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PREFACE
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Hence, the preparation of this book came into being.

The text-book tries to present the fundamentals of soil mechanics as clearly as possible 5o as

to enable the student to grasp the basic concepts. Subjectm’atters are logically arranged and

"~ developed for the beneﬁt of the stuaents of' civil engmeermcy ‘and practlcmg engmeers Some
topics have been treated in great depth so -as to be also of use to. graduate students in the

geotechnical area. Topics falling in these categories are those found in chapter 3, 7, 8 and 9.

Chapter 10 has been devoted to expansive soils which are rarely treated in other soil mechanics
text-book. It is hoped that the inclusion of this chapter will serve as an introduction into special

geotechnical problems that have drawn a lot of attention here and in other countries as well.
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1. INTRODUCTION

1.1 GENERAL
'In engineering, soils are considered to include all. organic and inorganic earth materials
occuring in the zone overlying the rock crust. They are usually non-homogeneous porous
_ material whose engineering behaviour is greatly affected by chénges in moisture content and“

density. The engineering definition of soil is quite different from the zigronomaist definition
of the same. Acéording to this decipline, soil is considered as the earth mold capable of
supporting plant life. In geology-soil has different connotations and may simply be stated

\

as a material found in the relatively thin surface zone.

Soil Mechanics is the science which dea]s with the engineering propertles and behav10ur of
soils under stress. By applying the laws of mechanics and hydraulics, it attempts to give”
solutions to Civil Engineering problems such as

@) the determination of allowable sox] ‘pressure under buildings or bridge piers
etc. (Fig. 1.1 a,b,c)

(b)  evaluation of the magnitude and distribution of earth pressures against various
structures (hg 1.1d,e)

© prediction of water movement through soil.
(d) evaluation of stability of dams and embankments. (Fig. 1.1 f,g)
(e analysis and design of dams.

¢3)] improvement of soil properties by chemical or mechanical methods.

1.2. SOIL FORMATION
1.2.1. Weathering of Rocks

Soils are formed from igneous or metamorphic rocks by many processes of nature, both ‘
physical and chemical. Mechanical weathering is the fragmentation of rock by physical ~
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forces, in which the crystal structure of the material remains unchanged. Among the many
physical forces responsible for the degradatlon of rock (or mechanical splitting) the following
may be cited.
@ Temperature changes
Temperature fluctuations cause unequal expansion and  contraction within
<the rock mass resulting i in the spalling of the layers of rock and dlsmngranon

) Freezing action of water
Water that enters the pores and small cracks freezes during cold periods. As
the water freezes it increases in volume thereby exerting pressure against the
sides of the cracks. This enlarges the cracks and losen particles of rock.

W// YL 4«/

2
NVl 20 77707 ~ 7
(LET T T hiow ~FAFA FTTTTH auon

(a) BuiLDING A A (b) BRIDGE PIER

\\\\\

NN ‘ VAN

CONTACT PRESSURE
DISTRIBUTION

(d) RETAINING WALL (e) sHE
(c) FounpaTION ) ET PiLE

(f) pam (g) EMBANKMENT

Fig 1.1 Some foundmental problems in Soil Mechanics
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©) Wedging action of plant roots
Small rootlets of trees and shrubs may grow into cracks in rocks in search of
moisture and plant food. As these rootlets grow, they act as wedges which
gradually force the rock segments apart.

(d) Impact action
) The impact action of flowing water, ice, and of wind-borne sand particles
serve to scour and erode rock straia and rock fragments.

Chemical weathering is the result of attack on rock minerals by water or oxygen or by _
alkaline or acid materials dissolved in the soil water. Carbon d‘i-o'x—irag from the air and
organic matter in the top soil are common sources of such dissolved acids. The most

. common processes of decomposition in this regard are oxidation (in which OXygen unites with
rock minerals), carbonation (in which rock minerals are attacked by carbonic acid) and
solution. Chemical decomposition (weathering) of rocks go hand in hand with the physical
weathering and the two process mutually accelerate each other.

1.2.2 Transportation and Deposition of Soils

The soils resulting from the weathering of rocks stay in their place of formation, in which
case they are referred to as residual soils. If they are carried away by such transporting
agencies as wind, water, and ice and deposited at another location, they are known as
‘transported soils or sediments. )

Transported soils are mixed with soils of different origin in the course of transportation.
They also disintegrate and alter still further. With the decreasing velocity of the water, or
wind transporting them, the coarser particles are deposited first followed by fine particles.
Thus transported soils are sorted out according to grain sizes.

‘ 1.3. COMMON SOIL TYPES

1) Sand, gravel, and boulders are coarse-grained cohesion-less soils. Grain' size
ranges are-used to distinguish between them. Boulder refers to sizes greater
than 20-30 cm. Particles larger than 2mm are generally classified as gravel.
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Organic silt is a fine grained soil somewhat plastic, highly compressible,
relatively impervious. It is a very poor foundation material because of
compressibility.

Inorganic silts (rock flour) contain only mineral grains and are free from
cbfganic material. They are mostly coarser than 0.002mm. They may be
incompressible depending upon whether they contain bulky or flat grains.

Clay is composed of microscopic particles of weathered rock. Within a wide
Tange of watercontent; clay-exhibits - plasticity. Organic clay contains some .
finely divided organic particles. Organic clays are highly compressible when
saturated and their dry strength is very high.

Black Cotton Soils are clay soils which are highly expansive. They contain a
Irage percentage of montmorillonite, Because of their éxpansive nature when
in contact with moisture, they present foundation problem.

Hardpan is a term often used to describe any hard cemented layer which does
not soften when wet.

Peat is composed of fibrous particles of decayed vegitable matter. It is so
compressible that it is entirely unsuitable to Support any type of foundation.




2. INDEX PROPERTIES AND CLASSIFICATION OF SOILS

2.1 General

’\%}Index properties are bases for distinguishing soils. Index propeyties may be divided into two
main categories namely, soil grain properties and soil aggregate properties. The soil grain
properties are the properties of the individual grains as expressed by size, shape and
mineralogical characteristics. The soil aggregate properties are the propertieg of the soil
mass as a whole. The soil mass is commonly considered to consist of soilds and voids. The
void spaces, often called pores or pore spaces may be partially or wholly filled with water
or air. Although the soilds and voids in a soil sample do not occupy separate spaces, they

volumes (Fig. 2.1).

VOIDS
SoLIDS 7

(a)
VOLUME WEIGHT
| le -
vg AIR Wg =0
VV . ——] g
vw = WATER  — Ww

. S0~
Vs /}/"j// Ws

Fig. 2.1 Block diagram

are represented in a block diagram as having separate weights and occl Ipying Separate 7~
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. Iva W20
Y v, Wy, W
<

v w ) w

Vs W Ws '

. _ PARTIALLY SATURATED SOIL ) FULLY SATURATED SoiL

Wy
DRY soiIL

Fig 2.2 Phase diagram

A given volume of soil system may be considered as a system consmtmg of three
fundamental phases (Fig. 2.2) which are: ’ '
a. The solid phase or skeleton which may be mineral, organic or both.

b. The liquid phase filling part or all of the voids between the soil particles.
c. The gaseous or vapour phase which occupies that part of the voids which is
not occupied by liquid.

Basically, there is no real means of separating the soil phase as shown in the sketch.

The separation of soilds from the voids can only be imagined. Such theoretical phase
separation is very convenient for the v1suahzatlon of the phase relatlonsh ups and for the
solution of problems S

2.2 VOLUME RELATION SHIPS

The total volume of a given soil mass is designated by V. (Fig. 2.1b).
V=V, +v, 2.1
where V, = volume of soilds



~ L
/\/
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Vv, = total volume of voids

V, =V, +V,

V, = volume of air or gas in the voids : .
V,, = volume of water in the voids \
V =V, + V, +V,

2.2.1. Void Ratio and Porosity

@ The void ratio of the soil mass is defined as the ratio of the volume of voids to the volume

of solids. It is usually designated by e and expressed as a ratio”

Voo 2.2)

-~ The porosity of the soil mass is defined as the ratio of the volume of the voids to the total

volume of the soil mass. It is designated by n and is expressed as a percentage.

V., 2.3 i
n =—2 (100) -3)
v .

Substitution of equations (2.2)ard (2.3) in equation (2.1)

yields the following relationships. /

V =V, + V, /
v ’
. \\)p .
n = .
Vv
V —
— — !'l — -
V\I
= VS i VV

V, =V _nV,

V.o (l-n) -V

>
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—Vvl =e(l
n—vs(—n)-e(—n)
e - L . - @a
1-n :
V=V, +V,

V=V +eV =V(+e)-

neeo e e T ey
: V. o V(+e) l+e ' ‘

2.2.2 Degree of Saturatl@n

The moisture content of soil may vary from zero if the soil is perfectly dry to a maximum
value when the soil is saturated.

The degree of saturation is the actual amount of moisture in soil expressed as a percentage

of maximum amount which it would contain if saturated. The degree of saturation is
designated by S.

Y (2.6)
S = v (100) _
2.3 WEIGHT RELATIONSHIPS Sy
b,
The total weight of -the-soil-mass;- “Ws-consists-of the-following-(Fig-2:1b)-——— —bm Y <
ey 2.7

W'=WW+W5

where W, = weight of water
W, = weight of solids
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2.3.1. Moisture Content

The moisture content of soil refers to the total amount of water contained in the soil either
as free water or capillary water. It is always expressed as a percentage of the weight of
soilds in the soil.

' (100) (2.8)

5

+ In the laboratory the moisture content is determined first by weighing a representatlve sample
of soil in its natural or wet state. The sample is then—dried for 24-hrs in-an oven &t -
temperature of 105° C and then weighed. The difference between the weights of the sample
before and after drying represents the amount of water in the sample. This weight, computed
as a percentage of the dried sample, is the moisture content of the soil.

2.3.2 Unit Weight of Solids

This is defined as weight per unit volume of solids. The expression for the unit weight of
solids may be written as

W
=__S (2.9
Vs v
where v, = unit of weight of solid matter
W = weight of solid matter
V, = volume of solid matter

2.3.3. Specific vany

2.3.3.1. True or Absolute Specific Gravity

The specific gravity of soild matter in a soil practicle may be defined as the ratio of the unlt
weight of solid matter to the unit weight of water. The specific gravity of thé solid particlesg
without the void spaces is called the rrue or absolute or real specific gravity and is usua]]yj
designated by a letter G,. E
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An expression for specific gravity for solid matter may be written as follows:-

- G,=
Yw
G,= i 2.10
. V,Y (-- )

where G, specific gravity of solid matter

Y.

unit weight of water

The ordinary range in value of G, is from about 2.5 to 2.8. For many approximate
calculations it is adequate to assume G, as 2.65 or 2.7.

2.3.3.2. The Bulk Specific Gravity (Apparent Specific Gravity)

This is defined as the ratio of the dry weight of a urit volﬁme of soil (volume of solids plus
volume of voids) to the unit weight of water. It is designated by a Jetter G, and expressed as
follows.

v 4 o ' @2.11)

—_ N L4 - '
G, = = —

Where G, = bulk specific grav1ty
W, = welght of soilds (or dry weight of soﬂ)
V- = total volume of soil

2.3.3. 3 Determmatlon of Specific Gravity
The specific gravity determination of a sample of soil is made by displacement in water using
-pycnometer (volumetric bottie). The specific gravity we get 'by this method is the absolute
Speciﬁc gravity. In this test a known weight of oven dried soil sample is carefully\r putina

 pycnometer which is then half filled with distilled water. The air entraped in the soil sample
ls removed by heating or by means of vacuum pumps. The bottle is then topped up with

A dlstllled water upto a calibration mark and brought up to a constant temprature. The
calculation proceeds as follows:
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Weight of pycnometer bottle + water =W,
Weight of pycnometer bottle + water + soil = W,
Weight of dry soil =W

Let the weight of displaced water be equal to Wop
W, + W, =W, ¥ w,,

W,p = W, + W, - W, i

BN

. W Wy W,
Volume of displaced water = —=£ 2 1
Ywr

~ Since, G, = Jr
Yw
Yur = Gr Yy

where
Gr = specific gravity of water at temperature T
¥t = unit weight of water at temperature T

. A A
Volume of displaced water =—2 2 1
. Gryy
L . . W, +W, -W 0
This is equal to the volume of solids V,. Hence, V=2 ;
) GT’YW ‘
e Y WV,
Since G =— = S/ 2. then
YW YW e 3
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N

2.3.4 Unit Weight of Soil

This is generally defined as the weight per unit volume of soil mass. Under varying
circumstances, the weight may be weight of solids only, or weight of solids plus weight of
pore water or s. . . "ged weight of solids. The volume, however, is always the volume of
of solids plussvo.ume of voids. The unit weight of soil is designated by . The general
expression of unit weight of soil is written in the following manner.

W .
= 2.13)
k2 ( .

unit weight of soil

= weight of soil

< ==
I

total volume of soil (or volume of solids plus volume of voids)

The general equation may be taken as unit wet weight, unit dry weight, or unit submerged
weight depending upon the condition prevailing.

2.3.4.1. Unit Dry Weight S

This is defined as weight of solids (or dry soil) per unit volume of soil.

w ,
V= : (2.14)
VS * VV
u LA
Vo Vx .
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From equation (2.9) «v, = G,. v,,. Hence,
' _ (2.15)

2.3.4.2. Unit Wet Weight

The unit wet weight of soil is defined as total weight per unit volume of moist or wet soil

.16)

o =%
wet V

Ws + Ww
TV o+ Y,

Ws(l +—W]

VS(1+——V)

Usi ons (2.8) and (2.9) P )
S e ons . an . =2 ——
1hg eqha Tve T YA e
L P )
wet (1 . e) s W(l N e)

Another expression of unit wet weight can be developed using volume relatfzmships.

v = W, + W,
wet Vs + Vv

.17
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Since W, = Gs Yw Vu 3 Ww = Vw Yw OF Ww = SVV Yw

Gy V +8SVy
: then. ,lef: ’YW.I;_'_V —

_Y,(G,+e5)

<’ 1+e

(218)

2.3.4.3. Saturated Unit Weight

This is the unit weight of the soil sample when the voids are completely filled with water.

Saturated Weight

Vear = Total Volume

Equation (2.18) which is given for y.., may be used 'to determine y,,, for the condition that

S=1 e

G .
Y:nt= Y‘;](. +‘e-;e) . (219)

One may express ¥, in terms of « by deriving a relationship between S, e, » and G,

_Y,(G,+w.G,)

sat 1+e

G, = eS (2.20)
For fully saturated soil § = 1
‘ ne=wG,
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2.3.4.4 Submerged Unit Weight

S : i f saturated soil mass minus the unit weight of water. It
A the unit weight o .
This is defined as

is designated by 7¥»-
Yb = Ysat - Yw

@, +eyy,
= (1 . e) ‘ le

_ (G.-1)

oo (2.21)
+e

2.3.5. Relative Density

To judge whether a soil at a given void ratjo, e, is to be described ag dense or loose, it is )
essential to compare its existing void ratio with the range of possible void ratios for that
particular soil. Such a comparison is made by means of relative density which is expressed
by the following relationship. Relative density mostly applies to granular soil.

