total normal stress —neutral stress
T o, cos B sin B tan

Fg

'

° or, a
N tan 36 - 1.58

Py o 2
/ ian 30 z cos® B (Ysat = Yw) = Ysub 2 COS~ B.
Problem 102 A slope inclined at 16° to the horizontal is to be made in

a cohesionless deposit having the following properties : 4
G =270, e=0.72, ¢=235°, - Shear strength of the soil on YY,

2 2
Yeat 2 €OS~ B ~ ¥,,2 €OS B

. N .
However, the shearing stress is entirely intergrannular.

Determine the factor of safety of the slope against shear failure if water 1= o tand = ygp2 cos” B tan ¢

percolates in a direction paralle] to the surface of the slope.

: " ¥ s, .. - Factor of safety against shear fzilure,
Solution: The given conditions are shown in Fig. 10.10.

e 2
¥Y is a plane located at a depth 2 below the slope. As water percolates in Foa 4= Ysub 2 €08” B ?an ¢ _ Jsub tan ¢
a directioa parallel 10 the slope, all flow lines must be parallel to the slope. sl Ysar Z €08 P sin B Ysat tan B

Therefore, all equipotential lines should be perpendicular to the slope. The
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G +e _ (270 + 0.72) 1.0) _ 3
Now,  Yeu T+ v= T+ 0.72) = 1,988 t/m
Yaub = 1.988 - 1 = 0.988 t/m’

- (0.988) (tan 35°)
Fs = (1.988) tan 167 ~ 2

Problem 10.3 A slope of 35° inclination and 6 m vertical heigjht is to
be made in a purely cohesive soil having a unit weight of 1.85 t/m™ and a
cohesion of 6 t/m”. Determine the factor of safety of the slope against sliding
failure.

AN
Solution : The problem will be solved by the Swedish circle method.
The solution is presented in Fig. 10.11 and the procedure is explained below:

’ (i) The given slope AB is drawn to a scale of 1 : 200.

(ii) The values of a; and a, for p = 35° are determined from Table 6m

10.1 by making linear interpolation between p = 33°48 and p = 45°. The '1,5"" 2

following values are obtained : o /

oy = 26.2°, oy = 35° A _—

(iii) The point Q, lying at a depth of H = 6 m below A and at a linear

distance of 4.5 H = 27 m from A is located.
(iv) From A and B, two straight lines AP and BP are drawn such that, 6

LPAB = 26.2°, and /HBP = 35° v
AP and BP intersect at P. 1 N

7 (v) PQ is joined. The centre of the critical slip circle should be located
on this line.
(vi) PB is measured and found to be 4. 6 m. On projected PQ, two more

points P and P"' are taken such that, PP’ = P'P" = -‘12—6- = 23m. Fig. 10.11

> 27-5m

(vii) Three trial slip circles are drawn with P, P and P" as centres and  (ii) Considering unit thickness, the area, .weight :dng 1the fiisturbmg
PA,P'A and P"A respectively as radius. The factor of safety with respect to moment for each slice are determined. These are tabulated beiow : —
each circle is determined separately. Sliée Widdh | Average length | Area Weight | L ever Momem

Fig. 10.11 shows the determination of Fg with respect to the first trial il o, ‘ |(gxAx1)| arm - |aboutP
slip circle, having its centre at P. X ab(ou)t P « m)

; 3 : mj . 5

The procedure is stated below : (m) (m) (m") = IR

(i) The area under the slope and the slip surface is divided into 7 slices.

The first 6 slices have a width of 2 m each while the width of the 7th slice is I I L NI T O e WA g
2.2 m. 2 y . i
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‘ ice| Wi ) _)_» ' ; Problem 10.4 A 10 m deep cut, with the sides inclined at 50° to the
“SX;ZL Wi [ awerdgedength st (Ying:tl ) L(:zrx:r /(l;[boolztenpt horizontal, has tobe made ata site where the subsoil conditions are as follows:
b : B
PN o X ) about P No. | Depth (m) Type of soil Y (kNim’) | ¢ () | ¢ (kN/m®)
m m (m-) (t {m) (t-m)
2 | 20 | 24+40 . | 62 | 1147 ] 17 |-19.50 1 | 0-4 | Verysoftclay 17.5 0 12
3 =3.
o e - — 2) 4-7 | Medium clay 18.0 0 iaeng
3 2.0 4.0 +5.3 9.3 17.21 0.3 5.16
S i 4.65 3 7-14 Stiff clay 19.0 0 68
4 | 20 | 53+6.3 11.6 21.46 2.3 49.36 4 14-» | Rock g i 2
2272258 iy
; : f the slope with respect to a probable base
5 2.0 6.3+5.6 11.9 ; Compute the factor of safety o .
SS9 o 5.95 i % o failure along a slip circle of 13.5 m radius.
i ] Solution: Fig. 10.12 illustrates the given conditions. The problem can
6 2.0 5.6 +3.9 =475 9.5 17.58 6.3 110.75 be solved by the Swedish circle method.
- = CDGE represents the slip circle of radius 13.5. O is the centre of. this
7 2.2 39+0 1.95 4.29 7.94 8.4 66.70 circle. As the slip circle passes through three different layers, the failure
2 iz Tl
| B E p—
0 ]
M = 29205 t-m i ],6“ [ 1 ¥ =175 kN/m3
. . wis*” 2o /b AW e g kil
. Disturbing Moment, My = 292.05 t-m J w.z ~___[f
: —
Again, restoring moment, My = cR>.0 ,,\"’"’e =) B!n Zi 131::::;
S S 55
Here, ¢ =25t/m? F / X T
R =P4A =99m ! 4 ¥3= 19 kN/m3
¢ - 6 / Im (3226 kN/md
8 = LAPD = 102.5° = 1.789 radian ' 2 | ‘ /
£ b =
Mp = (2.5)(9.9%) (1.789) = 438.35 t-m o | B s l
| L — r T
Mg 43835 rrreryrryy e
F t f; { t £= ‘el 1S 'ﬁ'.—' = RU k
actor of safety My = 292.05 1.50 \ . .
Fig. 10.12

In a similar manner, the factor of safety of the slope w.r.t. the two other

slip circles (having their centres at P and P”) are determined and are found
to be 1.55 and 1.66 respectively. A curve representing the variation of factor
of safety is then plotted. The minimum factor of safety of the slope, as
obtained from this curve, is 1.45. The corresponding critical slip circle will
have its centre located at P,

wedge consists of three different Fones. Let W, W, and W3 be the weights of

the three zones and x, x, and x3 be the corresponding lever arms about O.
From B, draw Bl L HF. Zone 1 may now be divided into the triangle

BHI and the rectangle BIFE

Weight of ABHI = (0.5)(17.5) (3.3) (4.0) kN = 115.5kN.
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Weightof sector  BIFE = (17.5) (6.5) (4.0) kN = 455 kN.
W = 115.5 + 455 = 560.5 kN.
e (115.5) (7.2 - 3.3/3) + (455)(7.2 + 6.5/2)
560.5

j Th? second zone HFGJ is assumed to be a parallelogram, the centroid of
which lies at the intersection of the diagonals.

W, = (18)(10.6) (3) = 572.4kN

X, = 7.5m (by measurement)

= 9.74 m.

1 In order to find out W3 and x3, zone Il is divided into 7 slices. The area

ever arm and moment of each slice about O are determi are
ermined.

tabulated below : e -Saka ol

Slice | Width | Averagelength | Area | Weight | Lever |Moment

No. {m) (m) (mz) (kN) arm |about O
about O | (kN - m)
(m)
1 3.5 4.55 - 96.3 7.6 |-731.8

%(0 =

2 3 % (264372315 945 | 1795 | 46 |-8257
i vl o L 7.4 | 1406 | 21 |-2953
3 % (3.7+69)=53 159 | 3021 0.4 | 1208
5. 3 % 69 5 =S 195 | 3705 | 3.4 |1259.7
6. 3 % 61+as5)=53| 159 | 3021 | 64 |19334
- e 90 | 1710 | 99 |16929

1 :
5@5+0)=225 |

ZM=31539
W3 X X3 = 31539kN—m

Now, total disturbing moment

Wixy + Woxy, + Wixg
(560.5) (9.74) + (572.4) (7.5) + 3153.9
12906.19 -. i

]

—

R T e
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As the slip circle passes through three different soil layers, the resisting
force consists of the cahesive forces mobilised along the three segments of
the slip circle. The corresponding angles are shown in the figure.

Therefore, total restoring moment

Cq RZGI + C2R262 # C3Rze3

R:(Cl 01 Gis C’l 92 + C3 63)

(13.59) [(26) (101.5) + (36) (14.2) + (78) (16.2)];’56

= 14039.69 kN-m.
Factor of safety along the given slip circle
_14039.69 _
T 12906.19
Problem 10.5 Aslopeof 1V:2Histobe made in a silty c}ay having
an angle of internal friction of 5° and a cohesion of 0.25 kg/cm”. The unit
weight of the soil is 1.85 gm/cc, and the depth of cut is 8 m. Compute the

factor of safety of the slope by the Swedish circle method.

Solution: The given slope is shown in Fig. 10.13 (a). The centre of a
trial slip circle is located by Fellenius’ method. The sliding wedge is divided
into 7 slices. The first five slices have equal width of 4 m, while slice no. 6

1.09

and 7 are 2.8 m wide each. The average length of each slice is measured.

Fig. 10.13 (a)

e
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AR

= S

- 45 H
Fig. 10.13 (b)

The weight of any slice may now be determined as :
W =width x average length x unit weight of soil

The self-weight is assumed to act along the central vertical line through
each slice, and not through its geometrical centre. The normal and tangential
components N and T respectively, of the self-weight are determined by
constructing a triangle of force. An easy method of doing this is explained
here with reference to the slice no. 4.

Draw the central vertical line through the middle of the slice (shown with
a broken line). Measure its length. Extend the line and lay-off an equal length
from it. This new line now represents the self-weight Wy in magnitude and
direction. The corresponding vector scale used is

1 cm = width of slice x unit weight of soil
=(4) (1.85) = 7.4 t/m

In order to construct the force triangle, join the centre of the slip circle
to the mid-point of the bottom of slice. Extend this radial line and drop a
perpendicular on it from the terminal point of the line representing Wy. The
normal component N, and tangential component T4 are now determined from
the force triangle. o

Stability of Slopes

In this manner, the normal and tangential components for each slice are

determined. The results are tabulated below :

Slice No. Width | Average Weight N T
(m) length (m) (1) (t) (1)

1 4 2.4 17.76 14.7 -10.1

2 4 6.2 45.88 44.7 -9.9
3 4 8.7 64.38 64.4 0

4 4 10.3 76.22 73.8 19.4

5 4 9.65 71.41 62.3 34.6

6 2.8 | 8.4 43.51 30.1 31.2

7 2.8 3.6 18.7 10.1 15.9

ZW=3379t, 2N = 25541, 2T = 81.1t

It should be noted that, as the width of slices 6.and 7 are 70% of that of
the other slices, the length of the vertical lines representing W5 and Wy are
70% of the average length of slice no. 6 and 7 respectively.

The factor of safety of the slope w.r.t. the slip circle under consideration
may now be determined using eqn. (10.24) :

cRO + SN tan¢

E% ST
By measurement, R = 15.8 m,
i, 6 = 115° = (1113())nrad. = 2.007 rad.
Fg = (2.5) (15.8) (2.007) + (255.4) (tan 5°) - 125

81.1

In order to locate the critical slip circle, i.e., the slip circle with the
minimum factor of safety, proceed as follows :
(i) Measure the distance PyB, Letitbe L.
(ii) With Py as centre formn a grid consisting of 9 points such that the
length of each side of the grid = L/2.
(iii) Draw trial slip circles taking each of these 9 points in turn as the
centre. Compute the factor of safety of the slope for each slip circle.
(iv) Plot the values of Fg thus obtained for each grid point and draw
contour lines for different values of F. The slip circle having the minimum
value of Fg can be determined from this contour. The corresponding value of

F¢ is the factor of safety of the slope.

8
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The process is illustrated in Fig. 10.13 (b). It is found that the slip circle
having the minimum factor of safety is the one drawn with P as the centre.
Thus, Fellenius’ method yields an accurate result in this case. The factor of
safety of the slope is found to be 1.25.

Problem 10.6 A 12 m high embankment has side slopes of 1V : 2 H.
The soil has a unit weight of 1.8 t/m3, cohesion of 1.5 i/mz and angle of
internal friction of 15°. Determine the factor of safety of the slope with respect
to any chosen slip circle. Use the friction circle method.

Solution: The slope is drawn in Fig. 10.14. A trial slip circle AEC is
drawn with a radius R = 20.5 m. The chord AC is joined and its fength is found
to be 32 m. Let D be the mid point of AC.

The centre of the slip circle F is joined to D and PD is extended. It
intersects the slope at F and the slip circle at £. The mid-point G of EF may
be taken as the centre of gravity of the area ABCE.

Now, area ABCE = AABC + arca ADCE

2
= —;—.BH.AC + %AC.DE

(2.2) (32) + S(32)(7.45)

B | =
Wit

= 194.1 m2

Considering unit width of the slope, weight of the soil wedge
ABCE = (194.1) (1) (1.8) 1
= 349.38 1.

Now, deflection angle 8 = 102° = 1.78 radian )
.. Arclength of AEC =L = RO = (20.5) (1.78) = 36.49 m.

The lever arm [, of the cohesive force with respect to P is given by,

i Li R
36.49
32

At a distance of 23.38 m from P, draw a line parallel to the chord AC.
This gives the direction of the cohesive force C. Again, through G, draw a
vertical line to represent the self-weight of the soil wedge W. The lines of
action of W and C intersect at . >
Now, radius of the friction circle,

r = Rsin¢ = (20.5) (sin 10°) = 3.56 m.

(20.5) = 23.38m.

Stability of Slopes 277

Through the point of intersection of Wand C, draw a s.traight line making
it tangent to the friction circle. This line represents the third force F. ‘

Choose a vector scale and draw 9 straight line to represent W in
magnitude and dircction. Using the known lines .of act{on pf C. and F,
complete the force triangle and determine the magnitude of C from it.

The value of C obtained here is 41 .

ili i - . R T
Mobilised cohesion, ¢m =T = 3640 E
The factor of safety with respect to cohesion is,
c 1.5
F,. = c—,; =~ 1.34

F, = 1.34 when the factor of safety with respect to friction, Fy = 1.0,
However, these two factors of safety should be so adjusted that they are equal

to one another.
As a first trial, let F¢ = 1.20
tan¢g tan 10°
@anm =720 T 120
8.36°.

or, O
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The new radius of the friction circle is,
r' = Rsin¢,, = (20.5) (sin 8.36°) = 2.98 m

Draw another friction circle with this radius.

The direction of F slightly changes. A new force triangle is constructed.
‘The value of C obtained from it is 46.7 1.

e ] C _ 46.7 2
Mobilised cohesion, ¢, = T~ 3649 - 1.27 t{m
7 1.5
Factor of safety w.r.t cohesion, F, = 127 = 1.18
Fc = F¢

Hence the factor of safety of the given slope for the slip circle under
consideration is 1.18.

Problem 10\71 Itis required to make a 6 m deeé) excavation in a stratum
of soft clay having v =18 KN/m> and ¢ = 26 kN/m”. A rock layer exists at a
depth of 9 m below the ground level. Determine the factor of safety of the
slope against sliding if the slope angle be 40°.

Solution: The problem will be solved by Taylor’s method.

Here, the depth factor, ng = 4 =15

6
Forn;=1.5and § = 40 the value of Taylor’s Stability Number S, as
obtained from Fig. 10.8 is, S,, = 0.172.
But, we have from eqn. (10.30),

C G
S Fym  Fe=5yH
F 26 = 1.40

< 7 (0.172) (18) (6)
Hence, the required factor of safety of the slope = 1.40.

It may be further observed from Fig. 10.8 that, for p = 40™and n;=1.5,
the value of » is approximately 0.7.

x=nH = (0.7)6) = 42m
Hence, the critical slip circle will cut the ground level in front of the toe
at a distance of 4.2 m./
Problem 1Q.8/ A cutting is to be made in a soil mass having

y = 1.8t/m> ¢ = 1.6 m” and ¢ = 15°, with slide slopes of 30° to the
horizontal, upto a depth of 12 m below the ground level. Determine the factor

—— R
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of safety of the slope against shear failure. Assume that friction and cohesion
are mobilised to the same proportion of their ultimate values.

Solution: In case of full mobilisation of friction (i.e., Fy = 1), the
value of Taylor’s Stability Number for ¢ = 15° and p = 307, as obtained
from Fig. 10.7,is, S, = 0.046.

Using eqn. (10.30)

c DAL A
S ™ i Fe=5.ya
1.6
i, U
or, Fe = 0.046) (18) 12)

However, as friction will not be fully mobilised, the actual value of F_
will be less than this, and is to be found out by trials.

Let ‘Fy =12
an ¢ 2 LGOS
= ¢ = 12.1°

Referring to Fig. 10.7, for p = 30°,
when ¢ = 10°, S, = 0.075
when o =15°, S, = 0046
(0.075 - 0.046) (12.1 ~ 10)

o when ¢ =12.1% 5, = 046 + (15 - 10)
- 0.038.
F 1.6 = 1.277 = 1.25

¢ = (0.058) (1.8) (12)
Hence, as F, and Fy are nearly equal, the factor of safety of the slope

may be taken as 1.25.

EXERCISE 10

10.1. Compute the factor of safety of an infinite slope of 35° inclination
made in a sand deposit having an angle of internal friction of 40°. [Ans. 1.2}

10.2. An infinite slope of 6 m height and 35° inclination is made in a

layer of dense sand having the following properties :
' c=45um?, ¢ = 5°, =085, G=270, w=0%

(a) Determine the factor of safety of the slope against sliding.

;—
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(b) How will the factor of safety change if the slope gets fully
submerged? [Ans. (a) 1.25 (b) 1.98]
10.3. Determine the factor of safety of the slope AB with respect to the

given slip circle shown in I‘;ig. 10.15. The soil has a unit weight of 8.5 kN/m>
and a cohesion of 42 kN/m~”. Use the Swedish circle method. [Ans : 1.42]

10.4. A 12 m deep cut is made in a silty clay with side slopes of 3()°. The
soil has the following properties : ‘ 4
y = 1.9gm/cc, ¢=0.25kg/em”, ¢ = 8°.

?B,Sm

Fig. 10.15

Locate the centre of the critical slip circle by Fellenius’ method and
determine the factor of safety of the slope against sliding failure by the
Swedish circle method. [Ans. 1.45]

10.5. Determine the factor of safety of the slope shown in Fig. 10.16 with
respect to the given friction circle by the standard method of slices.

10.6. A 10 m deep cut is to be made in a soil with side slopesof 1 V: 1
H. The unit weight of the soil is 1.8’ gm/cc and the soil has an unconfined
compressive strength of 0.63 kg/cm®, Determine the factor of safety of the
slope against sliding,

(i) neglecting tension cracks

(ii) considering tension cracks

10.7. Compute the factor of safety of the slope shown in Fig. 10.17 with
respect to the given slip circle by the friction circle raethod.
10.8. An unlined irrigation canal has a depth of 8 m and a side slopes of
1: 1. The properties of the soil are as follows :
c=20Um’, ¢ = 15°, y = 1.8 t/m3
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S
N
7.
L

oose Sand -~
¥=16t/m3 ,p=16

15m Clayey Silt
¥=18t/md ¢ =15¢/m?
P=6° 5=
Y Stiff Clay
i Y=195t/m3 , c=6t/m2
12m
—_— —-*-——-‘_-—.__.-_-.—.-.._._7&-,_.—-._.-,_.—
Rock
Fig.10.16

1-9gm/cc
0-4 Kg /cm?
= 50

Fig. 10.17

Determine the factor of safety of the side slopes of the canal against
sliding by Taylor’s method. [Ans. 1.25]

10.9. Anembankment is constructed with a c-¢ soil having the following
properties :

c=25tYm?, ¢ = 12°, y = 1.85t/m>
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The embankment must have a factor of safety of 1.5 with respect to both

cohesion and angle of internal friction.
(a) What will be the maximum allowable slope if the height of the

embankment be 12 m ?
(b) What will be the maximum allowable height if the sides of the

embankment are sloped at 45° ?
10.10. A 6 m high embankment is to be made with a clayey soil having
a unit weight of 1.75 t/m3 and a cohesion of 3.5 t/mz. A hard stratum exists
at a depth of 3 m below the ground level. What should be the slope angle if
the required factor of safety againstsliding be 2.0? [Ans. 33°]
10.11. Determine the factor of safety of the slope shown in Fig. 10.18
with respect to the given slip circle. Use the friction circle method.

¥Y=18kN/m3
C:]f/mz
d=10°

Fig. 10.18

11

BEARING CAPACITY

11.1 Introduction: Structures of all types have to rest on the soil existing
at the site. The load of the superstructure is transmitted to the supporting soil
through structural members called footings which ate to be designed properly
S0 as 1o ensuze:

(i) The shear stress developed on any plane in the loaded soil mass
does not exceed the shear strength of the soil. In other words, shear failure
does not occur.

(ii) The settlement of the footing due to the applied load does not
exceed the tolerable limit.

Th‘e bearing capacity of a given footing has to be determined considering
both. of these factors. The present chapter deals with the determination of
bearing capacity of a footing from the point of view of shear failure.

11.2 Definition of Terms Related to Bearing Capacity:

1. Gross loading intensity (q): This is the intensity of total pressure at
the base of footing due to the load from the superstructure, self-weight of the
footing and the weight of earth fill above the base of footing.

2. Net loading intensity (q,): Before the construction of a footing, the
soil at the foundation level is subject to an overburden pressure due t(; the
self-weight of the soil mass. The net loading intensity is the difference
between the gross loading intensity and the overburden pressure.

If a footing is founded in a soil mass having a unit weighty at a depth D
below the ground level, then,

4. =4 -yD ..(11.1)

.3. Ultimate bearing capacity (q,): This is the minimum intensity of
loading at the base of the foundation which will cause a shear failure of the
soil.

4. Ne{t uIti{nate bearing capacity (q,,): This is the minimum net
pressure intensity due to the applied load (i.e., excluding the existing
overburden pressure) which will cause a shear failure,

il L SUL s
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5. Net safe bearing capacity (q,): The minimum net pressure intensity
at the base of footing with respect to a specified factor of safety against shear
failure, i.c.,

q
Gps = —F— .(11.2)

6. Safe bearing capacity (q;): The maximum gross loading intensity
which the footing will safely carry without the risk of shear failure,
irrespective of the magnitude of settlement.

Thus, qs = Gus + YD .(11.3)
q"ll
or, 4 = +yD ..(11.4)

7. Allowable bearing capacity (q,): This is the net intensity of loading
which the foundation will carry without undergoing settlement in excess of
the permissible value but not exceeding the net safe bearing capacity.

11.3 Types of Shear Failure: The shear failure of a soil mass supporting
a structure may take place in either of the following modes:

(i) General shear failure
(ii) Local shear failure
(iii) Punching shear failure

In dense sands and stiff clays, when the loading intensity exceeds a
certain limit, the footing generally settles suddenly into the soil and well
defined slip surfaces are formed. The shear strength of the soil is fully
mobilised along these surfaces. This is called a general shear failure.

In relatively loose sands and in medium clays, the footing settles
gradually. The failure planes are not so well defined and the shear strength of
the soil is not fully mobilised. No heaving of soil takes place above the ground
level. This type of failure is called local shear failure.

In very loose sands and soft saturated clays, a footing is often found to
virally sink into the soil. No failure plane is formed at all. Sucn a failure is
due to the shear failure along the vertical face around the perimeter of the
base of the footing. The soil beyond this zone remains practically unaffected.
This type of failure is called punching shear failure.

The type of shear failure expected to occur at a site has a direct bearing
on the theoretical computation of bearing capacity.

11.4 Terzaghi’'s Theory: This theory is an extension of the concept
originally developed by Prandtl. The mode of general shear failure of a
footing is illustrated in Fig. 11.1 (a). Considering the critical equilibrium of
the soil wedge xyz under the forces shown in Fig. 11.1 (b), Terzaghi derived
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the following expression for the ultimate bearing capacity of a footing of
width B, placed at a depth D below G.L.:

Fig. 11.1

g, =cN.+YDN, + 05YBN, «(11.5)
where, N, Njand N, are bearing capacity factors which depend on the
angle of internal friction of the soil.