_ 1D=\eem“i;e 2.22)
max mim
Where
Ip = relative density (expressed in percent)
€msc = void ratio of the soil in the loosest possible state
Cuin = void ratio of the soil in the densest possible state
e = void ratio of the soil in the natural state

Classification Relative
Density, I, in %

Loose 0-50
Firm 50-170
Dense 70 - 90
Very Dense 90 - 100




16  SOIL MECHANICS

2.4 SIZE AND SHAPE OF SOIL PARTICLES

The sizes of soil particles vary in generalb from boulders to that of a large molecule. Sizes

larger than 0.06 mm are termed coarse fractions and sizes ranging from 0.06 mm to -00Imm

are termed fine fractions. These fractions may be separated by mechanical analysis.

The shape of Soil particles ranges from spherical to needle like or thin plate like structure. °

~

2.5 GRAIN SIZE DISTRIBUTION

The sizes of soil particles and their distribution throughout the soil mass are important factors
which influence soil properties and performance. Particle size is expressed in terms of
single diameter.  For the larger particles this is taken as being equal to the size of the
smallest square hole of a sieve through which the particle will pass.

There are two methods commonly used for the determination of grain size distribution of
soil. They are sieve and hydrometer analyses.

A sieve analysis is often used for the determination of grain size distribution of
coarse-grained ‘materials while a hydrometeranalysis isusually employed for determining the
grain size distribution of the fine grained ‘soils. ’

The determination of grain size distribution by these methods is known as mechanical
wnalysis.

5.1 Sieve Analysis

‘or determining the grain size distribution of soil, a known weight of dry soil specimen is’
laced on a setof-sieves arranged according to their siié and shaken for ;b‘oﬂf ten miqutes
1a sieve §§<§1ker. The soil retained on each sieve is weighed. Percentage retained on any
leve is expressed as

Wt.of soil retained
Total weight

Per cent retained =

(100)

he finest sieve used in mechanical analysis is usually the one corresponding to 0.074mm
00 mesh) according to ASTM.
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2.5.2 Hydrometer Analysis

If the soil containg a large portion of grains below 0.074 mm diameter, the grain size
" distribution of this fine fraction is “ctermined by means of hydrometer analysis or wet

analysis. The hydrometer analysis is based on Stokes law which states that spzl;lerical grains

of different sizes fall through a liquid at different velocities, According td this theory,

spherical soil particle falling through a liquid will have first a velocity increasing rapidly

under the influence of gravity, but within few seconds assume a constant terminal velocity
which is maintained indefinitely. The terminal velocity of spherical soil particle settling in
- water is expressed by Stoke’s law as:

Y, - v, (2.23) -

18p

D2

where
Ys = unit weight of soil grains
Yw = unit weight of water

k= viscosity of water
D = diameter of the spherical particle
v = veloeity of the spherical particle

In practice soil particles are never Euely spherical, To.overcome this, particle size is defined
in terms of equivalent diamter. Any particle which sinks in water with the same velocity as
an imaginary sphere of the same unit weight and of diameter D, will be said to have an
equivalent diameter D.

2.5.3 Grain Size Distribution Curve

The results of grain size analysis are usually presented in the form of grain size distibution

curve , known as gradation curve, on a semilogarithmic plot. The ordinate of this curve

represents the percentage finer than any given diameter D, while the abscissa represents the
size, D (usually expressed in mm) in a logarithmic scale, :

The shape and slope of gradation curve ‘indicate the type of gradation. A steep or broken
slope indicates poor gradation for most engineering purposes. A gentle or even slope
indicates good gradation. A soil is said to be well graded if all partic]es! are represented fairly
well while a soil is poorly graded if there is a deficiency or excess of certain sizes. Typical
forms of gradation curve are as shown on Fig.2.3.

Y e e e o e
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Curve I represents good gradation. Such material is relatively stable and resistant to scour
or erosion. It can readily be compacted to a very dense condition and wil] develop high
shearing resistance and bearing capacity. Curve II represents poor gradation. Such Specimen
is primarily composed of particles of single size (uniform soil). It will casily be displaced

under load and has less supporting power.

Curve III shows skip-graded material. This is also a form of POOr or uneven gradation
because the specimen is lacking in particles of certain sizes.

To quantify the grain size distribution the following parameters are used.

Uniformity Coefficient
In order to determine if a marterial is well graded or poorly graded, its coefficient of
uniformity is determined. Uniformity coefficient, C.,, is defined as the ratio o.f *he diameter
at the 60% finer point to that at 10% finer point on the gradation curve (Fig.2.3).
e - DPa (2.24)
Y Dy,
Where C= uniformity coefficient B
Dy = diameter corresponding to 10% finer by weight which is also known as effective
size,
Dy = diameter corresponding to 60% finer by weight
C, =1, usually indicates a soil in which the grains are practically of the same size
(uniform soil). A large coefficient represents a well graded soil,
Concavity Coefficient

0, - D =1
D25
Other measures of uniformity are: )
D ‘
U, = — % (2.26)
D60 'DIO
Dy, (2.27)
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: Tk € +
2.5.4. Brief Outline of Experimental Procedure for Hydrometer Analysis = Racy,
According to Lambe [17] 50 grams of seil passing sieve No.200 are agitated with water and
dispersing agent in 1000 c.c. jar. The specific gravity of the suspension is then measured

" with a stream lined hydrometer at given intervals of time. ~ The hydrometer reading, r, is
observed at the ‘surface of the fluid on a scale on the stem and this indicates the specific
gravity of the suspension. Readings are usually taken at intervals of %,%,1 and 2 minutes "
with the hydrometer remaining in the suspension all the time. For longer intervals, that is
5, 10, 20 etc. minutes the hydrometer is put in the suspension just before each reading and
removed after each reading.
If a soil particle of size ,D, falls hrough a distance z in time, t, its velocity will be given as:
Using Stokes’Law, ‘

sV e (2.28)
18p

v

V=

D= vigp _ 18p & (2.29)
YS_YW YS_YW t :

After a time, t, all particles of diameter equal to and larger than D have settled through a

i
t

depth z. All the remaining particles finer than D are still in suspension and their
concentration need to be determined.

Equation (2.29} applies to early readings taken between '4 and 2 minutes intervals. For the
readings taken at intervals of 5,10,20,etc. minutes, emersion correction is applied to equation
(2.29). U R B

When the hycdrometer 18 placed in the jar,it displaces its own volume as shown in Fig. 2.4.
As a result, the surface of the suspension rises. If the hydromieter has a Volume = V, and
the jar a cross-sectional area A, then the surface of the suspension as indicated on the above

V
figure will rise by Ih . We realize that the hydrometer measures the specific gravity at
7
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. Vi /24 | . _ L
. :

CENTER OF VOLUME
OF HYDROMETER

TT—T— SUSPENSION °

Z,=H+£(h] I

H
v, i Vi 1 ) ’
ZysZp- = Ht A (n- X0 S F
ZA] 2 A] z,
¢ ¥V
Wha, R
h * T
Y

Fig. 2.4 Hydrometer method of grain-size analysis
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the center of its bulb. The quu.id now at the center of the bulb was previously at a lower level
'(i.e. before the insertion of the hydromcter). Since the displacement below the center of the .

-~ V
bulb is due to half of its volume, the liquid now at the center must be lower by j
: ‘ J

Therefore, actual distance of settlement is:

V i
z/=z -2 (2.30)
r 2«4}
VJ:
i @2.31)
D= 184 _ 24
Y, Y, 2

z', can be obtained from the calibration curve which is a ﬁlot of z' against hydrometer
readings. The corrections that need to be applied to hydrometer readings are miniscus and

temperature. cOrrections.

Having known the limiting diameter D after ¢ minutes, the concentration can be determined

' as follows:
Mass of solid in suspension = W (gm)

Mass of solids per unit volume of suspension = % (gm/cm?)
Volume of solid per unit volume of suspension
. FYV__F em?® ——
a Y: Gc VYn
<
Volume of water per unit volume of suspension = 1~ G ;r - (em®)
Y
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Mass of water per unit volume of suspension,

W
G Vy

5 w

=v,,(1- ) (gm/cm?)

=YW——

W
G,V

Density of suspension, y, = % + {Y"’_G_WV] (gm/cm)

The percentages of particles ¥ smaller than D

weight of solids per cm? at depth z_ after time ¢ (160)
waight of solids per cm?® in the original suspension

Weight of solid finer than D per unit volume of suspension after

. NW
time f=——
vV
Weight of water per unit volume =yw—%
5
N NW NW N -
Unit weight, Sty -
S A \
H - NW =‘Y -_ Y
V GV v

G, NW - NW = G,V (y - 7.)
NW (G, - 1) = G,V (7 - 7.)
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. vV Gs
percent finer than D,or N=— -1

W (G,-1)
leVyc :
<4 Twen

where
. = unit weight of water at temperature of hydrometer calibration (usually 200 C).
"t = hydrometer reading in suspension ' ‘

1, = hydrometer reading in water at the same.temperature as suspension

For combined analysis (i.e. sieve analysis’ + hydrometer analysis}

N'=22
W

5
W = total weight of "y soil passing sieve No0.200
W, = total wei- . dry soil used in the sieve analysis.

2.6 SOIL CONSISTENCY

Soil Consistency is a term often used to describe the degree of firmness of soil and is
expressed by such terms as soft, firm or hard. It usually applies to fine grained soils whose
condition is affected by changes in moisture content. As the consistency of soil changes, its
engineering properties also change. Such soil properties as shearing strength and bearing
capacity vary significantly with consistency.

2.6.1. Atterberg Limits

F3
<

The Swedish scientist, Atterberg, developed a method of describing quantitatively the effect
of varying water content on the consistency of fine grained soils. He established the four
states of soil consistency (Fig 2.5) which are callled the fiquid, the plastic, the semi-solid,
and the solid states. He also proposed a series of tests for determining the boundaries known
as Atterberg limits between the physical states of soil. Each boundary or limit is defined by
the water content that produces a specified consistency. '



INDEX PROPERTIES AND CLASSIFICATION OF'SOfILS 25

resistance to deformation. If, however, its water content is gradually reduced, it will begin
to show a small shearing strength. The limit at which soi] suspension passes from no
strength to a very smalj strength is the liquid limir. This limit is defined by moisture content
of the soil at the poim and is desigrated by wy

At a moisture content lower than its liquid limit, the soil 1s in a plastic stare. 1f the saml_;nle
is subjected to a further decrease in moistyre content, it will eventually lose its Dlasticity.
The moisture content at which the sample, when it is rolled into a thread, starts to crumble
rather than distort Plastically, is called its plastic limir and is designated by w,

After the plastic Iimit, the soil di"s'plays the properties of semi-soilg. With a further decrease
in moisture content, the soil sample will finally reach a point where it can no longer change
in volume. At this point, the soil is said to have reached its si-m‘nkage fimit designated by
s, ‘ '

- The limits described above are all expressed by their Percentage water contents.

A

w
-}
o
=
3
[
@ 1
w 1
E | §
o] I
= | Liouib sTaTE
]
| PLASTK STaTe !
i !
| |
! i
i f
~“'| SEMI-SOLID | !
rd
N sTatE | i
- ! e |
|~ soLip ! i !
voluMe oF |  sTaTE ! [Jps PLASTICITY INDEX. |
SOLIDS. : | i i —
T ), W, W, .

WATER CONTENT. ~

Fig. 2.5 Consistency limits
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2.6.2. Engineering Definitions of Atterberg Limits

The Liquid Limit is defined as the water content at which a moist soil in a special cup cut by
a standard groove closes after 25 taps on hard rubber plate.

The Plastic Lirtit is the water content at which the soil begins to break apart when rolled into
a thread approximately 3mm(1/8 in) in diameter.

The Shrinkage Limit is the water content at which further lose of moisture does not cause a

decrease in volume. o

The Plasticity Index is the range of water content over which the soil exhibits plasticity. i.e
the difference between the liquid limit and plastic limit.

IP = (-I)L - U’P (2.32)
The most important use of the Atterberg limits is in classifying fine grained soils. In
addition, a number of relationships involving the Atterberg limits are useful in correlating
soil behaviour with simple test data.
Liquidity Index relates the natural water content of the soil to the plastic limit and plastic

index.

| At (2.33)

Where o = natural water content

Relative Congistency is the ratio of liquid limit minus the natural water content of the soil
ovér its plasticity index.

(2.34)
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2.6.3. Determination of Atterberg Limits
2.6.3.1. Determination of Liquid Limit

A schematic diagram of a liquid limit device is shown in Fig. 2.6. To perform the liquid
limit test, a moist soil is placed in the CUp. A groove is cut at the center of tﬁe soil pat by
means of standard grooving tool shown in Fig.2.6. By turning the crank, the cup is lifted
and dropped. The moisture content required to close the gToove a distance of 1/2 in (1.27
cm) after 25 blows (drops) is designated as the liquid limit. Since it is difficult to adjust the

curve. The moisture content corresponding to 25 blows (N=25) read from the flow curve
gives the liquid limit of the soil (Fig. 2.6.).
Liquid limit can also be estimated from the following empirical equation [{7]

Wy = w0, (N25)" . (2.35)
Where
N = number of blows i a liquid Timit device for 1.27¢m groove closure
Wy = corresponding moisture content

n =0.121
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2.6.3.2. Determination of Plastic Limit

A paste of soil is rolled into a thread on a smooth glass plate until the diameter is 1/8 in
(0.32cm) in diameter. As soon as the thread shows signs of cracking, the operation is '
stopped and the moisture content of the cracked portion of the thread is degermined_ A
minimum of three trials are made with the same soil and an average of the resulting moisture
contents is determined to give the plastic limit of the soil.

2.6.3.3. Determination of Shrinkage Limit

A container of volume V, (Fig. 2.7) is filled with a soil paste in a saturated state. The
weight of the saturated soil is determined. The specimen is dried gradually, first in air and
then in an oven kept at a temperature of 105°C. '

Fig.2.7a represerits the saturated soil in a container of volume V| Fig.2.7b represents the air
dried soil at shrinkage limit and Fig. 2.7c represents the dry soil after oven drying.

Reduction in moisture content beyond the shrintkage limit does not cause any reduction in the
total volume of the soil mass: Hence, lhe volume in Fig. 2.7b and Fig. 2.7¢ are the same,

. The total volume of the dry soil is determined by immersing the pat of the dried soil in
' mercury and determining the volume of mercury displaced. The weight of the pat is also
determined.
The shriknage limit , w, in per cent is given as,

('n: Wy W W) -y sz) (100) (2.36)
W W

&

=
!

= weight of saturated soil
V, " = volume of saturated soil
W, = weight of dry soil
"V, = volume of dry soil
weight of water in the soil mass at the shrinkage limit

E
u
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iV] - Vo
¥ e
w, -
v, P T

TV | TR 7
d Tl Tl

Fig 2.7 Determination of shrikange limit

2.7 PROPERTIES OF CLAY PARTICLES
. 2.7.1 Surface Ac?ivity and Adsorbed Layer

The surface of fine fraction of soil cafries negative electric charge whose intensity depends
on the mineralogical character of the particle. The physical and chemical manifestation of
the surface charge is called surface activity.