Eqn. (11.5) is applicable to general shear failure. For local shear failure,
the following equation is to be used:

g, = ¢ N, +yDN, + 05yBN, ..(11.6)
5 _
where, G ic (11.7)

and, NC', Nq' and NY' are the bearing capacity factors obtained from ¢,
2
where, ¢ = tan’! (;tan ¢) .(11.8)

Eqn. (11.5) is meant for strip footings. However, for square and circular
footings the following modified equations should be used, which take into
account the shape factors:

For square footings,

g, = 13cN. + YDN, + 0.4yBN, ..(11.9)
For circular footings,
q, = 13cN. .+ yDN, + 03yBN, ..{11.10)

where, B stands for the width of a square footing or the diameter of a
circular footing.

The values of Terzaghi’s bearing capacity factors are given in Table 11.1.
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Table 11.1: Terzaghi’s Bearing Capacity Factors

¢’ Nc Nq Ny N NS Ny
0 5.7 1.0 0 5.7 1.0 0.0
S 7.3 1.6 0.5 6.7 1.4 0.2
10 9.6 2.7 1.2 8.0 1.9 0.5
15 12.9 4.4 2.5 9.7 2.7 0.9
20 17.7 7.4 5.0 11.8 3.9 1.7
25 25.1 12.7 9.7 14.8 5.6 3.2
30 37.2 225 19.7 19.0 8.3 5.7
35 57.8 41.3 42.4 25.2 12.6 10.1
40 95.7 81.3 100.4 34.9 20.5 18.8
45 172.3 173.3 297.4 51.2 34.1 37.7
50 3475 | 415.1 1153.2 81.3 65.6 87.1

11.5 Skempton’s Equation: This equation is applicable to footings
founded on cohesive soils. The net ultimate bearing capacity of such a footing
is given by:

G = €N, (11.11)

where, ¢ = cohesion.
N, = Bearing capacity factor which depends on the shape of the
footing as well as on the depth of foundation.

The ultimate bearing capacity is given by:
q, = ¢N, + yD «(11.12)

Skempton suggested the following values of N, :
(i) whent D =0 (i.e., when the footing is at the ground level)

for strip footings, N_ =5.14
for square and circular footings, N = 6.20
(ii) when ‘D_/!i <25
o 1‘_’2_5,(}%12&0@.15& (surface)

(iii) when D/B > 2.5:

N = 15 % Ve ot
(iv) For rectangular footings:

N, = (1 + 02B/L) N (gripy. .(11.15)

11.6 Brinch Hansen’'s E(juation: Acl‘ordix’tg 'io J. Brinch Hansen, the
ultimate bearing capacity of a footing *s given by,

(11.13)

(11.14)
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where, q =yD

Scs Sq. Sy

AT

are the shape factors

d., dq, dY are the depth factors

les lgs Iy

i, are the inclination factors -
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gy = ¢Ncs.d.i. + qNgsgd iy + 0.5yBN, s, dy i, ...(11.16)

The values of all these factors are given ip Tables 11.2 through 11.5:
Table 11.2 Hansen’s Bearing Capacity Factors

o |0 |5 |10°

15° | 20° | 25° | 30°

35° | 40° | 45° | S0°

N¢ [5.14(6.48(8.34

10.97|14.83 |20.72 |30.14 |46.13|75.32 |133.89/266.89

Ng |1.0 [1.57|2.47

3.94| 6.40|10.66 [18.40 [33.29|64.18 |134.85318.96

Ny (0.0 [0.09(0.47

1.42| 3.54| 8.11|18.08 [40.69(95.41 240.85681.84

Table 11.3: Shape Factors for Hensen’s Equation

Shape of footing Sc Sq Sy
Continuous 1.00 1.00 1.00
Rectangular 1+0.2B/L 1+0.2B/L 1-0.4B/L
Square 1.3 1.2 0.8
Circular 1.3 1.2 I 0.6 <3
Table 11.4: Depth Factors for Hansen’s Equation
d; dg dy
1+0.35D/B For¢ =0, d,=1.0 1.0
(for all values of ¢) For ¢ >;25°, dg=d, (for all values of ¢)

Table 11.5: Inclination Factors for Hansen’s Equation

ic

Iq

Iy

H
1-0.5V

Iq
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Validupto: H < V tand - ¢4 BL .. (11.17)

where, H and V are the horizontal and vertical components of the resultant
load acting on the footing.

L = length of footing parallel to H.
¢y = cohesion between footing and soil. 7
O = angle of friction between footing and soil.

11.7 Bearing Capacity Equation as per IS Code: Hansen’s bearing
capacity equation was later modified by Vesic. In IS: 6403 - 1981, the
following equations were proposed, which incorporated Vesic’s modifi-
cations:

For general shear failure:

= cN.s.d.i. + gNgs,d i, + 0.5yBN,s,d, IYW -.(11.18)

ll

for local shear failure.
2 ,
q“=é-cNC S.d i, + N sqdq1q+0.5yBN sYleYW
.(11.19)

The shape factors s., s;and s, are the same as those used in Brinch

Hansen’s equation and can be obtained from Table 11.3.
The depth factors are given by:

d. =1+ 02(D/B)-VN,

,=dy =1 for ¢ < 10°

dg = d,

The inclination factors are given by:

QU
it

]

1+ 0.1(D/B)-VNy for ¢ > 10° .

le

2

5 a
"
v=[1-3)

where, Ny = fan’ (45° + ¢/2)

= (1 - a/90)

and o = angle of inclination of the resultant force on the footing.
In egns. (11.18) and (11.19), W = correction factor for water table.
The N and N - values are similar to those given in Table 11.2, while the

N,-values are slightly different.

11.8 Effect of Water Table on Bearing Capacity: In Terzaghi’s bearing
capacity equation, the second and third terms are dependent on the unit weight
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of the soil. When the soil is fully submerged, the submerged density Yqup
should be used in place of y. But if the water table is at the base of the footing,
only the third term is affected. The general bearing capacity equation is,
therefore, modified as:
= cN, + YDgN, Wy + 0.5yBN, Ws ...(11.20)
where, W; and W, are the correction factors.

For most soils, ygy is nearly equal to half the value of y. Hence, the
correction factors are given by (Refer to Fig. 11.2):

W; =050 + z,/Dy) .(11.21)

When the water table is at G.L., W =05
and when it is at the base of footing, Wy =1.0

When the water table is at the base of footing, W = 0.5

9u

When it is at a depth B below the base of footing, W, = 1.0.
Here it is assumed that, if the water table is at a depth equal to or greater
than B below the base, the bearing capacity remains unaffected.

IS : 6403-1981 recommends the use of a single correction factor W' to
be used in the third term of equauons {11.18) and (11.19). The value of W is

as follows:
(a) If thc water table is at or below a depth of D + B beneath the G.L.,

then W =
(b) If it is at a depth D or above, W =05
(c) If the depth of water table is such that, D<D ,, < (D+B) the value

of W should be obtained by linear interpolation.
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11.9 Eccentrically Loaded Footings: A footing is said to be eccentrically
loaded if the resultant load on it is applied away from the centre of gravity of
the Joad. Such footings may be designed by either of the following methods:

(a) MethodI: In this method the load Q of eccentricity e is replaced by
an equal concentric load Q and a balancing moment of magnitude M=0Q.e.

Stress distribution diagrams due to the concentric load as well as the
balancing moment are plotted (Fig. 11.3). The maximum stress intensity of
the superimposed diagram should be less than the allowable bearing capacity

of the footing.

T

—}e k— " Elevation
Elevation Footing Under

Equivalent Loading

Original Footing

o
| T_Pressure Distribufion
Fig. 11.3
(b) Method Il (Meyerhof’s method): 1In this method if a footing is

exposed to an eccentric load, only a portion of the plan area of the footing is
considered to be useful. This area is termed as the effective area.

Bearing Capacity. 291

In case of single eccentricity (Fig.11.4a) the effective dimension of the
footing in the direction of eccentricity is reduced by 2 e.
ie., B =B -2e
A =L(B-2e _ .(11.23)
In case of double eccentricity the dimensions in both directions are
reduced as follows: :

L'=L-2¢ and B =B - 2ep
A =L xB =( -2e)(B - 2ep) (11.24)

Fig. 114

11.10 Bearing Capacity from N-value: The bearing capacity of a footing
may be determined from the N-value obtained from Standard Penetration Test

carried out in the field from the following equations:
For strip footings: ,
Gy = 0.785 (100 + NYD Wy + 0471 MBW, ..(11.25)
For square footings:
G = 0943 (100 + N)DW; + 0314N*BW;  ..(11.26)

where, N = average corrected blow couni.

D = depth of foeting.
B = width of footing.
Wy, Wy = correction factors fu. ¢z ¢er table.
gn, = het ultimate bearing capacity in KN/ m?.
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11.11 Bearing Capacity from Plate Load Test: The bearing capacity of
a footing to be placed on a soil mass may be assessed from the results of a
plate load test carried outat the site at the desired depth. However, the process
has got several limitations.

The method of computing the bearing capacity of a prototype footing
from the plate load test data is illustrated in Problem 11.10.

The settlement of the prototype footing, when founded on granular soils,
is given by the following relationship suggested by Terzaghi and Peck.

2
B, (B + 0.3)
= 2 =] DNl el A
pp - p[B(BP + 0.3) ] ...(11.27)

where, pp = settlement of the plate,

Settlement of the prototype footing.

width of plate.

mé”n
(]

width of the prototype footing.

EXAMPLES

Problem 11.1/) A 2 m wide strip footing is founded at a depth of 1.5 m
below the ground level in a homogeneous bed of dense sand, having the
following properties:

¢ = 36", y = 1.85t/m’. ,
Determine the ultimate, net ultimate, net safe and safe bearing capacity
of the footing. Given, for ¢ = 36° "
Ne = 60, Ng =42, Ny= 47
Assume a factor of safety of 3.0.
Solution: As¢ = 36°, a general shear failure is likely to occur.

(i) Ultimate bearing capacity:
q, =cN. + YDN, + 0.5 yBN,
Here, ¢=0, y=185ym’, D=15m, B=20m.
Ny=42 and Ny = 47
q, = (1.85)(1.5) (42) + (0.5) (1.85) (2.0) (47)
- 186.5 t/m*
(ii) Net ultimate bearing capacity:
G = 9u = YD
- 186.5 - (1.85)(1.5) = 183.7t/m’
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- 186.5 — (1.85)(L5) = 183.7 t/m’.
(iii) Net safe bearing capacity:
9 183.7 2
xBTS :

(iv) Safe bearing capacity:
s = Gus + YDf

- 612+ (1.85)(1.5) = 64 t/m".
Problem IIMrc footing of 2.5 m x 2.5 m size has been founded

at 1.2 m below the ground level in a cohesive soil having a bulk density of
1.8 t/m3 and an unconfined compressive strength of 5.5 t/m”. Determine the
ultimate and safe bearing capacity of the footing for a factor of safety of 2.5,

by
(i) Terzaghi’s theory (ii) Skempton’s theory.
Solution: Cohesion of the soil,

Q55 .
c = —2‘ = ——2— = 2.75t/m

@) T erzdghi’s theory: For cohesive soils (¢ = 0) we have,
N, =57, N, = 10, N, = 0.

Using eqn. (11.9),

(1.3) (275) (5.7) + (1.8) (1.2)(1.0)

qu =
= 2254 t/m’
e 9y ;SYD LD = 22.54,-2%2) 1L0) | 1.8)(1.2)
= 10.31 t/m*
(ii) Skempton’s method:
Here, D/B = ‘—,12% = 0.48 < 2.5.

Eqn. (11.13) is applicable.
N, = a+ 0.2D/B) Nc(surface)

But for square footings, N, (surface) = 6-20-

N, = {1 + @%%2—)}(6.20) = 6.79

e ey
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Qpu = cN, ¢
(275) (6.79) = 18.67t/m’

G, = du *+ YD = 1867 + (1.8)(1.2) = 20.83 t/m?
Qo
=) =10
s =F *V
= 1_;5-%7_ + (18)(1.2) = 9.63 t/m’.

Problem 11.3. Determine the safe load that can be carried by a square
footing of 2.2 ¥ x 2.2 m size, placed at a depth of 1.6 m below G.L. The
foundation soil has the fellowing properties:

y = 165/m®, ¢ = pym’, ¢ =20,

Assume a factor of safety of 2.5. Given, for ¢ = 20°,

N, =177, N, =174 N, =50
N/ =118 N, =38, N/ =13

Solution: The low value of unit weight of the soil suggests that the soil
is in the loose state, Moreover, ¢ = 20° < 28°. Hence a local shear failure is
likely to occur. Using eqn. (11.26), the net ultimate bearing capacity of the
footing is given by, :

G = L3¢ N, + YDV, - 1) + 04 YBN,

Here, ¢ = %c'= (2/3)(1.2) = 0.8 t/m’
N, =118, N, =38, Ny =13

G = (1.3)(08) (11.8) + (1.65) (1.6)(3.8-1)
+ (0.4) (1.65) (2.2) (1.3)
= 1227 + 7.39 + 1.89

= 21.55 t/m’
The safe bearing capacity of the footing:
g = m L yp = 823, (165)(16) = 1126V
F, 25 !

Gross safe load to be carried by the footing,
= g, x Area of footing

- (11.26) (2.2 = 5451
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Problem l,{(( A square footing of 2 m x 2 m size is subject to a gross
vertical load of 180 t. The depth of foundation'is 1 m. The foundation soil
consists of a deposit of dense sand having 2 bulk densisty of 1.85 t/m” and an
angle of internal friction of 36°. Determine the factor of safety against shear
failure.

Solution: We have, for ¢ = 36

N, = 60, N, = 42, N, = 47
Using eqn. (11.9) and noting that the first term vanishes as ¢ =0,
q, = (1.85)(1.0)(42) + (0.4) (1.85){2.0) (47)

= 1473 t/n12.
4 = 1473 = (1.85)(L.0) = 1455 t/m’.
Now, actual bearing pressure at the base of footing, -
Q 180 2
== = —— = 45t/m",
BT OO
Gnu
But, qp = 7; + YDy
; qnu . 145.5
o 157 = — = 3.37.
% Fo= 4 -yD; = % - 185 (10) 32

Problem 1145,7A column of a building, carrying a net vertical load of
125 t, has to be supported by a square footing. The footing is to be placed at
1.2 m below G.L. in a homogeneous bed of soil having the following
properties: :
y = 1.82gm/cc, ¢ = 30°
Determine the minimum size of the footing required to have a factor of
safety of 2.5 against shear failure. Use Terzaghi’s formula. '

Solution: Net load on column from superstructure = 125 ¢,
Add 10% for the self weight of the footing = 1251t
1375t

Gross load = 137.5 t = 138 t (say).
Now, the safe bearing capacity of a square footing ona cohesionless soil
is given by .
1
g, = F[chc +yDWN, - 1) + 0.4yBNY] +yD

From table 11.1, for ¢ = 30°, N, = 37.2, N, = 225, N, = 197
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9s -2—15[(1.82) (1.2) (225 - 1) + (0.4) (1.82) (B) (19.7) ]

+ (1.82)(1.2)
18.78 + 5.74B + 2.18 = 20.96 + 5.74B
The safe load that can be carried by the footing,

Q=qg;xA
= (20.96 + 5.74 B) B*
= 5.74B° + 2096 B>
5774 B> + 20.96 B> = 138,
or, B® + 3.65B% = 24.04

Solving the-above equation by trial and error, we obtain,
B =2.06m = 2.10 m (say)

Hence, the reqyircd size of the footing = 2.10 m

Problem 11,6. If the size of the footing in Problem 11.5 has to be
restricted to 1.75'm x 1.75 m , at what depth the footing should be placed?

Solution: The bearing capacity of a footing placed in a cohesionless
soil increases with depth. In Problem 11.5, the depth of the footing was
specified as 1.2 m. The corresponding size required for supporting a gross
load of 138 t was found to be 2.45 m x 2.45 m. However, if the size of the
footing has to be restricted to 1.75 m x 1.75 m (such restrictions are some-
times necessary for avoiding encroachment on adjacent land) and if the
column still has to withstand the same gross load, its depth has to be increased.
Let d be the required depth.

Now, qs=}1;[yD(Nq- 1) +0.4yBNY] +yD

i (1.82)d(225-1) + ;05.4) (1.82) (1.75) (19.7) + (182)d
or, q, = 17.472d + 10.039

Again, actual contact pressure, Lo = 45.061 t/m*

i =@ am
17.472 d + 10.039 = 45.061
or, d=2.00 m.
The footing has to be founded at a depth of 2.00 m below G.L.

Bearing Capacity 297
e AT

Problem 11/7./(An R.C.C. column footing of ’.8 m x 1.8 m size is
founded at 1.5 m below G.L. The subsoil consists of a loose deposit of siity
sand having the following properties:

y = 1.75 t/m> ¢ =20, ¢c=11 t/m?

Determine the ultimate bearing capacity of the footing when the ground

water table is located at:
(i) ground level (ii) 0.6 m below ground level.

(iii) 2.0 m below the base of footing (iv) 4.0 m below the base of

footing.

Given,for ¢ = 20°, N = 11.8, N, = 38, N, = 13.

Solution: Assuming a local shear failure, the ultimate bearing capacity
of a square footing is given by,

g, = L3¢ N, + YDN, W, + 0.4yBN,/ W,

Here, ¢ = :;‘-c = (2/3)(L.1) = 0.73 t/m*.
y=175t/m>, D=15m, B=18m

4, = (1.3)(0.73) (11.8) + (1.75) (1.5) (3.8) W,
: + (0.4) (1.75) (1.8) (1.3) W2

or, g, = 112 + 9.97W,; + 1.64 W, : ..(i)

(i) When the water table is at the ground level, z; = 0.
Using eqn. (11.21), W; = 0.5(1 + 0) = 0.5.

W, is not applicable (i.e., W, = 1).
q, = 11.2 + (9.97) (0.5) + 1.64

= 17.82 t/m?

(ii) When the water table is at 0.6 m below the ground level,
2 = 0.6 m,

W; =05(1 + 06/15) = 0.7
W, is again not applicable
112 + (9.97;(0.7) + 1.64

9

19.82 t/m?

(iii) When the water table is at 2.0 m below G.L.,
z =20-15 =05m
W, = 0.5(1 + 0.5/2.0) = 0.625

gl s .. g
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Here W, is not applicable :
G = 11.2 + 9.97 + (1.64) (0.625)

= 2219 t/m®

(iv) When the ground water table is at 4 m below the base of footing, 1o
correction due to ground water table is necessary. In other words, the ultimate
bearing capacity is not affected by the ground water table.

g, = 112+997+1.64 = 2281 t/m’

It is evident from the above results, that, the bearing capacity of a footing
increases with increasing depth of the ground water table.

Problem 128 Two adjacent columns of a building, carrying a vertical
load of Q tonne each, are supported by a combined footing of 2 m x 3.5 m
size, founded at 1.2 m below the ground level. Determine the maximum
allowable value of Q if the foundation soil consists of a deep, homogeneous

stratum of :
(i) Saturated silty clay* (y = 1.9 t/m’, c = 46 t/m?)
(ii) Partially saturated inorganic silt
(v = 1.84 t/m%, ¢ = 10°, ¢ = L6t/m?)
-Solution: Total column load to be carried by the combined footing :
(a) load from the columns = Q + Q=2Q
(b) self-weight of footing (say 10% of column loading) = 0.2 QO
gross load =2.2Q
(i) In this case, as the foundation soil is purely cohesive, Skempton’s
formula may be applied.

Here, D/B=1.2/20=0.6<25
Using eqns. (11.11), (11.13) and (11.15), the net ultimate bearing

'capacity of a rectangular footing is given by,

gy = 5-14(1 + 02 D/B)(1 + 02B/L)c
G.14)[1 + (02) 06)][1 + (0.2) (2.0/3.5)] (4.6)

= 29.51 t/m’
Considering a factor of safety of 2.5, the safe bearing capacity,
29.51 2
4 = >3 = 11.8 t/m

Safe gross.load on the footing = g, - A
= (11.8)(2.0)(3.5) = 826t
22Q = 826
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or, Q = 375t

Hence, the required safe load on each column = 37.5 1.

(i1) In this case, Brinch Hansen’s equation is expected to yield a more
reliable result. We have from eqn. (11.16), :

g, = ¢N.s.d i, + YDN,s,dgi, + 0.5yBN, sydy iy

For ¢ = 10°, referring to table 11.2,

N, =834, N, =247, N, = 0.47

The shape factors, depth factors and inclination factors are obtained from

tables 11.3, 11.4and 11.5.
For a rectangular footing of 2.0 m x 3.5 m size, founded ata depthof 1.2
m below G.L., we get,

Se = Sg=1+ (0.2)(2.0/3.5) = 1.114

s, = 1 - (0.4)(2/35) = 0.77
d =1+ (0.35)(1.2/20) = 1.21
when ¢ = 0°, dq = 1.0and when¢ = 25°, dq =d, =121
By linear interpolation, for ¢ = 10°, d, = 1.0 + (—13%1& 10)
- 1.084

Since the loading is vertical, i, = iy = &, =1

q, = (1.6) (8.34) (1.114) (1.21) (1.0) + (1.84) (1.2) (2.47) (1.114)
(1.084) (1.0) + (0.5) (1.84) (2.0) (0.47) (0.77) (1.0) (1.0)
= 17.99 + 6.59 + 0.67 = 25.25 t/m’
raiey 2(15'84) U2, 18912 = 112ym® -
Total gross load on footing = (11.42) (2.0) (3.5) = 79.971.
220 = 79.97t
or, Q =3635t

- Safeload on each column = 36.35 t
Problem N.9,7A rectangular footing of 2.4 m x 3.5 m size is to be
constructed at 1.5m below G.L. in a c—¢soil having the following properties:
y = 175u/m’, ¢ = 20°, ¢ = LOt/m’.
The footing has to carry a gross vertical load of 70 t, inclusive of its
self-weight. In addition, the column is subject to a horizontal load of 11 t
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applied at a height of 3.3 m above the base of the footing. Determine the factor
of safety of the footing against shear failure :

(i) using Brinch Hansen’s method.

(ii) As per IS : 6403 - 1981.

Solution: The loading condition of the column and the footing is shown
in Fig.11.5. Due to the presence of the horizontal force, the resultant load on
the column is inclined, and the footing becomes eccentrically loaded. Lete
be this eccentricity.

lv=7gt
[ H=11t

&
€=0-52m

N =893°

Fig. 11.5

Let R be the resultant soil reaction, applied at P, which can be resolved
into two components, Ry and Ry =
ZH = 0 gives, Ry =11t
SV = 0 gives, Ry =70t
Summing up the moments of all forces about the mid-point of the base
Q, we get,
Ry x PQ =11 x z.

rp - QUG _ g,

0.52m

or,

4

Effective length of the footing, L’ =L - 2e
=35 -(2(052) = 246m

Effective width, B' = B = 2.4m
- Effectivearea A = L'B = (246)(2.4) = 5.9 m?
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(i) Brinch Hansen’s eqn: We have from eqn. (11.16),
Gue = ¢N.s.d i, + YDN,s,d i, + 05 YBN,s,d, iy
For ¢ = 20°, N, = 1483, N, = 6.40, N, = 3.54
sg = 1 +(0.2)(24/35) = 1.137
1 - (04)(24/35) = 0.714

d, =1+ (0.35)(1.5/2.4) = 1.219
For ¢ = 20°,/d, = 10 + 1'32825‘ 10) 20) = 1.262

d, =10,

i 1 - H/2c¢BL

s

c

Sy

1 - 11/(2 x 1.0 x 2.4 x 3.5)
0.345

c

. H (0.5) (11)
ip=1-055=1-"0 0.921

i = (0.921)* = 0.848

(1.0) (14.83) (1.137) (1.219) (0.345) + (1.75)(1.5) (6.4) (1.137)
(1.262) (0.921) + (0.5) (1.75) (2.4) (3.54) (0.714) (1.0) (0.848)

= 3379 t/m”
Safe bearing capacity,

~
(]

3
"

q,-YvD
g v D)
9 FEe |

_ 3379 - (1.75) (1.5

or, qs F
5 >

+ (1.75) (1.5)

31.165

or, qs = F + 2.625 '
S

Actual contact pressure due to the given loading, - -

4 = 57_% - 11.86t/m’

31.165
5

or, F, = 337
(ii) As per [S:6403-1981:

+ 2.625 = 11.86




302 Problems in Soil Mechanics and Foundation Engineering

For ¢ = 20°, N, = 1483, N, = 6.40, N, = 539

Values of s, s, and s, are the same as those obtained for Brinch
Hansen’s method.

Now VNy = tan (45" + 20°/2) = 1.428
L (02(15)(1.428)
d =14 < - 118
i (0.1) (1.5) (1.428)
dq—dy=l+ >4 = 1.09

Angle of inclination of the resultant load,

tan~! i, tan U = 893°

73 v - 70
2
zc=.q=(1 -%—9.%) = 0.811
893\’
iy=(1- -'2—61 = 0.306 A
. q, = (1.0) (14.83) (1.137) (1.18) (0.811) + (1.75)(1.5)(6.4) (1.137)
(1.09) (0.811) + (0.5)(1.75) (2.4) (5.39) (0.714) (1.09) (0.306)
= 3572 t/m2
q -
Safe bearing capacity, ¢; = LA g'75)(15) + (1.75) (1.5)
or, q, = 2248, + 2.625
s
33.095 70
F. + 2.625 = 59
or, F, = 358
P .