In nature, soil parﬁcles are normally surrounded with water. In the immediate vicinity of
the soil particle, the negative charges attract the positive H* of the water. As a result water
molecules in the neighbourhood are arranged in a'definite pattern defining a certain zone of
mfluence The water located within the zone is called the adsorbed layer. In this layer the
propertles of the water are different from normal water.

In every clay particle the absorbed layer contains ions (positive charges) which come from
the water molecules since water also dissociates to a certain degree from H,0 to H*+ OH".
Since the caly particles are negatively charged, the positive charges i.e., H* go to the clay
‘Particles and base exchange takes place to form the adsorption complex (Fig. 2.8)
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Fig 2.8 Schematic diagram of the aasorbed layer

Due to the property of the adsorption complex, the very fine soil fractions posscss cohesion
which contributes resistance to the soil during shearing deformation. The magnilude of this
resistance may be reduced to a considerable degree by disturbing the adsorption complex,
say by kneading the soil. ‘However, the soil regains its strength back if ailowed to stay for
some time at the same moisture content. This phenomenocn is called Thixotropy

2.7.2 Colloids

If the particles of any substance are so small that the surface activity has an appreciable
influence on the properties of the aggregates, the substance is sald to be in a collpidal stare
and the particles are called colloidal particles. The properties that are due exclusively to the
influence of surface activity are known as colloidal properties. Because of the variations
of the intensity of the surface activity for different particles, the upper limit for a coiloidal
size ranges between 2p and 0.1u. At Q. i every solid substance is in colicidal state.
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2.7.3 Clay Minerals

with the help of X-ray techniques three main groups of clay minerals are identified.
These are Illite, Kaolinite and Montmorillonite.

2.7.3.1 Ilite

[lite 35 meédium active mica like clay mineral and is a predominant constituent of many
shells. The composition of the complex iliite group may be written as follows [14]

K, AlLTFe, Mg, Mg3] (Si‘_, Al) Om (2.37)

Note: The y subscript varies between 1 and 1.5,

2.7.3.2 Kaolinite

Kaolinite is least -active of the three and occurs in soils in high temperature and humid
tropical regions. Its general chemical formula is [14]

Aly (51;05) (OH), (2.38)

2.7.3.3 Montmorillonite

Montmorilionite is more colloidal than kaoliniie and 1s an active clay mineral. By taking
water molecules into-its space-lattice-it-swells considerably.- - .-

-

ba <
It has the following general chemical formula [14]:

Al [Mg] (S1,0.) (OH), + XHy (2.39)

Montmorillonite is the dominant clay mineral in bentonite. For example, calciuni-bentonite
absorbs water from 200% - 300% while sodium-bentonite zhsorbs from 600% - 700%.
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2.8 CLASSIFICATION OF SOILS

A soil classification system is an arrangement of different soils into £roups having similar

properties. The purpose of soil classification is to make possible the estimation of soil
prbpe,rties by association with soils of the sarne. class whose Droperties are _l_gnown and to
provide the engineer with accurate method of soils description. There are several methods
of classifying soils. The most widely used classification Systems by engineers are described

hereunder.

2.8.1 Grain Size Classifications

M.LT. classification
_—"‘——___

. ’ Sand
G ] ‘
rave Coarse | Medium
2

0.6 0.2
Internatignal Societ Gi Soil Science Classification
Sand Silt
Gravel } 1
rave Coarse Fine Clay
2 02 002 ' 0.002 (mm)

AASHO Classification

Gravel
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2.8.2. U.S. Bureau of Soils Textural Classification

This classification is based on a triangular chart shown in
of sand, silt, and clay sizes is represented by a given poin

Fig. 2.9. A soil with known percentage -
t on a triangular chart of this type.

[+] 10
SILT (0.05mm - 0.005mm)
CLASS %SAND | %SILT %CLAY
{ SAND 80-100 | 0-.20 0- 20
2 SANDY LOAM s0- 80 | 0- 50 0- 20
3 LOAM 30- 50 |30- 50 0- 20
4 SILTY LOAM o-50 |356-10077(70F 200
5-SANDYLLAY LOAM | 50- 80 | 0- 30 20 - 30
6 CLAY LOAM 20- 50 |20- 50 20 - 30
7 SILTY CLAY LOAM 0-30 |50- 80 20 - 30
8 SANDY CLAY ' 50- 70 0- 20 30- 50
9 CLAY 0-50 |0-50 30 - 100
10 SILTY CLAY 0-20 |50-70 30- 50

Fig. 2.9 The triangular soil classification chart
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2.8.3 Casagrande Classification System (Unified System of soj} Classification)

This system employs visual inspection, grain-size analysis and Atterberg limit tests in classifying soils,
The coarse soils are classified by their grain size and fine grained soils are classified with the aid of

groups are as follows:

Main Soil Types ~ Symbols

Coarse grained soils Gravel---G
Sand----- N -
Silt-—— M

Fine grained soils Clay -—. ¢

Organic sile & clay---0O |

Peat --- pt
Gradation Liguid limit
Well graded -w High Hquid limjt - &
Poorly graded -p Law liquid limit - [
The symbols indicated ahcr ©onead 0 form the group symbol. The plasticity chart (Fig. 2.10)

is a plot of plasticity index ve,.__ i amit. Fine-grainad soilg are sub-divided into soily of low,
medium and high plasticity following the criteria outlined below, . T

Low plasticity w, < 35%
Intermediate plasticity w_ = 359 - 50% o
High piasticity w, > 50%

The division between inorganic clays -and inorganic sitts is by an empirical line {A-line) having the
following equation:

I =073 (w - 20) (2.40)
Clays fall above the A-line and silts below it
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EXAMPLES

E.2.1 A moist sand sampie has a volume of 644 ¢m® in natural state and a mass of

793 gm. The dry mass is 735 gm and the specific gravity of soil grains is 2.68.
Determine the void ratio, the porosity, the water content and the degree of saturation.

SOLUTION

V=3 _274cm?

2.68

V,=644 -274 =370cm’?

370

e=>—=135
274
¥V, 370
=— =212 100)=57.5
"2y " eaa W00 =515%
m=W'"
W.I'

W, =793 -735=58gm
© =5 (100)=7.9%
735

e

R T
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S=—2=2°(100)=157%
7 310( )

v

E.2.2 A soil sample with a degree of satuaration 100%, has a moisture content of « and
© specific gravity of solid particle G, is given. Express the void ratio and the dry unit

weight in terms of the given quantities.

SOLUTION -
METHOD 1
Ve Water | Wy
Vs Solids W,
v, ul
w Y,

. : W"=co.W‘l (since w = W_IW))

oW

V,-—*

Y'_

Vet

E ]

G, Y

‘ m.WJ
ezL:L.:W_'Y.i=m.G
Vt ’ys GI"Y‘W )
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For v, = 1.
Ya= 1
“ we G, |
METHOD II
1
Vo = w Water w =W,
Vs = 1/G, Solids [ W =1
|4
&= =_w.,.. =t G.r
V., 1/Gg
_E = 1 - _ Gs
Y TG, %G1
METHOQD III
V. =& | Water @

V. =1 |solias |G,
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E.2.3 A sand sample has porosity of 30% and the specific gravity of solid of 2.7.
Compute: '
(a) Dry unit weight of sand
(b) Unit weight of sand if S = 56%
(c} Unit weight of saturated sand
(d) Effective unit weight of submerged sand

SOLUTION

Assume V = 1 cn?’ ; 0_3Q=_11

0.30 cm?®

<
Il

£
Y = —
1-0.3=0.7cm?

=
[

W,=V,G,y, =(0.72.7)1)=1.89gm

(a) Y@=—l%’— =1.89gmfcm® = 18.9kNfm>

W +W

3 w

14

Y e =
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V, =(0.56)(.3) =0.168cm?
W, =V vy, =(0.168)(1) =0.168gm

(b) = M =2.058 =2.06 gmijcem® = 20.6 kNjm?

When fully saturated v = v,

W. =03 = 0.3gm

_ 18903

{c) Yo T =2.19gmfem® =21 9kNjm?

Yb =Y.rar_yw
=219 -1 =1.19gmfcm* = 11.9kNjm?

E.2.4 A soil sample has 4 water content of 30% and specific gravity of solids of 2.7
Its unit weight is 15kN/m®. Determine its ’
(a) void ratio
(b) porosity

(¢) degree of saturation

SOLUTION

]

Consider v Im’

2
!

‘15kN
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W, = oW, = 03w

- w. =13 115w
. 13

= (0.3)(11.5) = 3.45kN

V= =

v, = 11 - 0.43 = 0.57w’

&
1Y
]
P|.O
B |tn
W~
1l
u—h
]
("

by n-= —(100):0_57{100) =37%

<)

3.45
=19 100)-605%

0.57
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An undisturbed sample of sandy silt is found to have a weight of 45.4N. a

E2.5 total volume of 2830 cm’ and a specific gravity ur solids of 2.7, It is found
V . . oo
.° the laboratory that the void ratio of the material 1n 1ts. joosest condition
n . .
is 0.8 and in its’densest condition is 0.3.Compute the relative density and
classify the material in nature as loose, medium or dense.
SOLUTION
[4 -€
[p=——mx "%
em - em
W, = 454N
V = 2830cm?
W, 45.4

V= == =1681.5cm?
Gy 2.7(0.01)

V,=2830-1681.5=1148 5cm?

_ 11485

=0.68
1681.5

e

7. -08-0.68

(100)=23.4%
08-03

The material can be classified as loose.

of the soil in question - The result of the sieve analysis is presented in the
following table. '



44  SOIL MECHANICS

r-];;\ITStzmdard Retained on Cumulative | Cumulative
mesh opening sieve retained passing (finer)
< We Wew Wer Werw Wer Werrw
mm gmcN) | % "gm(N) | % gm(cN) %
5 0.00 0.00 0.00 0.00 ) 200.00 100.00
2 2.84 1.42 284|142 197.16 98.58
1 566 | 2.8 | 8.50 425 | 191.50 95.75
0.5 46.04 23.02 54.54 27.27 145.46 72.72
0.2 44.00 2200 | 98.54 | 49.72 | 101.46 50.73
0.1 34.90 17.45 133.44 | 66.27 66.56 33.28
0.064 63.16 31.58 196.60 98.30 3.40 1.70
pan | 3.40 170 |200.00 |100.00 | 0.00 0.00
SOLUTION

The result of the sieve analysis is plotted in Fig. E2.1. Tﬁe degree of uniformity is
calculated using the following Parameters :

C = B@:.@:4,3 U, = D3°2 = 0.092)? - =0.4
D, 007 Dy, Dy, (0.30)(0.07)
., D
= U, = T 055 s
D,, 0.088
D. .
U3 _ 50 _ u.19 -0.8

/DDy JOODOED) .
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2.10 EXERCISES

1 Derive the following expressions
1 .
@YV, = 4
: e+l
<
®v.= (=)
\L+e,

2 If the oven dry weight of 28,000cm’ of soil is SOON,
calculate o '
(a) the volume of soilds
(b) the volume of voids
(c) the porosity and void ratio

Assume G, = 2.7 »

3 A moist sample of soil weighs 0.24N on a tin lid, which iis¢if weighs 0. 15N.
After drying in an oven for 24 hrs. at 105°C, the tin and the
sample weigh 0.20N. Determine the moisture content.

4 A moist sand sample has a volume of 644cm’ in natural state and a weight of
7.93N. The dry weight is 7.35N and the specific gravity of solids is 2.68.
Determine the void ratio, the porosity, the water content,and the degree of
saturation.

5 Given v, = 21.6kN/m’ B

w =10% -
G, = 2.7
, Find the unit weight, the degree of saturation, and the void ratio.
c. .
6 A sample of sandy soil was found to have a moisture content of 25% and a

unit weight of 19kN/m’. Laboratory tests on the same material indicated that
the void ratios in the loosest and densest possible states were 0.90 and 0.50
respectively. Compute the relative density and degree of saturation of the
sample. E

Take G, = 2.7.
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In a hydrometer analysis, the following observations were taken:- .
t = 4 minutes, r = 1.015. The weight of solids used in suspension of 1000
cm?® was 0.5N. Assume G, = 2.6 :

Calculate the coordinates of the point on the grain size plot. Other particulars
of the hydrometer and the jar are as follows.

Vy =50 cm’, u = 10x10* N sec/em?, h = 20cm, H = 2 £m

A; = 50 cm?

A soil, in which the water content is 38%, has 0, =45% and w,= 34%. In
what state of consistency does this soil exist?. ’

The shrinkage limit of a clay soil is 25% Its shrinkage and plasticity indexes
are 15% and 20% respectively. Calculate the liquid and plastic limits of the

'soil. If the natural moisture content of “the soil is 34% in what state of

consistency does it exist?

The Atterberg limits of a particular soil are reported as w, = 60%,

w, = 40%, and wy = 35%. Are these values reasonable?. Explain.
Derive an expression for the bulk unit weight of partially saturated soil in
terms of specific gravity of the particles G,, the void ratio e, the degree of
saturation S and the unit weight of water Yw- A sample of clay has a void
ratio of 0.73 and a specific gravity of solid particles of 2.71. If the voids are
92% saturated, find the bulk unit weight and the water content. What would
be the water content for complete saturation, if the void ratio is kept the
same?

A sample of soil having a volume of 1000 cm? weighs in its natural state
17.3N, the degree of saturation being 61.6%. After drying in the oven at
105° C, the sample weighed 14.4N. ¢
Find  (a) the specific gravity of the solids

(b) the natural water content

(c) the void ratio .

(d) the wet unit weight, the dry unit weight, the saturated unit weight

and the subxnérged unit weight.
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13 A fully saturated clay sample welghs 1.52N and is 86cm’ .in volume.
‘Detemune the void ratio, porosity, water content dry unit weight and bulk
unit weight of the soil, if the specific gravny of the clay particles is 2.72.

14 A clayey soil has a natural moisture content of 15.8%. The specific gravity
<of solid grains is 2.72. Its degree of saturation is 70.8%. The soil is allowed
to soak up in water increasing its degree of saturation to 90.8%. Determine

the water content of the soil in the latter case.

15 How many cubic meters of fill can be constructed at a void ratio of 0.7 from
191,000m® of borrow material that has a void ratio of 1.27. ’

16  The volume change of a soil mass at the liquid limit is 80% and at its plastic
limit 28%. Plastic limit determination gave the plastic limit of the soil as
24%. If the plasticity index of the soil is 35%, determine the liquid and
shrinkage limits of the soil. ’

17 A soil specimen has an effective size, Dyo , of 0.1lmm. and a uniformity
coefficient of 2.5. Determine the probable classification of the material using
the MIT Classification System.

18 A safnple contains 15% gravel, 32% sand,33% silt and 20% clay. Clas‘sify
the materiazl by means of Triangular Classification System.