Probiem I 1.M0. The following resuits were obtained from a plate load
test performed on a square plate of 30 cm x 30 cm size at a depth of 1.2 m
below the ground level in a homogeneous bed of sand:

| i

AppliegLoad \0.25 \ 05 | 1 2 | 3 ‘ 4 5

(kg/cmi®) \ | ‘ 1

Settlement (mm) | 0.45| 0.85 | 1.80 ‘ 345 | 5.oﬂ 8.75 | 14.50
1 | |

e e L
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(i) Plotthe load vs settlement curve and determine the ultimate bearing
capacity of the plate.

(ii) Determine the ultimate load whicha footingof 1.5mx 1.5m, placed
at 1.2 m below G.L. in the same soil, will carry if the allowable settlement is
2 cm,

Solution: (i) The load-settlement curve is shown in Fig. 11.6. In order
to determine the ultimate bearing capacity of the plate, two' tengents were
drawn to the load-settlement curve as shown in the figure. The load
Correspondiong to the intersection point of these two tangents is found to be
3.75 kg/em’.

G (platey = 375 kg/cm® = 37.5 t/m’
(i) Using eq. (11.27), the settlement of the prototype footing is given

by:
BB, + 3057
#=Pp\B,(B +305)

Here, p = 2cm = 20 mm, B =15m = 150 cm Bp = 30 cm.

2
150 (30 + 30.5)
e o [P0V L )0 - 7809
20 P{3o (150 + 30.5)1 2803 o5
or, Pp = -2728% = 7.12 mm,

Load Infensity {Kg/cm?) —>

———
FREIBx®o o

17
18

«— Setttement (mm)
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From the load-settlement curve we get, for a settlement of 7.12 mm of
the plate, the corresponding load on the plate

= 3.70kg/cm® = 37 t/m%
= Ultimate bearing capacity of the prototype footing = 37 ym?.

Ultimate 10:;?}7)(1.5) (1.5)=83.251.
Problem 1%41. Determine the allowable bearing capacity of a 2 m x

2 m square footing founded at a depth of 1.5 m below the ground level in a
deep stratum of silty clay having the following average properties:

y = 18t/m’ ¢ =3t/m% ¢ =0, Cc=0259, ¢ = 085

The maximum permissible settlement of the footing is 7.5 cm. The
highest position of the water table at the site is at a depth of 1.0 m below G.L.

.|_t-..,__
L C o
11rn
A T e
;m Po Ap
I e s TR LIRS § iR
X X
Lm
|
Fig. 11.7

Solution: Fig. 11.7 shows the given footing.
(i) Computation of Bearing Capacity:
We have, from Skempton’s equation,
Guu = €N,
where, N, = S5(1 + 02D/B)(1 + 0.2B/L)
Here, D=15m, B=L =20m.
N, = 5(1 + @22%@)(1 + (0.2)(0.1)) = 69
G = 69¢ = (69)(3) = 20.7 t/m®
For a factor of safety of 2.5, the net safe bearing capacity is given by,
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s = 2% - —229'57 - 828 /m”.

S
(i) Computation of Settlement: As the underlying soil is saturated silty
clay, only consolidation settlement will take place. The zone of influence
below the base of footing is extended to a maximum depth of twice the width
of the footing, i.c., 4 m below the base. In Fig. 11.7, X-X is a horizontal plane
through the middle of this consolidating layer.
Now, initial effective overburden pressure on X-X,
Po=Yz t Ysub 4]
= (1.8)(1.0) + (1.8 - 1) (0.5 + 2.0)
= 381/m’> = 0.38 kg/cm’
Using 2 : 1 dispersion method, stress increment at X-X,
_ (8.28)(2.0) 2.0)
2.0 + 2.0
(assuming the footing to be loaded with 8.28 t/'mz).
.. Consolidation settlement,

Ap = 207t/m? = 0.207 kg/m’

C. Po + Ap
p.=H Tones IOng
1 (400) (0.259) . 0.38 + 0.207

1 + 085) logo 038 = 10.58 cm.

As the estimated settlement is greater than the maximum permissible
limit of 7.5 cm, the allowable bearing capacity of the footing should be less
than 8.28 t/m".

Let, g be the load intensity on the footing which results in a settlement
of just 7.5 cm. Let A p be the stress intensity on X-X when the footing is loaded

with g t/mz.

Cc Po + Ap
L+ 2 logig 7 = 7.5
(400) (0.259) po +Ap

or, —-———————(1 + 0.85) logio —_PO =75

+ A
or, lopy Pt e (383D

Po

+ A
or, PR = 1.1433.

Po
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But the value of pg at X-X is constant, and is equal to 0.38 kg/cmz. :
038 + Ap _ 1.3612

0.38
Solving, we get,
Ap = 01372kg/cm® = 1372 /m?
1 2
But, Ap = gt ;e

(B + 2)({L + 2) ® (B+Z)2

TR e
2 + 2%

or, q = 549 t/m? = 55 t/m’

Hence, a loading intensity of 5.5 t/m2 will result in a consolidation
settlement of 7.5 cm, Therefore, the required allowable bearing capacity of
the footing =5.5 t/m”. ‘

EXERCISE 11

11.1. Determine the ultimate bearing capacity of the following footings
placed at 1.2 m below the ground level in a homogeneous deposit of firm soil
having y = 1.8 t/m>, ¢ =20 and ¢c = 1.8 t/m°.

(i) a strip footing of 2 m width
(ii) a square footing of 2 m x 2 m size

(iii) a circular footing of 2 m diameter.
given, for¢ = 20°, N, =177, N, = 74, N, = 5.0
[Ans. (i) 56.84 t/m® (i) 65.12 ym® (iii) 62.80 t/m”]
11.2. A 2.5 m x 2.5 m square footing is founded at a depth of 1.5 m
below G.L. in a loose soil deposit having the following properties:
y = 1.65t/m>, ¢ = 02kg/cm?, ¢ = 15°
. Determine:
(i) the ultimate bearing capacity
(ii) the net ultimate bearing capacity
(iii) the net safe bearing capacity
(iv) the safe bearing capacity. :
The factor of safety should be taken as 3.0. Given, for¢ = 15°,
Ne = 129, Ng = 44, Ny = 25, N = 97, N =27, Ny = 09,
[Ans. (i) 24.98 t/m? (ii) 22.51 t/m? (iii) 7.50 t/m? (iv) 9.98 t/mz]

11.3. A circular footing of 2.5 m diameter rests at 1.3 m below G.L. in
. . . 2
a soil mass having an average cohesion of 10 kN/m~, an angle of internal
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friction of 28° and a bulk density of 18 KN/m’. The water table is located at
a great depth. Determine the safe bearing capacity of the footing. Assume a
general shear failure. Given, for ¢ = 28°, N. = 325, Nq = 18.8 and
N, = 15.7. The factor of safety should be takenas 3.0.  [Ans.373.7 kN/mZ}

11.4. In Problem 11.3, if the water table rises to the grouhd level due to
flooding, determine the percent change in the safe bearing capaeity of the
footing. : [Ans: Decreases by 18.6%]

11.5. A square footing of 2.2m x 2.2 m size is founded ata depthof 1.2
m below G.L. in a homogeneous bed of dry sand having a unit weight of 1.95
tm° and an angle of internal friction of 36°. Determine the safe load the
footing can carry with respect to a factor of safety of 3.0 against shear failure.
Given, for¢ = 36°, N. = 65.4, Nq =494, N, = 54.

11.6. A 2.0 m wide strip footing is required to be founded in a bed of
dense sand having a bulk density of 2.0 t/m3 and an angle of shearing
resistance of 35°. Plot the variation of ultimate bearing capacity of the footing
with depth of l'qundation, Df, for 0 s ,Df s 3.0m. Given, for ¢ = 35°,
N, =58 N, =415 N, =424

" 11.7. Determine the safe load a circular footing of 5 m diameter founded
at a depth of 1.0 i below G.L. can carry. The foundation soil is a saturated
clay havin§ an uncontined compressive strength of 6 t/m2 and a unit weight
of 1.75 t/m°. Assume a factor of safety of 2.5. Use Skempton’s and Terzaghi’s
methods and compare the results. State, giving reasons, which one is more

reliable. : :
[Ans: Terzaghi: 154.92 t, Skempton: 131.48 ¢, Skempton’s method]

11.8. A strip footing has to carry a gross load of 120 kN per metre run.
The footing is placed at 1.25 m below G.L. in a homogeneous sand stratum.
The unit weight and angle of internal friction of the sand are 19 kN/m3 and
32° respectively. Determine the minimum width of the footing required in
order to have a factor of safety of 3.0. Given, for ¢ = 32°, N, = 44,

N, =29, N, =26 ] [Ans: 2.18 m]

11.9. The size of square footing mustbe restricted to 1.5m x 1.5 m . The
footing has to carry a net load of 150 t coming from the superstructure. The
foundation soil has the following properties: '

y=191gm/cc, ¢ =0, ¢ =36
For¢ = 36°, N. =65 Ng=49, Ny =54

Determine the minimum depth at which the footing has 1o be placed in

order to have a factor of safety of 2.5 against shear failure. [Ans: 1.10m]

11.10. Complete shear failure of an RCC footing took place under a
gross load of 62450 kg. The dimensions of the footing were 2.25 m x 2.25 m
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and the depth of foundation was 1.4m. The subsoil consisted of a deep stratum

of medium clay (y = 1.8 vm? ). Find out the average unit cohesion of the
clay. [Ans: c=3.5 t/mz]

11.11. The footing of a column is 1.5 m x 1.5 m in size, and is founded
ata depth of 1.25 m below the ground level. The properties of the foundation
soil are:

c = 01kg/cm?, ¢ = 15", y = 1.75 gm/cc.

Determine the safe load the footing can carry with a factor of safety of

2.5, when the water table is at:
(i) 0.5 m below the ground level.
(ii) 0.5 m below the base of footing. [Ans: (i) 24.99 t (ii) 28.29 t]

11.12. The subsoil at a site consists of a homogeneous bed of normally

consolidated soil having the following properties:
y = 185t/m’, ¢ =35vum?, ¢ = 10°

A 2 m x 3.5 m footing is to be founded on this soil at a depth of 1.5 m.
Determine the safe load the footing can carry with a factor of safety-of 2.5.
Use Brinch Hansen’s method.

Given, for ¢ = 10°, N. = 834, N, =247, N, = 0.47.

[Ans: 152.44]

11.13. Redo Problem 11.12 using the method recommended by IS:
6403-1981. Given, for ¢ = 10°, N, = 835, N, =247, N, = 1.22.
' [Ans: 152.08 t]

11.14. Determine the factor of safety against shear failure of a 1.5 m
wide strip footing located at a depth of 1 m below the ground level in a bed
of dense sand having y = 1.9 t/m"> and ¢ = 40°, if it carries a uniformly

distributed load of 22 t per metre run. Use Terzaghi’s equation. Given, for
¢ = 40°, N, = 7532, N, = 6418, and N, = 95.41. [Ans: 2.61]

11.15. An R.C.C. column is subject to a vertical force of 900 kN acting
through its centre line and a horizontal thrust of 120 kN acting at 2.7 m above
G.L. The column is supported by a square footing of 2.5 m x 2.5 m size, placed
at a depth of 1.2 m below G.L. The foundatiog soil has an angle of internal
friction of 35° and a bulk density of 18.5 KN/m°. Assuming a factor of safety
of 3.0, determine the safe load. Use:

(i) Brinch Hansen’s method
(Nc = 46.12, Ng = 33.3, Ny = 40.69)
(ii) Recommendation of IS: 6403 - 1981
(N: = 46.12, Ny = 33.3, Ny = 48.03)
[Ans: (i) 3458 kN (ii) 2687 kN]
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11.16. In order to assess the bearing capacity of a 2.5 m square footing,
a plate load test was conducted at a site with a square plate of 60 cm x 60 cm
size. The following results were obtained:

Applied load (kg) ‘ 180 ( -360 ‘ 720 ‘ 1080 \ 1440 ‘ 1800
2.71 \ 3.62 ‘ 5.40 ‘ 9.30

Settlement (mm) \ 0.82 ‘ 1.78

If the allowable settlement of the footing be 1.5 cm, find out the allowable
load on the footing. [Ans: 284.4 t]
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PILE FOUNDATIONS

12.1 Introduction: According to Terzaghi, a foundation is called a deep
foundation if its width is less than its depth (i.e., D/B > 1). Various types of
deep foundations are:

1. Pile foundations
2. Well foundations or open caissons.
3. Pier foundations or drilled caissons.

12.2 Pile Foundations: Piles are generaily used to transfer the load of a
structure to a deep-seated, strong soil stratum. The other applications of piles
are as follows:

(i) to compact a loose soil layer (compaction piles)
(ii) to hold down structures subject to uplift or overturning forces
(tension piles)
(iii) to provide anchorage against horizontal pull applied on earth-
retaining structures (anchor piles) ' -
(iv) to protect waterfront structures from the impact of marine vessels
(fender piles)
(V) to resist oblique compressive loads (batter piles).