19 A sample of soil has 98% of the particles by weight finer than 1mm, 59%
finer than 0.1mm, 24% finer 0.0lmm and 11% finer than 0.001mm. ‘Draw
the grain size distribution curve and determine the approximate percentage of

the total weight in each of the various size ranges according to MIT size
classification. Determine the effective size and the uniformity coefficient for

T3 Y

this soil. Classify the soil using the triangular chart.

20 A moist soil with a total volume of 50 cm’ weight 95 ¢N. It is\ dried out and
found to weight 75 cN. .The specific gravity of the solids is 2.67.
Find e,n,0,S and .
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|
A soil smaple taken from a depth that is located below the ground water table
has a volume of 75 ¢m? and weighs 120 eN. It is dried out and found to ' -

weight 75 ¢N. Compute its weight, w,e,n and G,.

A sample of silty clay was found to have a volume of 15.8cm’® . Its weight at
the natural water content v-1s 30.85 cN and after oven drying was 26.54 cN.
The unit weight of the solid constituents was 2.70 cN/em®. Calculate the void
ratio and the degree of saturation.

A saturated soil has a water content of 50 per cent and a unit weight of
18.5 kN/m*. Find ¢, n and G,

A soil has a unn weight of 20.5 kN/m’ and a water content of 15 per cent.
What will be the water content if the soil dries out to a unit weight of
19.5 kN/m® and the void ratio remains unchanged.

A sand sample has a porposity of 40 per cent and a specific gravity of solids
of 2.67.

a. Calculate thevoid ratio of the sample,

b. Calculate the unit weight if the sand sample is dry.

C. Calculate the unit weight if the sand sample is 30 per cent
saturated.

d. Caleulate the unit weight-if the sand sample is saturated.

A soil has a unit weight of 17.5 kN/m* and a water content of 5 per cent.
How much water in liters should be added to cach metre cube of soil to raise

the water content to 15 per cent? Assume that the void ratio remains constant,

A sand sample with a minimum void ratio of 0.45 and a maxmmm of 1.00 has
a relative density of 40 per cent. The specific gravity of solids is 2. 68.
a. Find the unit weight
(i) if the sample is dry.
(ii) if the sample is wet.
b. How much will a 2 m. stratum of this sand settie if the sand is
densified to a relative density of 65 per cent?
c. What will be the new dry and saturated unit weights?
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3.1.1 General

Soil engineersf.ai.'e interested in ground water because of its effect on soil behaviour and
construction operations. Ground water affects many engineering structures adversely by
reducing the bearing capacity of the soil. Deep excavation can be difficult because of large
inflow of ground water. The presence of water in the soil above and below the ground warer

'7,‘1,72’may-bea«»:on&rol»l-ing_fak;to.rAin many engineering studies and foundation design.

Beforé taking up the types of soil moisture, it is important to briefly review the hydrologic
(cycle. Moisture vapour in the clouds condenses under the influence of temperature changes
and falls to the earth as rain, snow, hail etc. A part of this precipitation may not reach land
surface but evaporates in the air while falling or may evaporate from leaves or roofs etc.
Most of the precipitation, however, falls on the land. This water is disposed of in three
ways. Itis evaporated directly from the soil, runs off the surface (runoff) or soaks into the
sil. Of interest to soil engineers is the portion of precipi‘lation that soaks into the soil to

form ground water.

Ground Water is the continuous body of sub-surface water that fills the soil voids and
fissures and is free to move under the influence of gravity. The upper surface of this water

is called the water table or phreatic surface.

3.1.2 Classification of soil Moisture

Soil mojsture is classified as adsorbed, capillary, or gravitational water.

A brief discussion under each of these headings is given below.
<

50
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3.1.2.1 Adsorbed Water

This is water held on the surface of soil particles by forces of adsorption. Soil particles under

natural conditions normaily have a net electrical charge at their surface. Water molecule ag

“a single unit may be considered clectrically neutral.

However, its construction is such that the centers ot the positive and negative sharges of it
individual components do not exactly coincide. .I” consequence, it has in effect two poles,
like a small bar magnet (Fig. 3.1a). Water molecules close o clcclrim”)’ charged surfaces

of soil particle are strongly attracted to and held by the soil particle (Fig.3.1b. & ¢)

Ca—

(a) Dipote symbote.

+

Fig. 3.1 Orienation of water molecules about charged soil particles

e
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water adsorbed on the surfaces of soil particles is referred to as adsorbed water or because
of its immobility, as bound water. The amount of water held by adsorption depends on
specific surfaces which in turn depend on particle size, shape, and gradation. A relatively
fine well graded material will normally have much greater adsorption power.

Adsorbed water reduces the area available for free flow. In fine grained soils the pore
passages may be small and the thickness of immobilized water films constitutes a significant
part of the pore diameter. Adsorbed water may be removed by evaporation (oven drying of

soil).

3.1.2.2 Capillary Water

Capillary phenomenon is one which enables a dry soil to draw water to elevation above the
‘water table. It also enables a draining soil to retain water above the atmospheric line. The
movement and retention of water ‘above the ground water table is similar in many respects
‘to the rise and retention of water in capillary tubes as demonstrated in Fig. 3.2(a).

Water pressure varies linearly both below and above the water table as shown in Fig. 3.2(b).
At level BB the water pressure is -, h;

Total pressure at level BB is v,h, + P,

Where P, = the atmospheric pressure. The negative water pressure at level CC is - hyYw

Hence the total pressure at level CC would be P, - hyy,,. Like adsorbed water, capillary water
may be removed by oven drying.

3.1.2.2.1 Capillary Forces_and Surface Tension . .

Iri fine grain‘éd soils or in capillary tubes, watér can rise to a certain height and remains there
indefinitely. This forces which support the column of water is called capillary force.
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T
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] E!
] he
e h2
Free surface ]
2 ) ———
(o) Caplliary rise " (b) Stress In water In (c) Helght of capiliary rise .

caplllary tube

Fig. 3.2 Capillary rise of water in a tube of uniform bore

In order to visualize the mechanics of capillary force, consider the rise of water in a
Caplllary tube as shown in Fig. 3.3.a. At the base of the column of water having a capillary
rise of h., which has the same elevation as the free, water level outside, the hydrostatic
pressure is zero. The shearing stress around the cylindrical surface is also zero and yet the
water is in equilbrium. This could only happen it the mechanical properties of the upper
most Iayer of the column of water are different from those of ordinary watcr. This upper
layer called surfuce film or meniscus keeps the element from sinking and be visualized as a
membrane from which water is hanging (I¥ig. 3.3.b). The meniscus joins the wall of the tube

at an angle « called the contact angles— =

The surface film is in a state of two dimensional tension parallel to its surface. This is the
surface tension, T,, the magnitude of which is 0.07ScN/cm at 20°C for water [30]. The
tensile stress in the miniscus may be calculated by referring to Fig. 3.4.
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SURFACE FILM Ts Ts
J (MENISCUS) 4
g
cAPILLeARY — : WATER HANGING ON
RIS : 2r he l=—— THE SURFACE FILM

g -
= / = e
@ ] _ (b)

Z HYDROSTATIC

PRESSURE = 0

Fig 3.3 Mechanics of capillary force

The total force developed along the perimeter is

F=2%rT,cosa 3.0
The capillary stress U would then ‘e
U= ‘_'= 27rT,cosa 2T cosa 3.2)
A wr r
The maximum capillary stress occurs when o = 0.

27 (3.3)

Hence U_. =
- — max__ 7 I

From Fig. 3.4 (¢), T = 1, cos & 3.4
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To establish a relation between the capillary stress and the radius of the miniscus, the value
of r is substituted into Eq.(3.2).

_ 2T cosa 2T,

U (3.5)

>

Ts

y Ts

A%
~Z
ot

he
el r r
LN WATER i L% 3
— E e i ..2r |
(a) (b) (c)
2r
. I
UNDER ATMOSPHERIC PRESSURE I O AND
N N R Rt
-hc.aw L
/ he :
\y— . Z at (1)
/ UNDER VACUUM._. v L
ha=Pg ) = : ) ==
: A _v s
7 \\Po .
’ [+
/
(d)
(e) i

Fig 3.4 Rise of water in capillary tube
3 .
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3.1.2.2.2 Rise of Water in Capillary Tube of Uniform

Internal Diameter

When a thin glass tube open at both ends is dipped into water, the water will rise in the tube
{o a certain he.ight as shown in Fig. 3.3(c). The capillary rise can easily be related to the
surface tension by considering the equilibrium of capillary column. ’
Let the surface tension per unit perimeter = T, and contact angle o

Force acting upward = 27rT, cosa ‘ '

Eorce acting downward = h. 7y, r’

t or equilibrium condition

h, o2 = 27rTcosa

2T cos
b " coso 3.6)

< .
Y.

For chemically clean water and clean tube, o = 0. Hence

- e 2T , 2
R S 3.7

™Y

Where

h, = height of capillary rise

As is evident from the above equation, the height of capillary risc increases as the diameter
of tube decreases. It can be deduced from this that capillary is more pronounced in fine

grained soils than in coarse grained soil.

3.1.2.2.3 Capillary Movement of Water in a Column of Dry Sand
< :

& < (

If the lower end of a column of dry sand contained in a vessel perforated at the bottom is
immersed in water, the water rise in the same manner as in a capillary tube (Fig 3.4¢). The

capillary rise in time,t, is given by the following equation:



Where k = coefficient of permeability

SOIL WATER ~ §7

(3.8)

As the capillary water rises, air becomes entrapped in the pores and hence variations are

included in both h. and k. From laborator
" degree of saturation is relatively higher
Approximate formula for determining h,

y tests, Taylor found that for z/h, < 20%, the
and the above equation is considered valid,

is also available [30)

-_C (3.9

e.D
C = empirical constant varying between 0.1 and 0.5 (cm?)
¢ = void ratio
Dy, = effective diameter (cm)

Typical values of capillary rise h, fGr different soil types are given in Table 3.1

* Table 3.1 Typical Values of Height of Capillary Rise |1 1}

Soil type

Height of Cupillary Rise, h,

Coarse sand
Sand

Fine sand
Silt

Clay

om '
25 B
1235 -
35 -7
70 - 150
> 150

'y
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3.1.2.2.4 Effect of Surface Tension on a Soil Mass

At all points where moisture menisci touch soil particles, surface tension forces act, causing
a grain-to-grain pressure within the soil and contribute to the shear and stability of the soil
mass. However, this induced strength is.only temporary in character and may be destroyed
entirely upon £ull saturation of soil. Since complete saturation eliminates interface menisci,

contact pressure reduces 10 zero.

3.1.ZTZTS‘F’:I‘CTOTS*A‘ffecﬁng—Gﬁ-pi-ll—m=y_—l{-ise~h1;5(-yi.L U

a) Positions of the Ground Water Table

As the position of the ground water table fluctuates so does the capillary rise. This causes
saturation of surface soils or subgrades at certain periods. It is for this reason that it is
necessary to install drainage systems to hold the water table to a certain minimum level.

Evaporation ortunit
There is a certain amount of vaporization of the water at the upper level of the capillary
zone. Water removed by evaporation is replaced by upward flow. For given conditions the
degree of saturation at certain level remains fairly constant. If evaporation is prevented (¢.g.
by sealing) saturation in the ground will gradually increase above the normal upper limit.
Thus certain gravel roads which had given satisfactory service for years, start giving

trouble when paved, because of weakening of the subgrade by saturation.

¢) Grain Size of the Soil

Capillary is more pronounced in fine grained soils than in coarse grained soils.

3.1 23 Gravitational Water

This differs from adsorbed and capillary water in that it is completely free to move through
or drain from soil under the influence of gravity. That is, the flow of gravitational water in
soil is caused by the action of gravity which tends to pull the water downward to a Jower

elevation. In many respects it is similar to free flow of water in an open channel or conduit.
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3.1.2.3.1. Discharge Velocity and Seepage Velocity

The discharge velocity is defined as the quantity of fluid that percolates through a unit of
total area of the porous medium in a unit time,

As flow can occur only through the pores, the velocity across any section must be thought
In a statistical sense (Fig. 3.5)

If m is designated as the effective ratio of the area of pores A, to the total area A, then

m e (3.10)
A
The flow quantity becomes:
- 3.11
Q=mAv ( )

where m  is the discharge velocity and  is the seepage velocity. If A, (z) is designated

as the area of pores at any elevation z (Fig.3.5), then

A 1
m(z) = 7"(2) ©.12)
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H

Fig. 3.5 Section through porous medium

The average value of m in the entire cylinder would be,
m=1/h fo *m(2)dz (3.13)
Multipl)fing the right hand side of the equation by A/A
. ) _
m=1/Ah [ "Am()dz (.14

V.
-yvf hAp(z)dz=—V! -n (.15

.. where V = the total volume.

<

The expression within the integral is the volume of voids. Hence the average value of m is
the volume porosity n.

ie,v,=nv © (3.16)

Hence, discharge velocity is equal to the porosity muitiplied by seepage velocity. In
Engineering work, we shall be mainly dealing with discharge velocity. '
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3.1.2.3.2. Darcy’s Law

For laminar flow condition, Darcy's law states that the rate of flow of ground water: is
proportional to gradient.

Q = KkiA ' 3.17)
where
Q = the discharge. passing through the total cross-sectional area of the
soil, A, per unit time
1 = the hydraulic gradient
k = D'arcy"s Coetficient of permeability which is usually called

coefficient of permeability

The driving force which causes water to flow may be represented by a quantity known as
hydraulic gradient, i. This is defined as the drop in head divided by the distance in which
h, -h,

the drop occurs (Fig. 3.6). i = - The drop in head or difference in head at two
L

points, generally referred to as lost head, represents energy lost through viscous friction as
the water flows around the soil particles and through the irregular void passages.
3.1.2.3.3 Range of Validity of Darcy’s Law

The proportionality in Darcy’s law is valid for laminar flow up 10 a certain critical gradient,
1, , at which the discharge velocity is critical, v (Fig. 3.7).
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DISCHARGE VELOCITY (V)

3
¢
I«§
&
Verpe == — = — — L
I
|
I
|
o 1 y
ler HYDRAULIC GRADIENT()
[_ LAMINAR FLOW ‘ TURBULENT FLOW
r V= ki I v=C 1[

Fig 3.7 Validty of Darcy’s Law

Beyond point L, where i > i, , the flow is turbulent. In the turbulent region the discharge
velocity can be approximated by, )

'
i

where C = coefficient
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T.o determine the laminar rahge of flow one uses the Reynolds number, R, which is defined

v as:

R=— -(3.19)

where
v = discharge velocity, cm/sec

D = average of diameters of soil particles, cm

p = density of fluid, g /cm®,

ur = coefficient of viscosity, g-sec/cm’

The critical value of Reynolds number at which the flow in the soil changes from laminar
to turbulent flow has been found by various investigators to range between 1 and 12.
However, it is sufficient to accept the validity of Darcy’s law when Reynolds number is
taken as equal or less than unity.

vDp
Hr

<1 (3.20)

Substituting the known value of p and y for water into Eq.(3.19) and assuming a conservative »
velocity of 0.25cm/sec, one gets D = 0.4.mm which is representative of the average particle
size of coarse sand. It can thus be concluded that in natural flow the equation of Darcy is
valid.

3.2 PERMEABILITY
3.2.1 General

Permeability is a soil property which indicates the ease with ‘which water will flow thrc;uéh
the soil (i.e. through the voids, or spaces between the soil grains). It denpfes the capacity
of soil to conduct or discharge water under a given hydraulic gradient.

The permeabilities of soils vary greatly. Coarse sands and gravels are highly pervious and
have correspondingly high permeability coefficients. Such high permeability creates
difficulties in deep excavation in sands because of the large inflow of water. Clays on the
other hand are relatively impervious and hence have low permeability coefficient.
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g founded on clay soils results in slow consolidation settlement, because clays are ,

A buildin
long time is needed for the water between soil pores

relatively impermeable and hence a very
10 be squeezed out.

permeability characteristics of soils are used in:
. a) the coraplitation of seepage through earth dams and irrigation ditches.
b) estimating of pumpage capacity requirments for dewatering excavation below a water

table.

the determination of the rate of settlement of a structure resting on a soil foundation.

<)

322 Laboratory Measurement of Permeability

The various types of equipmént used for determining coefficient of permeability of soils in

the laboratories are called permeamcters. The two main types commonly used are the

constant head type and the variable head type.

Water supply

L Soil

‘Porous plate

£
&
|
i
|

et / Graduated cylinder

Fig. 3.8 Constant head permeameter
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3.2.2.1 Constant Head Permeameter

collected.

The coefficient of permeability is then determined using Darcy’s Law,
Q = kiA ' (3.21

(3.22)

The coefficient of permeability, k, is conventionally reported at a standard temperature of
20°C. Tests carried out at different temperature should be corrected as follows [17]:

m
ky=k—L (3.23)
B2
where
k- = coefficient of permeability at test temperature -

ur = coefficient of viscosity at test temperature T
#20 = coefficient of viscosity at 20° C

The constant head permeability test is more suited for coarse soils such as gravelly sand and
coarse and medium sand where the time required for permeability is relatively short.

3.2.2.2 The Variable Head {Falling Head) Permeameter

The arrangement of the apparatus is shown in Fig. 3.9. In the conduct of the test, the water
" passing through the soil sample causes water in the standpipe to drop from h,to h, in a
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4t there is a decrease in head equal to dh.

Let t; be the time required for the water level to fall from he to h,. For a very small interval
of time, the rate of fall is dh/dt. :

The rate of flow = -a dh/dt (the negative sign indicates the fall of head with time). Where
a is the cross sedtional area of the stand pipe.

ho

Rubber seal

U

= TT™=—Over flow
?5-' —— ;A ._'—'_—_:;;\Z:EE; \
L B \ Perforated base
Fig 3.§Tﬂli§g head permeameter
Applying Darcy’s Law,
| —a%’: kA =k HL A (3.23)
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Integrating between limits hy to h,, and t, to t,

Wodh kA ey ‘
-a —= dr 3.25
'/;'9 h ‘L ) ( )
One finally sets
h
=Ly Do (3.26)
Az, h, i e
Changing to common logarithm
k = M logmﬁ 3.27)
Ar, h,

If the test is carried cut at a different temperature from 20 C, a correction should be made
according to Eq. (3.23). The above method is more suited for fine sands, silts and clays
where the time required for permeability is relatively long.

3.2.2.3 Horizontal Permeability Test

A basic sketch of a horizontal permeameter is presented in Fig. (3.10). The discharge, Q,
head loss, h, temperature, T, the filteration length, L, and the cross-sectional area
perpendicular to the horizontal direction of flow are determined.

The coefficient of permeabi,liit){,A_}g,i_s then calculated as:
=X Q__Q (3.28)

If the test is carried out at a different temperature from 20° C, a correction should be made
according to Eq. (3.23). The horizontal permeability is well suited for sandy soils.
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Fig 3.10 Horizontal permeameter

3.2.3 Sources of Errors in the Determination of Permeabiliiy Coefficients

The main sources of error are:
a) the formation of filter skin of fine material on the surface of the sample.
b) the formation of air bubbles in the soil. ' .-
|
The error in (a) may be reduced by measuring the loss of head between two points in the
sample. The error in (b) may be removed by saturating the test sample completely.

3.2.4 Factors Affecting Permeability

It can be shown that the coefficient of permeability may be expressed in a general form
according to the following empirical equation [27].



SOIL WATER 69

k= D?ﬁ i.c (3.29)
n l+e

- where

D? = average grain size

— = properties of pore fluid

C = shape factor of the soil grains

€

i void ratio effect
1+e

Examining the above relationship, the influence of each parameter on the coefficient of

permeability may be assessed.

3.2.5 Vablye of Cocfficient of Permeability

A very useful table has. been compiled gy Casagrande and Fadum [ 4 ] which is given in
Table 3.2 o

3.2.6 Field Measurement of Permeability

Fo} soil condition where stratification is erratic, the laboratory methods of determining the
coefficient of permeability do not give reliable results. A more appropriate test for such a
case is the field permeability test.Field measurement of permeablhty is carried out by means
of pumping test. In this test the water is pumped out from a test well. The pumpmg of water
causes a drawdown (sinking) of the water table. The change in water tabie is measured and
from that the permeability can be calculated. The detailed outline of this operation is as
indicated below.
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Fig. 3.11

A test well having a perforated casing is sunk through the water bearing soil
to an underlying impervious stratum as shown in Fig. 3.11
Observation wells are bored at various radial distance from the test well.
Initial elevations of the ground water table are recorded.
Pumping is started at the test well at a known uniform rate and continued until
a steady state of flow into the well is achieved and the water table at the
observation wells become constant.
The drop in elevation of the water table at the observation wells, and the rate
" of discharge from the test well provide the necessary data for computing the
coefficient of permeability of the sqil within the zone of influence of the test
well.
PR
. i T, |
_ Test wells 2 Observation
Ground surface . / wells \’
R TR AR PR =T
Ground water table I
dh s -
—lar k- max Drawdown
H —— hl
h =] hy
hy [H - T
!4 Radius of influence * ’ ’
Field permeability test
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The flow towards the test well is considered to be radial. Area of soil through which water
flows towards the test well = 2=rh. Using Darcy’s Law, Q = kiA

0=k 2nrh (330
dr .
Refering to Eié. 3.11,
r 3.31
f v dr _2nk R (33D
nor Q h
The ahove integrationgives;———————~==~ - -~~~ =
_ o r
og —
P *n | 6
n(h?-hy)

k can also be expressed in terms of influence radius and the radius of the test well

R
Qlog,— .
. Ty (3.33)

n(H?-h3)

If the maximum drawdown S, is known, the coefficient of permeability may be expressed
as a function S, .

S““x = H = 5-3 . X (3.34)

But I‘Iz‘hs2

(H + hy) ’(H*’:'h;)":*(’H*+'h5)‘S,;,’;”“’*‘*‘A'*"" e (335)

Noting that Hy = H - Spus

x

(H? - h?y) (2H - SpudSmex (3.36)
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Finally,
R
7,
k=Llog "0 (3.3
n o QH-S5, )5 7
Approximate values of the radius of influence is given in Table 3.3,
Table 3.3 Radius of Influence in Various Soils [14] e e e e
Soil
. Radius of Influence
Description Particle Size R
' D
mm m
Coarse gravel 10 : 1500
Medium gravel 2 - 10 500 - 1500
Fine gravel 1 -2 400 - 500
Coarse sand 05 - 10" 200 - 400
Medium sand 025 - 05 100 - 200
Fine sand ' 0.10 - 0.25 50 - 100
~ Very fine sand 0.050 - 0.10 10 - 50
Silty sand 0.025 - 0.05 5 - 10

3.2.7 Permeability of Natural Deposits T,

Natural deposits generally show stratification, In themselves different fayers may be
homogeneous. The coefficient of permeability to be used for flow through such a deposit
depends on the direction of flow. '

Derivation of permeability coefficient in stratified soil for horizontal and vertical flow is as
shown below.
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3.2.7.1. Flow Parallel to Beddmg Plane -
Consider a stratified soil layer with thicknesses of H;, H,.. H, and the corresponding

permeablllty coefficient parallel to the bedding plane (x- direction) ky, Kg... kg The flow
' through each layer is designated by q;, ... Q.

""-": q: H, k,
»q H | )
-»q, H, Ko

The hydraulic gradient, i, is the same for all layers.

Q=q+q+..+4q ' (3.33)
Q@ = kyiA; = kyi(H,.1) = k.H,.i (3.39)

Let k, be the average permeability in the horizontal direction

Q = kjA = kiH = ki(H,+H,+... +H) (3.40)
The general relationship can be written as: ' )
Q=kiY H, (3.41)
ke i(H,+Hp+... + H) = kiH, +koiH, +. K iH, EEXYR
;- k H, +kHy+k H... +k H, )
‘ H +H,+H,. +H,

. The general equation may be written as;

L o2&,
X EH

(3.44)
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3.2.7.2 Flow Normal to Bedding Plane

Taking the same cross section as before but changmg the direction of flow to be normal
to the bedding plane (v-direction), and using the principle of continuity of flow, the
average coefficient of permeability k,, may be derived as follows.

...................

Q=Q,=Q,=0Q,=0Q, (3.45)
) ] (3.46)
Ql_ 'yl H A *
l’
0=k, M2 4 347
2 2 Hz '
h 3.48)
Q, kngl‘—’.A (
3
Q. =k l’ﬂA > (3.49)
n 'yn H

Let the total head loss be h!_. Then,
hy = hy, + hyy, + hyy + hy, . (3.50)

From Eq. 3.46, 3.47, 3.48 and 3.49




76 SOIL MECHANICS

-k @3.51)
Q ’H1+H2+H3...+I?ﬁ
hy = QH, +H,+H,...+H) (3.52)
k,A
H
—ll (3.53)
k, A
QH, - . . ?
h,=—> (3.54)
k,,A =
H . .
by, = QH, (3.55)
k,;A
h,, = QH, (3.56)
kyn.A
One may write, ~ h, =22 357
- ' kA
where
H = total thickness
'k, = average coefficient of permeability
Then, o Qe Y [By By By Ml G5
- k, A ky ky k' k|4
’":"”*”H’(+H{+H3:T+’H;; ﬂ:ﬂ:ﬁi“\i{ﬁ T (‘3:59)
ky ’ kyl ky2 ky3 kyn
£ - H +H,+H,.+H,
y.f_l‘_,_ﬂ*,il?_",_ﬂ (3.60)
k, k, ki k,
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The general equation is éxpresed as,

4 (3.61)
2

3.3 SEEPAGE THROUGH SOILS

3.3.1 Differential Equation for Seepage )

All methods of estimating seepage are based on Darcy’s Law and assume that the soil
consists of relatively incompressible mate/rial., In order to compute the rate of flow of
water through such soils, it is necessary to determine the intensity and distribution of
the neutral stress. Suppose it is desired to compute the quantity of water that percolates
from position (1) to position (2) for condition given in Fig. 3.12a. Consider cubic
element from the soil mass where seepage occurs. Since the flow system extends in
three dimensions the actual velocities should be presented as indicated in Fig.3.12b.
However, in many problems of ground water, the rﬁovement of the water is considered
to be planar and for the problem at hand one éons_iders two dimensional flow

(Fig. 3.13a).

Noting v, = component of discharge velocity in the x direction
ic = ?_ixh (hydraulic gradient in the x-direction)
v, = component of-discharge velocity in the z direction T #
. dh . Lo L
i, = E (hydraulic gradient in the z-direction)

h ' = hydraulic head at pl'ace occupied by the element under consideration.

‘The quantity of water that enters the element per unit of time is:
v,.dz.dy + v,.dx.dy o ‘ (3.62)
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The quantity that leaves is

dedy+ "dxdzdy+v dxdy+ zdzdxdy (3.63)

If the liquid is perfectly incompressible and volume of voids occupied by water is

constant, the quantity of water that enters the element should be equal to the quantity
that leaves. '

. dzdyr“"‘dxdzdf‘” dxdy; 2 dz.dx.dy) (.64)

- (v dz.dy+v,.dx.dy)=0

Av4
h.| - (D .
[*—Sheet pile
AN AN VL)) AN NN N
. \vJ R
Y, =T N
2
Element | // 2 \
Perviou' L :
Directio * ayer
of
Seepage
X Y T LAY V/A\Y TR TR 7
Impervious Layer ( 0)
vz /
i —p X
/
/

Y v/ l (b)

Fig. 3.12 General consideration of seepage -
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From here -

P, 3v . (3.65)

From earlier discussions:

v =k =k ' (3.66)
dx
v, = ki =k 9k - 3.6
dz :

If Eq. (3.66) and Eq. (3.67) are differentiated with respect to x and z, respectively, they
attain the following;

dv, . 3k '
2o Ok 3.68

ax = axz ( )

3 20y -
iy Ok (3.60)

dz 'a.zz | | | \

Then Eq. (3.65) becomes:

*h , Fh_ ' :
k,ﬁ +k,:9; =0 _ , (3.70)

If a homogeneous material is assumed, the coefficients of permeability in the x and z\
direction will then be the same. i.e.k, = k, = k. Then Eq. (3.70) will be:

T +—L0 . 3.71)

SEapio =t 3.72)
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Fig. 3.13 Mathematical representation of seepage
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3¢ Fh_ 9, (3.73)
922 dz? dz ’ .
From Eq. (3.65),
o . Fo (3.74)

ax? 37?2

Eq. (3.74) is Laplacian equation and governs the flow of incompressible fluid through
porous material for two dimensional flow condition. Graphically the equation can be
represented by two sets of curves that intersect at right angles known as flow net. The
curves of one set are called flow lines, whereas the curves of the other set are known
as equipotential lines.

The flow line is the path which a particle of water follows in its course of seepage
through a saturated soil mass. Along each flow line there is a point where the water has
dissipated a certain portion of itsqpotential. A line connecting all such points of equal
head is the equipotential line.

At all points along an equipotential line, water would rise in a piezometric tube to a
certain elevation obeying the general rule of Bernoulli (Fig.3.13b).

3.3.2 Flow Nets
3.3.2.1 General

A flow net is a pictorial representation of the paths taken by water in passmg through
the ground, dams etc. It greatly facilitates the study of gravitational flow and the
computation of seepage quantities through ground, dams and levees. A flow net consists
of flow lines and equipotential lines, which intersect each other at 90 degrces

(Fig.3714) .

3

81
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tential i
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(a) Flow lines 'on& equipotential lines

(¢} Flow In an slement of soil

Fig. 3.14 Flow net of seepage beneath a concrete dam.



SOIL WATER 83

A flow line represents the path which a particle of water follows as it travels from point
to point in a soil mass (Fig. 3.14a). Through a soil ‘mass a large number of flow lines
and equipotential lines may be drawn (Fig 3.14a). The space between two adjacent flow
lines is called the flow path. The space between two adjacent equipotential line is
known as an equipotential space and represents a definite increment or drog in head.