12.3 Classification of Piles According to Load Dispersal Characteristics:

On the basis of the mode of load dispersion, piles can be classified into the
following two categories:

(i) Bearing piles: When a pile passes through a weak stratum but its tip
penetrates into a stratum of substantial bearing capacity, the pile transfers the
load imposed on it fo the stronger stratum. Such a pile is called a bearing pile.

(i) Friction pile: When a pile is extended to a considerable depth in a
stratum of poor bearing capacity, it derives its load carrying capacity from
the friction of the soil mass on the sides of the pile. Such a pile is called a
friction pile.

12.4 Bearing Capacity of Piles: The bearing capacity of a pile may be
defined as the maximum load which can be sustained by a pile without
producing excessive settlement.
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The bearing capacity of an individual pile may be determined by the
following methods: '
(i) Dynamic formula
(i1) Static formula
(iii) Pile load test
12.5 Dynamic Formulae: The dynamic formulae are based on the concept
that a pile derives its bearing capacity from the energy spent in driving it.
The following dynamic formulae are most widely used:"
1. Efigineering News Formula: According to this formula, the safe
bearing capacity of a pile is given by:

- Wit i LA 5 121
Py & ;W F(s + ©) --(12.1)
where, Q = safeload inkg
W = weight of hammer in kg
H

s

fall of hammer in cm

average penetration of the pile in the last n blows in cm
For drop hammers, n=35

for steam hammers, n = 20

¢ = additional penetration of the pile which would have taken
place had there been no loss of energy in driving the pile.
For drop hammers, g =2.5 cm.
for steam hammers,@= 0.25 cm.

Eqn. (12.1) gives the general form of the Engineering News Formula.
The specific forms of this formula for different types of hammers are given
below:

] Wh
(i) For drop hammer: Q = _()—(s—+_2—5—) ..(12.2)
. (ii). For sinéle acting steam hammer: Q = - P4 (12.3)
: e 6 (s + 0.25) oy

: ' W+ ap)h
(iii) For double acting steam hammer: Q = EYmB_ZS—) ..(12.4)

where, a = effective area of the piston in cm?
p = mean effective steam pressure in kg/cmz.

\}/ﬁodified Hiley Formula: 1S :2911 (Part 1) - 1964 recommends the
following formula based on an expression originally derived by Hiley:

Ly
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N W-H-w,
N .(12.5)

where, Q = ultimate load on pile (kg)
W, H, s and c have the same meaning as in eqn. (12.1)
T, = efficiency of hammer.
1, = efficiency of hammer blow

= the ratio of energy afier impact to the striking energy of the

rani.
2
When W > P, - % .(12.6)
W+eP [W-ePT
when W < eP,  mp = —Wif—P— L [—W"T‘EP—] (12.7)

where, P = weight of the pile alongwith anvil, helmet, etc
e= co-efficient or restitution, the value of which may vary between

0 and 0.5, depending on the driving system as well as the
material of the pile.

In eqn. (12.5), C represents the temporary elastic compression, which is
given by,

C = C1 + C2 + C3‘ .(128)

where, Cj, C; and Cj represent the elastic compressions of the dolly and
packing, the pile and the soil respectively. Their values may be
obtained from:

£

C, =177 %‘- .-(12.9)
Ap
L
C, = 0.657 Cu (12.10)
ST Ap
!
C3 = 3.55 —Q—'-‘- .(12.11)
Ap
where, Ap= cross-sectional area of the pile, cm
L = length of pile, m
The safe load on a pile may be obtained from:
Q
Q, = 1—,5 ..(12.12)

s

r
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The value of F, should lie between 2 and 3.

12.6 Static Formulae: The static formulae are based on the concept that
the ultimate load bearing capacity (Q,) of a pile is equal to the sum of the
total skin friction acting on the surface area of the embedded portion of the
pile (Qp and the end bearing resistance acting on the pile tip (Qp), as illustrated
in'Fig. 12.1.

i SNE LA o

=t
|

T‘ But, Q¢ =qf.Af and @, =qp.4p
r Qf = qf.Af + qb 'Ab .-.(12.14)

where, gy = average unit skin friction

point bearing resistance of the

D Y G¢ 1)

r pile tip
A; = surface area of the pile on
' which the skin friction acts.

i -

9

|
1
1
1

c/s area of the pile at its tip.

The methods of evaluating gy and gy, are
Fig.12.1 explained below:

1. Cohesive Soils:
Average unit skin friction, g = a.c -(12.15)
where, ¢ = unit cohesion

o = adhesion factor, which depends on the consistency of the soil
and may be determined from Table 12.1

Average point bearing resistance

qp, = cN, ..(12.16)

According to Skempton, for deep foundations, N, =9
q, = 9c¢ ..(12.17)
Q, = acAs+ 9cA, ..(12.18)

For a pile of diameter B and embedded depth D.

A, = %BZ and A; = nBD
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Eqn. (12.14) therefore reduces to:

Q, =mBDei+ 225nB% ¢ ..(12.19)
Table 12.1: Adhesion Factors
Pile material Consistency Cohesion (t/mz ) | Adhesion factor '
o

Timber & soft 0-3.75 1-0.90
Conc‘_retc medium 3.75-750 0.90 - 0.60
stiff 7.50 -15.0 0.60 - 0.45
Steel soft 0-3.75 1.0 -0.80
medium 3.75-17.50 0.80—0.50
stiff 7.50-15.0 < 0.50

2. Cohesionless Soils: For piles driven in cohesionless soils,

qr = q,K;tan d ..(12.20)
et et e |
where, @, = average overburden pressure
ie., g, = V2 ..(12.21)

K, = co-efficient of earth pressure, the value of which may
vary from 0.5 for loose sand to 1.0 for dense sand.
friction angle of tie soil on the pilc, Which depends on

the angle of internal friction ¢ of the soil.

The value of  may be obtained from Table 12.2.

o

Table 12.2: Friction Angle

i ‘ =T - ==
Prk' Surface condition Waliié of [
material (i
Dry sand | Saturated
sand
Steel Smooth (polished) 4 054 0.64
Rough (rusted) 0.76 0.80
Wood Parallel to grain 0.76_ 0.85
Perpendicular to grain 0.88 0.89
Concrete | Smooth (made in metal form work) 0.76 0.80
Grained (made in timber form work) 0.88 0.80
Rough (cast on ground) 0.98 0.90

Pile Foundations ' 315

For a purely cohesionless soil, ¢ = 0. Hence, the point bearing resistance is
given by,
gy, = YDN s, + YBN,s, ..(12.22)

where, N N, Bearing capacity factors.

Sq Sy = Shape factors

B

D

For a square or rectangular pile, s, 0.5

width or diameter of pile

length of pile

for a circular pile, Sy = 0.3

For piles of small diameter or width, the second term of eqn. (12.22) is
negligible as compared to the first term. Thus, tor all practical purposes,

q, = YDNys, ..(12.23)
The value of N, may be determined by the following methods:
(i) Vesic's method: According to Vesic, s, = 3k

and, N, = 801 02 (45° + ¢/2)
Hence, @ = 39N, (12.24)

The values of N, for various values of ¢ are given in Table 12.2.

Table 12.3: Bearing Capacity Factors

¢ (degrees) N, ¢ (degrees) Ny |
0 1.0 30 9.5
5 1.2 35 18.7
10 1.6 40 42.5
15 2.2 45 115.0
20 33 50 422.0
25 5.3

(ii) Berezantsev’s method: According to Berezantsev the N, values
depend on the D/B ratio of the pile and the angle of internal friction of the
soil. The N, g value may be obtained from Fig. 12.2.
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200 =
150 : /
F oo
(=
Tk
50
; e
20 25 30 35 40 45
@ ( Degrees) —
Fig. 12.2

12.7 P'i]e Capacity from Penetration Tests: The pile capacity can also be
dctermn}ed from the results of the Standard Penetration Test or Static Cone
Penetration Test performed in the field, using the following equations:

(i) Standard Penetration Test:
Q, = 4NA, + 0.02N A, ..(12.25)
where, ), = ultimate bearing capacity of pile in kg
N = blow count (without overburden correction)

Ap

base area of pile in cm?

2

Ay = surface area of pile in cm
However, for a bored pile,
Q, =133NA4, + 002 NA, ...(12.26)

(ii) Static cone penetration test:

1
Qu = 4cAp + 59c Ay -(12.27)
where, g, = cone resistance at tip.

12.8 Group Act.ion in Piles: A pile foundation consists of a number of
closely spaced pfles, known as a pile group. Due to the overlapping in the
stressed zone of individual piles, the bearing capacity of a group of friction
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piles is generally less than the product of capacity of a single pile and the
numbser of piles in the group. In order to determine the bearing capacity of a
pile group, @, , a correction factor ) is required to be used.

Qeg=n Qung ..(12.28)
where, n = number of piles in the group
Q, = ultimate bearing capacity of each pile
mng = efficiency of the pile group
The value of 1, may be obtained from the following empirical formulae:

(i) Converse-Labarre’ Formula:

p Bl | 6|l(n-1Dm+(m-1)n
At %0 =T ..(12.29)
where, m = number of rows of pile in the group
n = number of piles in each row
0 = tan”’ s

S

where, d = diameter of each pile
s = spacing of the piles

(ii) Los Angeles formila:

[m (n-1)+n(m-1)+V2Z(m- T)“(n‘-"‘r)] .(12.30)

n, = 1-
e nmns

12.9 Design of a Pile Group: The piles in a group are connected to a rigid
pile cap so that the group of piles behaves as a unit. The group capacity may
be determined by the efficiency equation (eqn. 12.24). A more rational

e
iy e

Ay
G¢ { }
yikinaaii
Gu
2
fieT 7 S TR o
Soft Soil Fig.12.3
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method is the rigid block method recommended by Terzaghi and Peck.
According to this method the ultimate bearing of a pile group equals the sum
of the ultimate bearing capacity of block occupied by the group and the
shearing resistance mobilised along the perimeter of the group. With
reference to Fig. 12.3.

Q¢ = quBL + Di(2B + 2L)s - yDfBL ..(12.31)
where, Q. = ultimate bearing capacity of the pile group.
q, = ultimate bearing capacity per unit area of the stressed
arca at a depth Dy _
B, L = width and length of pile group
y = unit weight of soil

s = average shearing resistance of soil per unit area between
ground surface and the bottom of pile

Dy = depth of embedment of piles.
The safe load on the pile group is given by,
Qe
s 7 ..(12.32)

%
The minimum value of F should be taken as 3.0.

The above equations are applicable to cohesive soils. For end bearing
piles on hard rock (irrespective of the spacing) and on dense sand-(with
spacing greater than 3 times pile diameter) the group capacity cquals the sum
of individual capacities. i.c.,

Q, =N-Q, (12.33)

12.10 Spacing of Piles: As per the recommendations of IS : 2911 (Part
1)-1964, the spacing of piles may be obtained from the following general
rules:

(i) for triction piles, s ¢ 3d

(ii) for end bearing piles passing through compressible soil,
s £25d

(iii) forend bearmg piles passing through compressible soii but resting
on stiff clay, s « 3.5d

(iv) for compaction piles, s = 2d

12.11 Settlement of Pile Group: The consolidation settlement of a pile
group in clay is determined on the basis of the following assumptions:

(i) The soil mass between the top of the piles and their lower third
point is incompressible.
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(i) The load on the pile group is effectively transmitted to the soil at
this lower one-third point.
(iti) The presence of pile below this level is ignored. :
(iv) The transmitted load is dispersed as 60° to the horizontal.
With reference to Fig. 12.4, the settlement of the group is given by:

oy + Ao
- logyg ———00 ..(12.34)

C
p—H1+€0

F—ﬁ

rwj—['-////////—m”

ZL
IR IRAIR]

L;3 \
.\
‘;z T 1 3 NAT

Fig. 124

-

where, H = thickness of the layer
C, = compression index, ¢y = initial void ratio

0p = initial stress at the centre of the layer

A G = stress increment due to piles

O

A

area over which the load is distributed at the centre
of the layer.