3.3.2.2. Methods for Constructing Flow Nets
There are several methods for constructing the flow n‘éts. The common methods are:

i) Principal stress analogy. Curves are obtained analytically or by means
of photo-elastic observation on models. ,

it) Electrical émalogy (using electrical r;xodels). The equation is of the same
form as that for the flow of an electric current through a conducting
sheet of uniform thickness. The solution of this equation is represented
by a set of orthogonal lines, one set being equipotential and the other
flow lines.

"iii) Graphical and computation method. This could be either
a) by relaxation method by using the principle of finite difference, or
b) by sketching i.e., trial and error.

Of the above listed methods, sketching, being short and uncomplicated, is the most
common method used for constructing flow nets.

3.3.3. Construction of flow nets
Before a flow net can be drawn, the bouhdary lines of both the flow lines and -
equipotential lines must be established. Having done this, the following points should
be noted in the actual drawing of the flow nets.

-

a) Flow lines must be drawn parallel to each other. They must be spaced
in such a way that the quantity of water flowing in each flow path will
be the same. It is adviseable to keep the namber of flow lines drawn to’
a minimum. ' ‘
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b) Equipotential lines are drawn such that'they cross the flow lines- at
right-angles. It is a requirement of true flow net that the geometriéal
figures formed by the two family of curves must be essentially squares.
In practical cases the figures cannot be true squares. However, they must

_have right angles at the corners and the two median dimensions of each

<’ figure must be equal. Each equipotential space must represent an equal

drop in head. Typical sketches of flow nets'thro_ugh homogeneous soils
are given in Figs. 3.15.a,b,c.

3.3.4 Determination of Discharge from Flow Net

The total quantity of water Q flowing through a unit width of a soil mass is equal to the
sum of the quantities in all the flow paths of the flow net. But it is a basic requirement
_of a flow net that every flow path must transmit the same quantity of water (Fig. 3.14).

Therefore, the quantity in each flow path, AQ=Q/n, . Where n; = number of flow

paths. Likéwise, the total head,h,is the sum of the drops in head in all equipotential

spaces of the flow net (Fig.3.14b). The drop in head in each space, Ah=h/n, ,
where ny = number of equipotential spaces.

_ AQ=k—él-’3s 3.75)
Consider the flow through any single square as indicated in Fig. 3.14c. ’I.‘he‘quantity‘
of flow in the square is AQ and the drop in head is Ah

< .

ft;iiows:

Q=kh L : - (3.76)
=



. SOIL WATER 85

Ava
e ——
J J . ol
. 3
b
s (a)
Homogeneous \50il
\ N N\ N /N N\ I\ N N CaY N I\ 7
Impervious stratum ’
T T Y — M
O - I0 25 50
15 "
v -
=] R Graded Filter
wier Fa ey ] Jw
Sheet
Pile wall (o]
N
Q (b)
. | | ) Homogeneous\ soil
raY ZaY N e N\ ey N N 7 ~ N 7S
‘Impervious stratum — m
S o 10 25 50
2 ——mn
: —_ . 0O S5 10 15 20 25 m
- —— —— ~— —— —— — | Sheet pile wall
e -—— — — - - — -
]

)l
>< . s |
< - :

N\ Ca) N\
Impervious stratum
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3.4 SEEPAGE THROUGH HOMOGENEOUS EARTH
EMBANKMENT S '

Darcy’s law can also be applied to calculate discharge of gravity flow through eart:.
dams. In desjgning and constructing earth dams, the engineer is interested in their
general stability, particularly, in the loss of water through earth dams by seepage, as
well as in the height of the out crop point of the upper most flow or seepage line. This .
upper most flow line is also called the saturation line, or the phreatic line (Fig. 3.16)

1. Upsiream L. Width of | Downstream |
f side N crest | side |

+ 2

Seepage line
Uppermost Flow Line ( of )
Phreatic line

 Head water a
_— N . _I_
z | N\
[ Y | N /_; . H-h
H Y : | .
. ! Zl | b_-Out crop| point o, 191 water
LI | ==
| n "
o o I I AN
ra) ra) ral B e r\l ;\] x % ral LaY X

Impervious _x_;{ -4 n(H-h) I N

- Fig 3.16 Seepage through a homogeneous dam

3.4.1 General Consideration

The upper most flow line is a free water surface forming the upper boundary of flow

by seepage Above the saturation line exxsts atmosphenc pressure and below this line
hydraulic pressure prevaxls
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Below the outcrop point the downstream slope of the earth dam must be protected from -
being washed out. The curved line a-b is the seepage line and at point b, on the
downstream side, the seepage line crops out of the.dénl. The height b-c (h) is the height
of the outcrop point of the seepage line above the impervious stratum and determines
the level of the tail water.

3.4.2 Analytical Procedure for Determination of Discharge and Seepage
3.4.2.1 Discharge Equation

The slope of the seepage is

j=-& : (3.77)

The rate of filtration, v, according to Darcy’s Law is

ki—k(-22 3.78
v=ki=k( dx) | (3.78)

The discharge through the dam per unitlength along the shore line is

Q=vA=vz(l) = kz % : (3.79)

Where A = z(1) = area perpendicmar to flow.
Separation of variables and integration of Eq. (3.79) yields

Qfdx: —kfza“z ‘ (3.80)
Qx=—§zz+C‘ . (3.8

The constant of integration may be determined using Fig. 3.16, where at x=0, z = H.
Substituting these values in Eq. (3.81) :
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O=—-E-Ii2+c
2o - (3.82)
Hence, C=—H? - o
: 2
Substituting Eq. (3.82) in Eq. (3.81)
k 2 2
=—(H*~- (3.83)
L

This is the discharge equation per unit length of shore liné. In this derivation, one has
considered the vertical lines ao and be instead of the actual boundaries ad and be

(Fig. 3.16). These two negiected triangular parts of the dam consume a certain
magnitude of the pressure head to overcome the friction in these parts of _the; soil.
However, the convenience in calculating the discharge outweighs the error thus

~

introduced. ‘ “

3.4.2.2 Equation of Seepage Line e e

From Eq. (3.83) the equation of the upper most flow line or s’eepagé line may be
obtained in a general form.

2= -2_51 (3.84)

3.4.2.3 Determﬁipgtripnip’ff)»utcrop Height

Fhe positi%m of the outcrop height, h,is determned so that the discharge Q through the
vertical face, b-c, is maximum. Therefore, substituting x by B + n(H - h) and z by
h in Eq. (3.83), the following equation is obtained. i

k " k| H*-R?
RN < N W] L LA (3.85)
Q 2x( 7% 2[B+n(H—h)]
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The discharge is at its maximum when % =0
Hence,

Lt 2Q- K [BrnH-B]-@h)-(H -k (-n) _ (3.86)
C.‘:./-.L’J(_M:/}fi{i dh 2 B +n(H_h)2

The fraction can be equal 0 zero in one of the following cases:
a. if the numerator should be equal to zero, or
- b. if the denominator should.be equal to an infinitely large number.
It is obvious that h/2 is not zero, and that from practice the denominator is not equal
to an infinitely large number. It follows, thérefore, that the brackets in the numerator
must be zero.

Hence,

{B+n(H - B)}{-2h} - {(H? - k) (-n)} =0 (3.87)

Solving Eq. (3.87) for h one obtains [14]

h=(H+£) - (}uﬁ)z e (3.88)
n

The above equation reveals that the outcrop height depends upon the geometry of the
dam anly.

3.4.2.4 Discharge

Now that h is known, and based on the principle of continuity of flow, the discharge,
, can be calculated from: '
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_k_@#-rY) , (3.89)
2 B+n(H-h)

When Q is known, then by Eq. (3.84) the ordinates, z, of the seepage line a-b can be ‘
. calculated and plotted by assuming various x - values for a given coefficient of
permeability.

2=H - 2(;7x | (3.90)

——374:2.5-Graphical-Determination-of-Seepage-Line—— -

A typical case in this context is seepage through an earth dam. Seepage water passing
through the dam will normally saturate the lower portion while the upper portion
remains relatively dry. The problem in this kind of situation is to determine the upper
boundary of saturation or the top most flow line. A. Casagrande has given certain
empirical rules -for éstimating the location and shape of the top most flow line in a
cross-section of a dam. In general, the top most flow line is parabolic in shape, but
deviates from a parabola at the up-stream face of the dam and at the exit face. Fig.3.17
represents a cross section of a dam of homogeneous soil. As can be seen from the
figure, the dam rests on an impervious foundation. All ;eepage water, therefore, flows
through the dam. The line of contact with the foﬁnda,tion is one boundary flow line.
The up-stream face of the dam represents one equipotential boundary. At down-stream
toe of the dam there is a horizontal drainage layer. The line of contact between the
dam and this drainage layer is the outlet face and represents the down-stream
equipotential boundary of the flow net.

According to A. Casagrande, the construction of basic parabola to represenf the top

flow line is described-as outlined hereunder. - . .

a) Draw the cross-section of the dam ABCD to scale and establish the
reservoir water line KM and drainage layer FEG.

i
UEN

)] Locate the point K vertically above the point A and lay off the distance
Mi= 0.3MK. I represents a point on the basic parabola.

c) With I as center and IF as radius describe an arc to cut the extended
" water line at L.
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IMPERVIOUS STRATUM .7

¥ ‘O.DWWW
33 Drainage galler

Fig. 3.17 Boundary lines for dam with drainage gallery at downstream toe
d) Through L'draw a vertical line LP, which forms the directrix.

e) Locate point O by bisecting the line FP. O is the vertex of the parabola.

f)  Locate point N b)'yfbdvrawikng FN parallel to the directrix and equal to FP,

So far three points on the parabola have been obtained. These points

are O,N, and 1. If additional point S on the parabola is desired, the
following procedure may be adopted.

g) Through point'T draw a line parallel to the directrix. Then with F as
center and radius PT, draw an arc to cut the vertical line through T at
S. The parabola ONSI may now be drawn. ' '
The upper end of the top flow line will. obviously be at poiﬁt M. This point may be
connected to the basic parabola by drawing by eye a transition curve tp‘.intérsect the
upstream face of the dam at right angle. For the indicated down-sﬁ-eam drainage
condition, the line of saturation or the top most flow line is MSNO. For other types
of down-stream drainage (i.e. sloping discharge face), the basic parabola drawn as
described above has to be modified at the lower end to fit the particﬁlar drainage
condition involved. Cases of inclined drainage faces for homogeneous embankments
are illustrated in Fig. 3.18. The angle of the discharge face, «, is measured clockwise
from the horizontal.
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Fig. 3.18 (a) illustrates the case when the down-stream face of the dam itself serves
as discharge face while Fig. 3.18 (b) shows a situation where the up-stream face of a
rock-fill toe is used as a discharge face.

When the basic parabola cuts the discharge face at a distance (b+a) from L_he toe, the
corrected seepage line meets the discharge face at a distance a from the toe. For a< 90°

. the seepage line meets the discharge face tangentially as shown in Fig. 3.18 (a) while for

a> 90° as in Fig. 3.18 (b), it drops vertically into the rockfill toe. The ratio of

a+b

for various values of « from 30° to 180° is given in Fig. 3.19

To determine the dischargé and outcrop point, for slope angle, « less than 30°, the method
of Schaffernack/Casagrande is applied [14]. Referring to Fig. (3.20a), the discharge
through any cross-section per unit time will be,

Q=Mi=k.zl.-2—i= .z.% (3.91)

Noting that at the outcrop of the seepage line
=h =asina« ( 3.92)

and ﬂ =tana (3.92a)

dx

Eq. (3.91) may be expressed as
Q = k a sin a. tan : ( 3.93)
between the limits x = 0 and x = acos a. )
The integral of the differential equation (Eq. 3.91) between the the limits

x = a cos a and d (Fig. 3.20a ) becomes

c:,
of' ax=kf" za 3.94)

a cosa . @ sina
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Discharge Face

Top Flow Llne

Baslc Parabola

;\T,\ LB Faaar s ro Ca e

Impervious Boundory .

(a)

Basic Parabola
Top Flow Line

Discharge Face

A;Mout Boundary.
(b) B

Fig. 3.18 Seepage line exit fo} sloping discharge limits
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The solution of Eq.(3.94) after simplification becomes
- M -a’sin’e) (3.95)
2(d-acosa)

04

RN

0.3 \

N

- _‘ ' \

30° 60° 90° 120° 150° ©180°

) Slope angie of discharge face, in degrees

Fig. 3.19 Relation between slope of discharge face and ratio b/a+b

‘By the principle of continuity of flow, the dischargé quantities on both sides of the
outcrop height, h, must be equal, i.e.

Q=k a sina tane =M (3.96)
U — .2(d-a cos-a) - e
Froin the ;bove we get,
a’ sin’ « - 2ad sina tan o + H? = 0 (3.97

The solution of this equation gives the length, a, which determines the outcrop point,
S, of the seepage line at the down stream slope of the earth dam. (Fig.3.20a)
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Fig. 3.20 Determination of the outcrop S for « less than 30°
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a= d _. d? _ H? o (3.98)
cosa cos’e sin’a

Based oh this analytical approach, the outcrop point S may be determined graphically
according to the following procedure (Fig. 3.20b):
a) < " Extend AB to intersect line OS extended at C.

b) Draw a semi-circle with diameter OC.

c) Locate point G by drawing a line from B-parallel to AO.

d) With center 0 and radius OG draw an arc cufting. the semi-circle at J.
——— —— --g)-———Using-point.C as center and CJ as radius draw an arc cutting COat$S

which is the outcrop paint.