12.12 Negative Skin Friction: The downward drag acting on a pile due to
the relative movement of the surrounding soil mass is called the negative skin

|

AI
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friction. This tends to reduce the load carrying capacity of the pile. Its
magnitude can be determined from:

(i) for cohesive soils: Quy=pc iy ..(12.35)
(ii) for cohesionless soils: @, = %L} pyKtand ..(12.36)

where, p = perimeter of the pile
¢ = average cohesion of the soil

Ly = thickness of soil layer which tends to move downwards

vy = unit weight of soil
K = co-efficient of lateral pressure (K, < K s K})

d = friction angle, (8 s ¢)

EXAMPLES

Problem INK A timber pile is being driven with a drop hammer
weighing 20 kN and having a free fall of 1 m. The total penetration of the pile
in the last five blows is 30 mm. Determine the load carrying capacity of the
pile using the Enginecring News formula.

Solution: Using eqn. (12.1),

WH
= 6(s +¢)
20 kN.

Here, W = weight of hammer

H = height of free fall = 1m = 100 cm.

c=25cm

s = average penetration for the last 5 blows
30

5 = 6mm = 0.6 cm

g _ _(20)(100)
Q=506 + 25
Problem 12.2. Determine the safe load that can be carried by a pile
having a gross weight of 1.5 t, using the modified Hiley’s formula. Given,
weight of hammer =2.01
height of free fall =91 cm

= 107.5 kN

hammer efficiency =75%

average penciration under the last 5 blows = 10 mm
length of pile =22m

diameter of pile = 300 mm,

co-cfficient of restitution = 0.55

Pile Foundations 321

Solution: From eqn. (12.5), the ultimate load on pile,
_ M WHm,
4 s +c¢/2
Here, W=30t, H=91comn, my = 75% = 0.75
s=10mm=1.0cm
Now, eP = (0.55)(1.5) = 0.825t
Ws>eP
Using eqn. (12.6),
o EP 20 + (0559 (15) _
W+ P 20 + 15
In order to find out the value of Q,, assume as a first approximation,

¢ =25cm.

0.7

~ (0.75) 2.0) 91) (0.7) _
Qui= g5 2 sy 7 B
Now, using eqns. (12.9) through (12.11),
¢ =1 L AN _ 1050
P % x (30)°
C, = (0.657) (4247) (22) _ (68
% x (30
Cy = (3:5)(42.47) oS
i (30)?
C=C; +C +C3 =1187cm < 2.5cm.
" oA (1187) (50)
Let Q, =50t .. C = e = 1397 cm
_ {0.75) (2.0) 91) (0.7) _ \
Qu=""10+ 13072 =B
” .~ (1.187)(55)
Let Q, =55t . C= " = 1537
~(0.75) (2.0) 91) 0.7) _
Qu="To+ 15312 =%

4
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In the third iteration the assumed and computed values of Q,, are quite

close. Hence, the ultimate load bearing capacity of the pile is 54 t.
Consequently, the safe bearing capacity
Q. 54

Qs='F—='2?=21.6t.

§

Problem 12,3,/ An RCC pile of 18 m overall length is driven into a dee})
stratum of soft cIfy having an unconfined compressive strength of 3.5 t/m”.
The diameter of the pile is 30 cm. Determine the safe load that can be carried
by the pile with a factor of safety of 3.0. '

Solution: From eqn. (12.14),
Ou = g5 Ar + qp Ay

As the pile is driven into a cohesive soil,

qr = a-“c¢
The value of adhesion factor o. may be obtained from Table 12.1. Fora
soft clay having ¢ = L4 %ﬁ =175 t/m2, o may be taken as 0.95.

Again, we have, ¢, = 9¢
A, = c/s area of pile tip

4 (100

2
L (30) = 0.07 m’
surface area of the pile

Ay

7(0.30) (18) = 16.96 m*
Q, = (0.95) (1.75) (16.96) + (9) (1.75) (0.07)

=282 + 1.1 = 2931

Q. 293
<. Safeload, O, = F. =30 - 9.76 t. |
Problem lﬁd// A smooth RCC pile of 40 cm diameter and 15 m length
is driven into a d€ep stratum of dry, loose sand having a unit weight of 1.6
t/m3 and an angle of internal friction of 25°. Determine the safe load which
can be carried by the pile. Given, for ¢ = 25°, Vesic’s bearing capacity
factor N, = 5.3.

Solution: Using eqn. (12.20),
qr = a; Ks tan §
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Here, ¢, = average overburden pressure I
= = LH
Yz 2
- ——(1‘6)2(15) - 12t/m’

For loose sand, K = 0.5
The value of 8 may be obtained from Table 12.2. For a smooth RCC pile
embedded in dry sand,

8/¢ = 0.76, or, & = (0.76) (25°) = 19°
gs = (12) (0.5) (tan 19°)
= 2.066 t/m>
Using eqn. (12.29),
b

3gN,
(3) (1.6) (15) (5.3) = 381.6 t/m>
Ap = nBD = n(0.40)(15) = 18.85 m’

Ap = g# = (n/4) (0.40%) = 0.126 m*
0, = (2.066) (18.85) + (381.6) (0.126)
= 38.94 + 48.08
= 87.02t = 87t
O ®7
QS = ‘?‘ = '—3— = 29t_

s

Problem IM bored concrete pile of 400 mm diameter and having
an overall length of 12.5 m is embedded in a saturated stratum of ¢ — ¢ soil
having the following properties: ’

c = 15KN/m?, ¢ = 20°, yg, = 18kN/m’

Determine the safe bearing capacity of the pile. Given, for ¢ = 20°, the
bearing capacity factors are:

N, =26 N,=10, N, = 4.
Assume reasonable values for all other factors.
Solution:  For piles embedded in a ¢ - ¢ soil,
gp = cN. + YD(N, - 1) + 05Y BN,




324 Problems in Soil Mechanics and F. oundation Engineering

(15) (26) + (18 - 10)(125)(10 - 1)
“+ (0.5) (18 - 10) (0.40) (4)

390 + 900 + 6.4

1296.4

ac + g, K tand.

Assume, o =05, K, =1, 8/¢ = 0.80.
5 = (0.80) (20°) = 16°

&8
"

g = (05)(15) + (18 - 10) (12.5/2) (1.0) (tan 16)
= 21.84kN/m’
Again Af = m(0.4)(12.5) = 1571 m?
and, Ay = %(0.40)2 = 0.126 m’
0, = (21.84)(15.71) + (1296.4) (0.126)
= 3431 + 163.3
= 506.4kN.

0, - 24 - 1688 kN ~ 168 KN.

o

Problem 12.¢/ The column of a footing is founded at a depth of 1.5 m
below G.L. audis supported by a number of piles each having a length ef 10
m. The subsoil consists of three layers, the properties of which are given
below:
Layerl: ¢
Layerll: ¢ =35 t/m2, y = 1.90 t/m>, ¢ =0, H=3m

3t/m%, y = 185 t/}ms, ¢ =0, H=65m

LayerIl: ¢ =0, y = 180t/m>, ¢ =30, H=15m

Determine the safe load on each pile if the diameter of the piles be 500
min and the required factor of safety be 2.5. Assume, adhesion factor
a = 0.80.

Solution: The depth of embedment of the piles in the three layers are
respectively, 5 m, 3m and 2 m.

For the firstlayer, g, = 0.¢y = (0.80)(3) = 24 t/m?.

and, A = %(0.5)(5) = 785 m?
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acy = (0.80)(5) = 4t/m’

For the second layer, g,

and, A = n(05)(30) = 471 m’

For the third layer, the skin friction may be neglected.
Again, using eqn. (12.24),
gy, = 3qN, = (3) (185 x 5 + 1.9 x 3 + 1.8 x 2)(9.5)
- 52867 t/m’
and Ay = % . (05)% = 0.196 m”

Q, = (24) (7.85) + (4) (4.71) + (528.67) (0.196)
= 18.84 + 18.84 + 103.62

1413t

1413

Q. = = 471t =~ 471

x

PmblemM A raft foundation is supported by a pile group consisting
of 15 piles arranged in 3 rows. The diameter and length of each pile are 300
mm and 15 m respectively. The spacing between the piles is 1.2 m, The
foundation soil consists of a soft clay layer having ¢ = 3.2 Ym” and

y =19t/ m-. Determine the capacity of the pile group.
Solution: (i) Considering individual action of piles:

(If = 0ac
= (0.9)(3.2) [Assuming a = 0.90]

- 2.88 /m’.
A = 7 (030)(15) = 14.14m’
g, = 9¢ = 9(32) = 288tU/m’

BS
o
]

7 (030) = 0071 m?
Individual capacity of each pile,
Q, = (2.88)(14.14) + (28.8) (0.071)

42.77t
Group capacity, Qg = (15) (42.77) = 641.55¢

/'
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(ii) Considering group action of piles: Assuming a block failure, the
capacity of the pile group may be obtained from eqn. (12.31):

Q. = qyBL + D;(2B + 2L)s - yDfBL
With reference to Fig. 12.3,
width of the block, B=2(1.2) +2(0.15)=2.7m
length of the block, L =4(1.2) +2(0.15)=5.1m
depth of the block, Dy =15m
b = 9c = (9)(32) = 2881/m’

s

ep

g = ac = (09)(32) = 2.88 t/m?

(28.8) (2.7) (5.1) + 15(2 » 2.7 + 2 x 5.1) (2.88)
- (1.9)(15) (2.7) 5.1)

678.05t > 64155t

Hence, the ultimate bearing capacity of the pile group is 641.55 t.
Safe bearing capacity w.r.t. a factor of safety of 2.5,
641.55
@s = 35
Problem le)h/A group of 12 piles, each having a diameter of 500 mm
and 30 m long, supports a raft foundation. The piles are arranged in 3 rows
and spaced at 1.25 m ¢/c. The properties of the foundation soil are as follows:

y = 11kN/m?, g, = 75kN/m%, ¢ = 0". -

= 256.62t = 2561.

Assuming o = 0.80 and F, = 2.5, determine the capacity of the pile
group. -
Solution: (i) Considering individual action of piles:

gr = o = (0.80) (75/2) = 30 kN/m’
gy = 9¢ = (9)(75/2) = 337.5 kN/m”
Ag = m(0.50) (30) = 47.12 m?

Ay = 3;-(0.502) = 0.196 m?

Capacity of each pile, ’
Q, = (30)(47.12) + (337.5) (0.196)
= 1479.75 kN

Group capacity = (12) (1479.75)
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= 17757 kN
. (ii) Considering group action of piles: Assuming a block failure, width
of block, B = 2(1.25) + 2(0.50/2)
= 3m.

length of block, L = 3(1.25) + 2 (0.50/2) = 425 m

depth of block, Dy = 30 m.

gp = 30 kN/m’, g, = 3375 KN/m?

Group capacity, O, = (337.5) (3) (4.25) + 30 (2x3+2x 4.25) (30)

~(11) (30) (3) (4.25)

13145.6 kN < 17757kN
Hence, group action governs the capacity of the pile group.

Q, = 131456 kN.
0, - 1%4;5_’9 = 52582 kN =~ 5258 kN.

Problem 12.97 A group of 20 piles, each having a diameter of 40 mm
and 10 m long, afe arranged in 4 rows at a spacing 1.0 m c/c. The capacity of
each pile is 380 kN. Determine the group capacity of the piles.

Solution: Using eqn. (12.28), the capacity of the pile group,
Qg ~ n'Qu'“g'
Here, n =20, Q, = 380kN.

The efficiency of the pile group, 1, may be determined by either of the

following formula:
(i) Converse - Labarre Formula: Using eqn. (12.29),

_Q_(n—l)m+(m—1)n
7]g=1'90[ mn

Here, m=4, n=3,

1.0
218 [(5 -4+ @4 -15

0 = mn“‘si = tan ! (——0‘40 = 21.8°

ng =1 - g @)

(ii) Los Angeles formula: Using eqn. (12.30),
Ng =1 - d [m(n—1)+n(m-1)+\/23m—1)(n—1)]

nmns

] = 0.624 = 62.4%
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0771 = 77.1%
The lower value should be used. Hence, the capacity of the pile group
Q. = (20) (380) (0.624)

= 4742.4kN = 4742 kN.