The proof of the graphical construction may be shown as follows [14]
Noting that CJO = 90°; 0G = 0J;CJ = CS

(OJP + (CI* = (0Cy (3.99)
But or=06= 2L | (3.100)
Sina
cs= -4 -a : - @3.101)
COoS o
oc= 4 (3.102)
cos
2
Therefore, [ 'H Jz»f[ d —a} =[ d ]Z L (3.103)
. sinao COS & cosza .
T e e ST T
Hence, a= d _ a& __H - (3.104)

cosa cos’a sin’a
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3.5 SEEPAGE THROUGH STRATIFIED SOILS

Natural soil deposits generally show stratification resulting in larger permeability in the .

horizontal direction than in the vertical direction, or vice versa. When such situation
exists, it is necessary to transfrom the scale of the cross-section of the soil mass before
starting to sketch a flow net. When k, > k,, the transformation is made b'y dividing

the horizontal dimensions of the cross-section by. JkJk,

Where . e, e
k, = the coefficient of permeability in the horizontal direction and
k, = the coefficient of permeability in the vertical direction.
After the scale transformation has been completed, a flow net is drawn in the normal
manner on the transformed section. The final flow net is obtained by retransforming

the cross-section including the flow net back to its original scale through multiplication
of each horizontal dimension by vkiJk, . The flow lines and equipotential lines

obtained by so doing will not intersect at right angles, nor will the figures be squares
being elongated in thé horizontal direction. Fig. 3.21 (a) shows a square in transformed
section. Considering the effective permeability as k' the discharge can be written as,

2Q=k'A G 1y-r'an (3.105)

a,

In the transformed or restored section shown in Fig. 3.21(b), Ah is the same, but

the hofizontal length of the field will be

a T a V7,

1] q,

Fig. 3.21 Section transformation

e,
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[k Jk,.a, The effective pereambility in this section is k,. The discharge for the
restored section can be expressed as,

AQ=k,—A% (4. 1)=kk, AR (3.106)
al Il/ v h

Equating the discharge from the two sections yields,

K = [EE,

Therefore, the effective permeability is ,/khkv'; . The seepage discharge in stratified

section is given by,
- i 3.107
Q=/kE, Lok (3.107)
3.6 EFFECT OF CORE-WALL ON SEEPAGE

Consider seepage through an earth dam (or rock fill dam) shown in Fig. 3.22(a). A
section through an earth dam shows that the dam is usually constructed from different
materials divided into zones: The core of the dam or the central zone is usually made
of impervious material (clay) while the rest is constructed with semi-pervious or
pervious materials. In the course of seepage, water passes through sections of the dam
with coefficients of permeabilities of k, and k, as shown in Fig. 3.22(b). Assuming that
the soil in each zone is isotropic, the flow lines as well as the equipotenial lines deflect
as shown in. Fig. 3.22(b). The flow lines'CDE and FGH cross the interface at angles
of approach and departure 6, and 6, respectively. The flow channel formed by these two

flow lines has a-width-of Ab;-in-zone-(1)-and-Ayin-zone (2).-From-Fig. 3:22(b); it-is-

apparent tgrat

DG - Ab, _ Ab, (3.108)
cosO, cos6,

In addition to the flow lines, three equipotential lines are also indicated whose potentials

~are h, h+ah and h+2ah. The distances between the potential lines in both zones are

aS; and aS,. From the figure it is apparent that,
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AS, _AS, ‘ : (3.>109)
sinf, sinf,

KG =

By dividing Eq. (3.108) by Eq. (3.109) the following relationship is obtained.

Ab Ab 3
—ltan8, = —Ztang, ? (3.110)
AS, AS, .
For the discharge Aq in the flow channel,
Ah .
Agabko 3.111)
From which it follows that
Ab,  Ab,
—k =—k (3.112).
AS,"AS, &
If Eq. (3.112) is compared with Eq. (3.110) the following is obtained.
k, tanf
o i (3.113)_
. : k, tn6, )

From Eq. (3.112) it follows that if a square ﬂow_ net (A b =AS)

is sketched in zone (1), rectangular flow net with a side ratio k 1/k; will emerge on the

99

side of zone (2). If it is desired that all the flow nets in zone (1) and zone (2) be

squares, then the relationship required between head drops would be:

Ah, k

Ut S0 AP § . - G.114)

Ah,  k,

The above derived expressions are applicable for cases where the ratio between k, and
k; should not be greater than 10. If the ratio is greater than 10, then the flow in the
two zones may be considered to be indpendent from one another. .If there are
stratification in the dam and the same stratification ratio holds in both zones, then the
same procedure may be used for unzoned sections.
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{a) Zoned Section of an Earth Dam

Filow lines

i
<
.

h
Equipofemﬁol/ﬂl

lines

! /
K /
A
A =
</
A 721\ / /
s T /S
& / 2/q§\/
VERRNANN
/
/

{(b) Flow and equipotential lines at the interface AB

Fig. 3.22 Seepage through zoned sections



3.7. FILTERS

Near the downstream toe of an earth dam there is a continuous flow of water which at

times develops a high hydraulic gradient. This high hydraulic gradient causes the finer
. particles of the dam to be washed out and create a condition of failure, 5

To prevent this erosion or piping, internal drainage systems are constructed at the toe

of the dam from selected materials known as filters.

The drainage system is governed by the heigh‘t'of the dam, permeability of foundation,
availability of porous material and the cost of construction. The drainage system must
be chosen in such a way that it carries away the anticipated flow with great margin of
safety. Simple drainage system are shown in Fig. 3.23.

DRAINAGE (FILTER)

oy N 7N 7N
-~ IMPERVIOUS _ & = 90°

DRAINAGE (FILTER)

7] ] x
IMPERVIOUS 90 > X < 180
DAM
DRAINAGE
’ d/-\ (FILTER)
N TN /N T L_".:S"' :.?‘,_..9.,, ﬁ g ¥
a0 5.%8 2a
IMPERV IOUS ZaY EVaY )
O =180°

Fig. 3.23 Simple, drainage systems
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The two principal requitements of the filter material for a satisfactory drainage system
are that it must be more pervious than the protected soil so that water may percolate
freely through and that it should be fine enough to stop the particles of the protected
soil from passing through its voids.

Through e)qaérienoe and experimentation, Terzaghi gave the following design criteria
for filter material [31].

a) Dysfilier >5 (3.115)
. D cm[ e e
y Dufiler o (.116)
Dygsoil

The geometry of the filters affects the pattern of the flow nets as indicated in Fig. 3.24.

3.8 EFFECTIVE AND TOAL STRESSES IN SOILS
3.8.1 General

If an element inside a loaded soil mass as found in a natural state is considered, the
stress imposed on the element will be partly transmitted to the intergranular contact

points and- partly to the water in the voids. Imagine a small element in a soil mass

which is completely saturated (Fig. 3.25 a).

Except for the infinitesimal areas of grain to grain contacts, the water pressure acts over

the entire area. The water pressure in the pores is called the neurral stress. It has a -
magmtudg of v,z if static water condition prevails. It is important to note that neutral
pressures act on all sides of particles and do not cause particles to press against adjacent
particles. They do not have shearing components. The pressure in the integranular
contact points is called the e_ﬁ”ectzve stress and has normal and shearing components.
The sum of mtergranula.r or effective and neutral stress is known as combined stress or
total stress.
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HOMOGENE OUS SOIL P ROCK FILL 10E §™\_
IMPERVIOUS” STRATUM } N TONT T T AN

40

5
GRADED FILTER ]

5,__\.1_._LLT_-Z=-_-.L..A_1A._

HOMOGENEOUS SOIL

100
90

/N

7< Zay < 7< N 7N 7< <
IMPERVIOUS SOIL - 7

Fig. 3.24 Flow nets for earth dams with different drainage systems
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3.8.2 Derivation of Formulas

The stresses developed in the different constituents of a soil may be studied with a help
of a figure whick: represents qualitatively a typical cross section through two soil grains
in contact (Fig. 3.25b). The total area of the soil subjected to a load P is A. Contact
areas of grain to grain, grain to liquid and grain to air are given as A,,A, and A,
respectively ’ »

Let the stresses in solid, liquid and gaseous phases be o, , gy, 7, respectively. Now
considering the balance of forces in the vertical direction.

P=0 A +a A + Q&Ax. _ . 3B.117)
Dividing both sides by A

=6=aa,+Bo,+(1--P)o, (.118)

>

where ¢ = total stress over the gross area

£ 0= and (1-a-p)-28
o= s =— Q, -0 - =
A ' A

The parameter f is related to the degree of saturation of the soil. By carrying out

certain algebraic simplification the following equation is obtained

o = ao, + (I-a)o, + (1-a-B) (0, - 0,,) (3.119)
If the soil is completely saturated, then
(I-a-f) =0 ' (3.120)

Equation (3.119) becomes
= qo, + (1 - a)a, (3.121)

Under the present condition of interest, the ratio « will be very small, so that the term

(1 --=) approaches unity. However, o, is.very high and probably equal to the yield
stress of the material at the surface. The product ao, does not become equal to zero but

to a quantity which is called the effective stress in the soil skeletion, o . Itcanthus
be writen:

g=0+0 , (3.122)

w
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Fig. 3.25 Study of effective stress
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The parameter ¢, may be written as
g, = U + au (3.123)

where u = steady-state pressure in the pore water
su = is a transient pore water pressure excess over the steady-state pressure. -

v

<

3.9 CRITICAL HYDRAULIC GRADIENT

Critical gradient, i, is a gradient that is associated with heave or boiling of unrestrained

soil surface subjected to seepage. Consider the arrangement shown in

Fig. 3.26. Water is percolating upawards through a sand of thickness L and
cross-sectional area A. As the water emerges into the atmosphere at the top of the sand,
the head loss through the sand is h. At the bottom plane of sand, the total downward
force is equal to the saturated weight of the sand. From Eq. 2.19,

_(G,+e)

l+e

LA vy, LA

w

Y sar

The upward force at the same plane is the pre'sSure'of water under a head of (h+L) on
an area A and this is equal to v, (h + L)A. If these two forces happen to be equal,
the net downward force on the bottom plane will be nil and there will be no force
preventing the outflow of sand from the container. For this condition to occur,

(G,+e)

1+e Y LA=v,(h+D)A :

(G, +e)
l+e

y LA-y LA=y hA

h . 2 Ny
L e (3.124)
L
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Sand .- . T

Flow

Fig 3.26 Critical hydraulic gradient

I Is the critical hydraulic gradienr. 1t is a gradient through the soil at which the
effective pressures on a horizontal plane in the soil are reduced to zero. The sand-water
mixture in this condition behaves as a liquid without a shear strength. ‘The soil behaves
as though it is weightless and highly unstable. The soil in this condition is described as
quick or quick sand. A solid of larger unit weight than the sand-water mixture placed
on the surfice of sand will sink to the bottom of the container when the critical
hydraulic gradient conditions are reached. If the gradient is slightly more than critical,

a mixture of sand and water will start flowing-out of the container.
3.10 SEEPAGE FORCES -

Seepage forces exist in all cases of gravitational flow through soil. Seepage water
flowing through soil exerts a force on the soil mass in the direction of flow. This force
is proportional to hydraulic gradient. Let h be the head dissipated in moving the water
through an element of soil of length d and cross scctional area A(Fig. 3.27a). The
seepage force exerts pressure in the dircction of flow, which is cqual to h.y,.A.
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The volume of soil element is A.d. Then the seepage force/unit volume will be:

hy A
Yo iy, (3.125)
Ad
I d I
- i
/See?ogs force
<
‘T—‘ - Resultant body force
o {a)
Y o :
W= Weight of soil

AB=da aiy,

F= dA.dl.g i

vW= dA.dl.7't

(b)

Vecfor Diagram

Fig. 3.27 Seepage forces



SoiL wATER 109

It will be seen from Eq.(3.125) that the seepage frorce has the dimension of unit
weight. Consider a cylindrical element of length d¢ and area dA subjected to seepage
in axial directions as shown in Fig. 3.27b

The total weight of the cylinder W = dA dl.v,, where v, is the saturated unit weight
of the soil. The force of buoyancy, B = dA.dl .v, and the seepage force F 5 iy, dA.dl

The vector diagram for these forces is drawn in Fig. 3.27. The weight of the element
is W and the buoyant force acts directly opposite to it. Therefore the net effective
weight is the submerged weight =(W-B) - ;
The seepage force, F, acts along the axis of the cylinder. The resultant body force is
obtained as a vector sum of (W-B) and F. Another approach to the problem involves
the determination of the total neutral or water force, U. This is obtained as a vector
sum of B and F. The combination of W and U again gives the same resultant body
force, R.

1

>

3.11 UPLIFT PRESSURE

When free water is in contact with a thruclure, such as a bridge pier or a masonary
dam, uplift pressures are exerted against the base of the structure. If the water is static
the uplift pressure is equal to the hydrostatic pressure. If seepage water is flowing
beneath the structure, the uplift pressure. at any point can be estimated from the
appropriate. flow net. The total head at any point in flowing water is equal to the sum
of the velocity head, the pressure head and the elevation head. In practically all cases
of flow through soil, velocities are so small that velocity heads are negligible. Total
head is, therefore, considered to equal to preassure head plus elevation head. Elevation
head is the vertical distance of a point from a datum plane, which is usually chosen as
the elevation of the tail water. The total head at any point on the base of a structure
can be determined from the equipotential line that intersects the base at thespoint. Then
the difference between the total head and the elevation is the pressure héad which may
be multiplied by the unit weight of water to obtain the uplift pressure. .
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3.12 EXAMPLES

E3.1 A cylinder of soil 15 cm in height exhibiting an effective ratio of the

s . . . .
- *area of pores that varies as cos (_312_) , where z and h are as given in
. »

Fig. 3.1. Determine:

a) the volume porosity of the soil sample

b)the-votumeporosity if the cytinderis 30 in height.

SOLUTION

b. The volume porosity is independent of the height.

E. 3.2 A soil sample in a constant head permeameter is 4 cm in diameter and
15 cm long. Under a head of 20cm, the discharge was found to be 60cm?
in 15 minutes. What is the permeability of the soil.
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SOLUTION
Q=tid=k2 4
L
L=15cm
h=20cm
60 3,
=— =4cm” [/min
Q T /
A =1tr2 =_1_!d_2 = MLZ) = ]2.56‘-”32
4 4
k= QL _ & =(23.89)10 % cm/min or (39.82)107* cm/sec
hA  (20)12.56
E3.3 A soil sample in a variable head permeameter is 10 ¢cm in diameter and

12cm high. The permeability of the sample is estimated to be 10 x 10
cm/sec.  If7it is desired that the head in the stand pipe should fall from
20cm to 10 cm in 4 minutes, determine the size of the standpipe which
should be used.

SOLUTION

2.3al
K:---71-!--—logmh‘ﬂ_xl
a- KAt
e 2.3L log, A /h, T -
2
(10)10-4(—_’04H)(4x60)

x= =2.268cm
2.3x12 log,,20/10
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2
: E—d— =2.268cm
4

d= _2L68_(4_)=1,7cn1
J 3.14

The required size of the standpipe = 1.70cm

E.3.4 A pumping test was made in a medium of sand and gravel to a depth of
15m where a bed of clay was encountered. The normal water level was
at the surface. Observation- holes were located at distances of 3m and
7.5m from the pumping well. At a discharge of 200 liters per minute
from the pumping well, a steady-state was attained in about 24 hours.
The drawdown at 3m was 1.7m. and at 7.5m was 0.4m. Computc the

coefficient of permeability of the soil.

2 ;2

0- k(h, 'rhz)
l%:ge—l
ry

r,=75m h =15 -0.04=14.6m

r,3m h,=15-17=13.3m.

r
Qlog,—
k= _

n(hy - h3)

7.5
200)(1000)log, ==
CONIDTVOETS | ssaczass
3.14(14.6-13.3%)  213.16-176.89

=1609.11cmmin  =26.82cm/sec



Som watER ] 13

E.3.5 A sand mass with a void ratio of e = 0.70 and G, = 2.66 is given.
Determine:
a) the critical hydraulic gradient

b) the safe hydraulic gradient for the given flow system with a factor of
safety = 3, '

SOLUTION

G,-1 266-1

,l+e 1+0.07

i)i, = =0.976 o

ii) The safe h&draulic gradient:

E.3.6 An excavation with a system of sheet piling as indicated in Fig. E 3.1
is given. Evaluate the possibility of quicksand conditions in the
excavation. -

SOLUTION

From Darcy's Law, v=ki=k%

\4 . —_—
UL L LTueL) Lo
it B

ko & ko k
500 \
v = =(9.9928) 10
17360 so0 00107 emysec

I 0.001
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11

L
h, =va'v‘j7‘ =(9.9928) 10
1

360
1

The possibility of quick condition exists for the excavation.