Problem 1%2,0/ It is proposed to drive a group of piles in a bed of loose
sand to support 4 raft. The group will consist of 16 piles, each of 300 mm
diameter and 12 m length. The results of standard penetration tests performed
at the site at various depths are given below:

Depth (m) \ 2.0 ‘ 4.5 \ 7.5 ‘ 9.0 I 12.0

Blow count | 8 \ 10 l 8 \ 11 ‘ 9

Estimate the capacity of the pile group, if the spacing of the piles be 1.5
m c/c.

8+10+§+11+9=9.2~9

-

Solution: Average N-value =

Using eqn. (12.25), the capacity of a driven pile,
Q, = 4NA, + 002N Ag

Here, the average value of N=9

Ay = %(30)2 = 706.86 cm’
Af = m(30) (12) = 1130.97 cm?
0, = (4)(9)(706.86) + (0.02) (9) (1130.97) kg

25650 kg = 25.65t.

As the spacing of piles is as high as 5 D, it can be assumed that there is
no overlapping of stressed zones.

n-Q,
(16) (25.65) t
410t

Problem 12.11 A raft foundation has to be supported by a group of
concrete piles. The gross load to be carried by the pile group is 250 t, inclusive
of the weight of the pile cap. The subsoil consists of a 25 m thick stratum of
normally consolidated clay having an unconfined compressive strength of 4.8

Group capacity, Q.

Pile Foundations 329

t/m2 and an effective unit weight of 0.9 t/m3. Design the pile group with a
factor of safety of 3 against shear failure.

Solution: Let us use 16 Nos. of 400 mm ¢ R.C.C. piles in a square
formation. Let the spacing s be equal to 3 d,

i.e. s = (3)(0.40) = 1.2m
Let L be the length of each pile.
Now, c = %— = 4—2§- = 2.4t/m2

g = ac = (0.9)(24) = 216 t/m%. [Assuming o = 0.90]
9c = (9)(24) = 216 t/m’

a =
Ag=nBL = (040)xL = 1.257Lm’
A, = %-(0.40)2 - 0.126 m*
Capacity of each pile,
0, = (2.16)(1.257L) + (21.6) (0.126)
or, Q, = 2715L + 2.722

Safe bearing capacity of each pile,

Qs = -QS—“ = 0.905L + 0.907

250

Actual load to be carried by each pile = T 15.625t.
k. 0.905L + 0.907 = 15.625
or, L =1627Tm =~ 165m

Check for group action: Considering the shear failure of a block of
dimension, B xL xD,
B=L=3s+d=3(12)+04=4m

D =165m
.. Capacity of the pile grovp, O, = (21.6) (42) +(16.5) (2) (4 + 4) (2.16)
- (0.9)(165) (4)
= 894.24t

Saie bearing capacity of the pile group
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894.24
g = 3 = 298> 250t

Hence the designed group of piles is safe from the consideration of block
failure. /

Problem 12.827 A raft footing founded at a depth of 1.5 m below G.L.
in a 19.5 thick stratum of normally consolidated clay underlain by a dense
sand layer, is to be supported by a-group of 16 piles of length 12 m and dia-
meter 400 mm arranged in a square formation. The gross load to be carried
by the pile group (including the self-weight of pile cap) is 350 t. The piles are
spaced at 1.2 m c/c. The water table is located at the ground level. The
properties of the foundation soil are:

w=32%, G=267, LL=41%

Estimate the probable consolidation settlement of the pile group.

Solution: With reference to Fig. 12.4, the load from the pile group is
assumed to be transmitted to the foundation soil at the lower one-third point,

i.e., ata depth of —i— x 12 = 8 m below the pile cap and 8+ 1.5 = 9.5 m below

G.L. The thickness of the clay layer undergoing consolidation settlement =
10 m. Let us divide this zon¢ into three sub-layers of thickness 3 m, 3mand
4 m respectively.

The settiement of each sub-layer may be obtained from:

Ex ) op + AO
Pe = 1 + o 0810 - 00' T
Now, we have, wG = se, or, € = —‘ﬁsg
(0.32) (2.67)
e = '—'—1—0——— = (.854
C. = 0.009 (LL - 10) = 0.009 (41 - 10) = 0.279
’ G + e 267 + 0.854 3
Again, Yat = T3 ¢ ™= 17 0854 (1) = 1.90t/m
and, Yap = 1.90 - 1.00 = 0.90 t/m’

Settlement of the first sub-layer:

oy = initial overburden pressure at the middle of the layer

Yz = (090)(1.5 + 80 + 3.02) = 99 t/m°
Dimensions of the block of piles,
L=B=3s+d=3(12)+04=4m
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Assuming the load to be dispersed along straight lines inclined to the
horizontal at 60°, the area over which the gross load is distributed at the middle
of the first layer, ‘

A = (L + 2H;/2-an30°) (B + 2 H;/2 - tan 30°)
= (B + Hj tan 30°Y
= (4 + 3tan 307 = 32.86m’

EHOEAGTROO b 2
Ao = A, " 3286 " 10.65 t/m
_ (300) (0.279) . 9.9 + 10.65
o = 1+ 0834 logyo T 50 W3 14.32 cm.

Settlement of the second sub-layer:

oo = (0.90) (1.5 + 80 + 3.0 + 3.0/2) = 126 t/m*

Ay = (4 + 2 x 45 x tan30°) = 84.57 m?
_Q _ 350 _ 2

Ao = & = 5557 - 414 t/m
_ (300) (0.279) 126 + 414

Pe, = "1 + 0854 (B0 12§ s

Settlement of the third sub-layer:
o = (0.90) (L5 + 80 + 6.0 + 4.0/2) = 15.75 t/m?

Ay = (4 + 2 x 8 x an30°) = 175.23m’
350 2
Ao = m = 1.997 t/m
T (400)(0279) 1575 + .97 . .,
Po= 1, 0854 B0~ 1575 COobem

Total settlement, p. = P + Pc, + Pc,

14.32 + 5.57 + 3.12
23 cm.

EXERCISE 12

12.1. Determine the safe load carrying capacity of an RCC pile driven
by a drop hammer weighing 3 tand having a free fall of 1.5 m, if the average
penetration for the last five blows be 12 mm. [Ans. 20.3 (]
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12.2. An RCC pile baving a diameter of 400 mm and a length of 10 m
is being driven with a drop hammer weighing 30 kN, with a height of free fall
of 1.2 m. The average penetration for the last few blows has been recorded
as 9 mm. If the efficiency of the hammer be 70% and the co-efficient or
restitution 0.50, determine the safe load the pile can carry using modified
Hiley’s formula. Given, unit weight of RCC =24 kN/m3. Assume a factor of
safety of 3.0. [ Ans. 200 kN}

12.3. A 22 m long pile having a diameter of 500 mm is driven into a
dee%) stratum of soft clay having an unconfined compressive strength of 5.6
t/m°. Determine the static load bearing capacity of the pile with respect to a
factor of safety of 2.5. {Ans. 40 1]

12.4. A concrete pile of 30 cm diameter is embedded in a stratum of soft
clay havingy = 1.7t/ m3, q,=421/ m>. The thickness of the clay stratum is
8 m and the pile penetrates through a distance of 1.2 m into the underlying
stratum of dense sand, having y = 1.85 t/ m° and ¢ = 36°. Determine the safe
load carrying capacity of the pile with a factor of safety of 3.

Given, 6 = 0.80 ¢ and for ¢ = 36°, Vesic’s bearing capacity factor
Ng=23 a-= 1, K, = 1. [Ans. 32.3 ]

12.5. A smooth steel pile of 8 m length and 400 mm diameter is driven
into a cohesionless soil mass having the following properties:

Ve = 181/, ¢ = 30°

The water table is located at the ground level. If & = 0.60 ¢ and Vesic’s
bearing capacity facior N, for¢ = 30° be 9.5, determine the safe capacity of
the pile with a factor of safety of 2.5. Given, K, =0.7. [Ans. 12.1 {]

12.6. A 12 m long pile having a diameter of 300 mm is cast-in-situ at a
site where the sub-soil consists of the following strata:

Stratum I: thickness =Sm, v =10kN/m’, ¢=30°, ¢ = 10kN/m’

Stratum II: thickness = 16 m, y' =9 kN/ms, ¢=0°, c=60 KN/m®
Determine the safe load on the pile with a factor of safety of 2.0. Assume
reasonable values for all other data.

12.7. A 16 m long bored concrete pile having a diameter of 500 mm is
embedded in a saturated stratum of sandy silt having the following properties

Yo = 195KN/m?, ¢ = 11KN/m’, ¢ = 20°

Determine the safe load carrying capacity of the pile with a factor of
safety of 3.0. Given,

adhesion factor =0.75

co-efficient of earth pressure = 0.85
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friction angle =16°
for ¢ = 20°, N, = 26, Nq = 10, NY = 4 [Ans. 279 kN]

12.8. Determine the ultimate load capacity of an RCC pile of 500 mm
diameter supporting the footing of a column. The sub-soil conditions are
sketched in Fig. 12.5. Given,

adhesion factor for soft clay =0.9

and that for clayey silt =0.7

Vesic's bearing capacity factor N for ¢ = 30° is 9.5. The water table is
Jocated at a great depth. Skin friction in sand may be neglected. [Ans. 2321]

L BN T TR A

.l ! Soft Clay

| (¥=1-8 t/m3 c= 3t/mP)

] ClayeySilt

10m (¥=1-85 t/m3),c=61/m2

ol 1 ;
(¥=175 t/m3, b =30°)
+ 75t/m3, & =30

12.9. A pile group consists of 42 piles arranged in 6 rows with a
centre-to-centre spacing of 1.5 m in each direction. Each pile is 22 m long
and 500 mm in diameter. Find out the group capacity of the pile using:

(i) Converse-Labarre formula )
(ii) Los Angeles formula.

Given, load bearing capacity of each pile = 78 .

[Ans. (i) 2142 t (i) 2624 1]

12.10. A pile group consisting of 25 piles arranged in a square formation
is to support a raft footing. The length and diameter of each pile are 15 m and
300 mm respectively, while their spacing is 85 cm ¢/c. The foundation soil is
a normally consolidated clay having ¢ =5 t/m2 and y = 1.85 t/m”. Determine
the safe load bearing capacity of the pile group. Take o = 0.85 and F = 3.0.

[Ans. 527 1]

12.11. A multistoried building is to be supported by a raft footing placed
on a pile foundation. The pile group supporting the raft consists of 96 piles
of 26 m length and 400 mm diameter, with a spacing of 2.0 m c/c. The water
table is located near the ground surface and the properties of the foundation
soil are as follows:

Fig. 12.5
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Ysat = 2.0 t/m3, c =36 t/m2, ¢ =0,

The adhesion factor may be taken as 0.95.
Determine the capacity of the pile group with a factor of safety of 3.0.

12.12. Design a pile group to support a raft footing of 8 m x 12 m size
and carrying a gross load of 760 t. The self weight of the pile cap may be
assumed as 20% of the gross load on footing. The subsoil consists of a
homogeneous layer of soft clay, extending to a great depth and having the
following properties:

Y = 085t/m>, g, = 5.7t/m’

Design the pile group with a factor of safety of 3 against shear failure.
Given, o = (.85.

12.13. 1t is required to drive a group of piles in order to support a raft
footingzof 10 m x 10 m plan area, and subject to a gross pressure intensity of
15 t/m”. The subsoil consists of a 12 m deep layer of soft clay (y=1.8

t/m3, q,=45t/ m2) which is underlain by a dense sand layer (y=2 t/m3,

¢ = 35°). The raft is founded at 1.5 m below G.L. In order to utilize the
bearing resistance of the sand layer, each pile should penetrate through it at
least 4. D. The adhesion factor for clay = 0.90. Vesic’s bearing capacity factor
Ngfor¢ = 35°is 18.7. Design a suitable pile group with a factor of safety of
2.5 against shear failure.

_ Assume that the self weight of pile cap = 25% of pressure intensity on
the raft.

12.14. A raft footing is founded at a depth of 3.5 m below G.L. in a 24
m thick stratum of soft clay having the following properties:

Ysar = 205t/m>, C, = 03

The gross load to be carried by the pile group, including the self weight
of the pile cap, is 800 . The group consists of 81 piles of 400 mm ¢, arranged
in a square formation, and extended to a depth of 12 m below the pile cap.
The spacing of the piles is 1.25 m. The water table is located at the ground
level. Compute the probabie consolidation settlement of the pile group.
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