<

v

=(3.5974)10" cm =036 cm

FINE SAND - ¥ ~% = .0
~K3=20.001cmlsec
SE e -

P
L, )
ot et

EXCAVATION

N

FLOW DIRECTION

o
Oy~ 0" Lyq360cm

T~ TN /0N

'—A‘— - —

AVERAGE SEEPAGE
LENGTH IN THE FINE
SAND L,z 500cm

Fig. E.3.1 Excavation problem

E.3.7 For the soil profile given below, sketch the diagram showing the total,
neutral and effective vertical stresses in the deposit.
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DI P2 N

———_  CAPILLARY

. RISE
3
©om - n ? - 03s
— Gg = 2.65
5
743 7N 7aN ~ ~ x A 7 TR -
IMPERVIOUS
a- SOIL PROFILE . ‘ o
00 __ — R o ‘
2(2(1.96) = 3.92 t/m? s
_20_ | (2)(19.6)= 39.2 kN/m?2 3timt[or 30kN/m
69.2 kN/m?
5.0

———— - = —— —— 4

100 [3.92 |(8)(2.22) = 16.76 tm?

+ 16.68 t/m?2
32N, 1678 kmy 2 TV R T Tes8 knim? B
50kN/m 2
1\ .21.68 tlm22 1 -
f“ 218‘8 kN/m "JI .
l
(i) total stress ¢ (1) neutral stress uy (iii) etfective stress G

b- STRESS DISTRIBUTION )

Fig. E.3.2 Soil profile and stress distribution e
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SOLUTION
e | Water'| ey, € Air
1 | Solids | G,.7s 1| Solids | G,.v.
Saturated’ S=1" ~" Dry $=0

It shall be assumed that above the caplllary rise, total dry condition exists. Below the
capillary rise total- saturanon exists.

[Gﬁe] [2.65+0.35
‘Y‘=‘Y =

(1) = 2.22t/m3or 22.2kN/m?
l+e 1.35

Q
"‘.
<2
£
N

65

Yar = (1) = 1.964/m* or 19.6kN/m’

—
+
o
Tt
w
W

The vertical pressure distribution is given in Fig. E.3.2b.

E.3.8 A gravity dam and a wier shown in Fig. E.3.3 is given. Coefficient of
permeability k = 0.0003 cm/sec and the length of the dam perpendicular
to the direction of seepage 200m. '

~~Determine: =+ = i
- a. The total quantity of water that seeps out of the dam (Fig. E. 3.3a).

b. The hydraulic uplift pressure distribution under the wier
Fig.E.3.3b)

c. The seepage force per unit volume at the toe of the wier and check
the danger of piping . - Given, G, = 2.65 and ¢ = 0.72
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2 _
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. a4 = 12m
[ n o
q
§ n'=4
N ey /N raY N N N\ 7N\ N ZOY N
Impervious Scale 1:500
(a)Gravity Dam
2 -
h=iSm
1.00 A | 0.00N
i N 20 i
“tla .
nd- 10
Ny = 3
. 0.10h
impervious Scale 1:500 . -
( b)Wier with sheet pile
— . -
A %
N
S
3 H .
(] " B
e Aw,o;\m!" (c)Pressure Distribution

Fig. E. 3.3 Seepage analysis
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SOLUTION
a. Using the procedure outlined earlier, the flow net under the dam is
constructed. From the sketch n; = 10 and n, = 4
_ 2
K n
< ' Seepage per metre = k.h,.—’
, ny
_(0.000003)(20) (4)
10 -
= 0.000024 m’/secr
= 0.0864 m’ /hr

Total Seepage = 00864 (200) = 1.728 m® /hr=~ 1.73 m*xr

b. From the flow nets ,n; = 10 and n, = 3

The water pressure, in a still water, follows that Au =Y,-Z

However, when the water is moving , this law does not apply and the
pressure must be computed from flow charts. '

The total head h at a point is given i)y the equipotential line. If the
elevation of that point is z then, the pressure head is h - z.

The water pressure is u = v, (h - z). The pressure head at any point
at the base of the dam can be calculated from the relation:

Pressure head = total head - elevation head

Point A: .
“Total head = 0.55h = (0.55)(15) = 8.25m elevation head = -2m
i ____Pressure head __= 8.25 - (-2) = 10.25m .....
Uplift = (10.25) 10.0 = 102.5kN/m?
«% «  Point B: '
Total head = 0.30h = 0.30 (15) = 4.5m
Elevation head = -3.5m

Pressure head = 4.5-(-3.5) = 8.0m
Uplift = (8.00)(10.0) = 80.0kN/m
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Point C:
Total head
Elevation head

0.20 h =(0.20)(15) = 3.0m
-3.5m
3.0 (-3.5) = 6.5m

Pressure head

Uplift = (6.5)(10.0) = 65 kN/m?

Point D:

Total head = 0.32h = (0.32)(15) = 4.8m

Elevation head = -2m

Pressure head = 4.80-(-2) = 6.80m.

Uplift = (6.80)(10.0) = 68.0 kN/m? ) A —

‘By subdividing the net, the uplift pressure curve for the whole wier could be plotted.
(Fig. E.3.3¢)

Head drop in the last square = 0.10h = (0.10)(15) = 1.5m. Minimum length of
seepage path = 3.5m .

i= 13043
35

G,-1 265-1_165

= =0.96
l1+e 1+072 172
Since i< i, , no danger of piping.
3.13 EXERCISES
1 A. block of soil is 12 cm long and 6cm? in cross- section. The water

“level at one end of the block is 20cm above a fixed plane, and at the
other end,it is 3cm above the same pIane. The flow rate; i$2c.cin 1.5
minutes. Compute the soil permeability.

2 A sample of coarse sand, 20cm in height and 5 ¢m in dialmctcr, is tested
in constant head permeater. Water percolated through the soil under a
hydrostatic head of 50 cm for a period of 8.0 sec. The discharged water
is 450 cm? .
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a. What is the coefficient of permeability at test tefperature?
b. If the test temperature 15 30° . what would be the coefficient of
permeability at 20°C? "

A falling-head permeater test was performed on a clay sample. The

"diameter of the sample was 5.0 cm and its thickness, L., was 2.5¢m. At

the start of the test, the water in the 1.5 mm inner diameter glass-tube
standpipe was at an elevation h;=35 cm. Six minutes later it dropped to
30cm. Compute the coefficient of permeability of the clay at 20°C, if the

test was conducted at a temperature of 40'C

In order to determine the average permeability of a bed of sand 14 m
thick overlying an impermeable stratum, a well was sunk through the
sand and a pumping test was carried out.  After a certain interval, the
discharge was 12.4 liters per second and drawdowns on observation
wells at 16m and 33m from the pumping wells were found to be 1.787m
and 1.495m respectively. If G.W.L. was originally 2.14m below ground
level, find the permeability and an approximate value for the effective

grain size.

A horizontal stratified deposit consists of three layers cach uniform in
itself. The permeabilities of the layers are 8x10* cm/sec,50x 10 *em/sec
and 15x10*cm/sec and their thickness are 6m,3m and 18m respectively.
Find the effecitve average permeability of the dcposxt in_horizontal and
vertical directions.

A dam to be constructed on a sandy soil which has a cocfficient of
permeability of 14x10“cm/sec in horizontal direction and 4x10* cm/sec

in vertical direction. The dam is expected to nnpound waler to a hu;,h(
of 10m. In drawing a flow net it is found that the number of flow
channels is 5 and the corresponding number of equipotential drops is 14.
Calculate the seepage loss per meter length of the dam, if water on

downstream is Im.

If the soil layer under the gravity dam shown in Fig.E.3.3 a has
k, = 0.0005 cm/sec and k, = 0.0020 cm/sec,
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determine the seepage in m*/day for 100 metre length of dam.
estimate the total uplift under the dam.

check the possibility of "boiling” at the toe of the dam.

suggest an appropriate filter if the soil has the following gradation

‘|Dinmm| 2 1 10.5 0.25]0.064 0.05 | 0.02 |0.01 0.005 05001

Pin% 1100 [97 | 94 | 90 75 70 50 35 |24 8

An earth dam similar to the one shown in Fig 3.23 has the following dimension:-
Slopem = 1:20 water side, 1:25 dry side

Crest = 6 meters

Height of impounded water from the base = 10m

Free board = 2m \

k = 0.003 cm/sec ‘

a = 120°

“Height of outcrop from the base = 3m

a. Construct the basic parabola and determine the phreatic line.
b. Estimate the seepage in m*/day if the tota] length of the dam is 200m.

If in Problem 7, k, = 0.0001 cm/sec
and k, = 0.0009 cm/sec, estimate the seepage in m*/day for the total length of
dam.

A sand deposit with e = 0.6, G, = 2:65, is S m deep and under it is a 4m deep
cléy layer with e = 1.10 and G, = 2.80. Draw the total, neutral and effective
stress distribution in the soil strata, if
a. ground water is not present.

b. ground water is at a depth of 4m from the ground surface and the
expected capillary rise is two meters, - )

C. ground water is at the surface.

A foundation trent;:h is to be excavated in a clay stratum 6m thick underlain by
sandy stratum. The water table is observed in a bore hole to be 1m below the
ground level. Find the depth to which the excavation can proceed without the
danger of blow. Take the specific gravity of clay particles to be 2.65 and the
Wwater content of the clay soil in a saturated condition equal to 37%.



4. STRESS DISTRIBUTION IN SOILS
4.1 STRESS DUE TO SOIL WEIGHT

*

The vertical stress at any point in a soil formation with the horizomal surface due to only
soilweight is 2 function of thickness and the unit weights of overlying materials. Ina level
‘mass of homogeneous soil having unit weight v,the vertical stress at any depth, h, due to soil
weight is g:ven by o, = vyh. If the soil consists of strata, each with different thickness and

unit weights, then the vertical stress at any level is expressed by

o, = vh + vhy +..... @1
where , e
g, = vertical stress-duc to soil weights at depth h,+h, +
viy2 = unit weights of overlying formation 1,2,..
h,,h, = thickness of overlying formations 1,2.....

In making the above calculation, it is the effective (intergranular) stress which is of practical

interest. This is especially true when calculations are made for scttlement analysis.

4.2 STRESS DUE TO CONCENTRATED SURFACE LOADING

A load applied at the surface of soil mass induces stresses within thc entire mass. These
stresses decrease with increasing depth and distance from the loaded area. A knowledge of
distribution of these stresses is essential for predicting the scttlement of structures due to
compression of layers burried beneath the surface. For determining the stress distribution in
soils, the soil medium is assumed to be an elastic half-space. The bases for determining
stresses in the interior of an elastic half space is given by Boussinesq, where he considered

the simplest form of loading- an isolated point load acting on the surface (Fig.4.1)

wlf < g, = the radial stress
g, = the vertical stress
dy = the tangential stress or horizontal cxrcumferennal stress

122
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z
POINT Lléé{

CONSIDERATION

Fig. 4.1 Stress in the interior of an elastic half-space

are caleulated from,

and 7, = the shearing stress on the rz plane, their magnitudes

2 PR . (.'os;:’-ny .
g,= ~.3cos*yY.sin*ys (1 » B . 4.2
fo2nz? W8 Y H) Froeosy ( )
s .
Cz-—. - (O‘;'ll} (4 1)
Zmz
P s cose
o (1-2p) - Cost Y 2 Y 4.4
¢ g 2mz® v Ticosy ( )
3P .
T,,= ~ (cos'Ysiny) (4.%)
2nz*



124 SOIL MECHANICS

Where u is the Poisson’s ratio and varies between 0 and 0.5. It will be noted that the vertical
stress, 0, and the shear stress, 7,, are both independent of . The above equations may also

pe written in terms of r and z.

r2Y
= o=_P__.l_ 3(_;) _ 1-2p (4.6)
22 21 1 '(é)z]s 2 [1 ,(;)ﬁ]*[l ‘(%)«]1/,
P 3
0=« Fe s T (4.7)
= ~ ATL'{l*r \r/._z_)_,p,],_)/z_,
_ P 1 _ 1 1
0T P 2p/2 < L b (a.8)
SETT ()
zZ zZ
;o= £ 1 rz’
rz- 22 27 le;(_‘S)zlS/‘z - (4.9)

Reference to the above equations shows that the stresses are:
a. directly proportional to the load, P

b. inversely proportional to the square of the depth, z

¢. proportional to a function of the angle ¢ or of the r/z

Therefore, any of the stresses given in the above equations may be written in the form

P

o=?.i } (4.10)

Singe the vertical stress, o,, is important in settlement calculation, either Eq.4.3 or Eq. 4.7
is considred. This may be written as,

z

o =§.i1 (4.11)

The value of i, for different —% ratio are given in Table 4.1
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Table 4.1 Coefficients for determining the vertical stress at depth z for point and line loads.

POINT LOAD P LINE LOAD P
B N
0.00 | 0.47746 0.0 | 0.63662
01 | 046574 | | 0.1 | 0.62405
0.2 0.43788 G,=3p., 2! _iP 0.2 0.58860 G -2b. 2 i,k
03 | 038n9 HEEL ST NS S LR e 0.53086 W 22,7 3
0.4 0.32950 0.4 0.47311 :
0.5 0.27544 0.5 0.40865
(o6 | 022138 o6 | oawus ]
0.7 0.18001 07 | ©.29045
0.8 0.13863 3 0.8 0.23670 o,
| 09 __Joms3 | "iaw [(5)7' T A W 0.19793 27 [(%)7. 1?
[ 1.0 | 0.084s2 1.0 0.15916
11 |o.oes | 1.1 | 0.13305
}“1.? 0:9§!34 1.2 0.10693
13 | 004125 1.3 0.08980
14 |ooams 1.4 0.07266
| 15 | oozsse | | 15 0.06145
16 |ooissr | 1.6 0.05023
R | o.01644 1.7 0.04282
18 _iojgg_so____—_ 1.8 0.03541
19 | 00072 1.9 0.03044 -
2.0 0.00854 2.0 0.02546
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4.3 STRESS DUE TO UNIFORM LINE LOADING

The stress due to a line load applied at the surface is obtained by rep]acing P by dp and ¢
by do in'equalion"s 4.2 to 4.5 and integrating. By so doing the vertical stress due to a line
Joad will have the following form

0,=2B ___E . (4.12)

This equation may be written as

g, =L j o , (4.13)
z

Where i, is Boussinesq's cofficients given in a tabulzﬁ form (Table 4.1)
4.4 STRESS DUE TO UNIFORMLY DISTRIBUTED SURFACE LLOAD

Loads arc never applied at a point in actual structures. They are spread over a certain area.
On the basis of Boussinesq’s equation for point loads, there are two possible approaches for
evaluation of stresses at different depths. The first approach which is relatively approximate
involves the division of the loaded area as shown in Fig. 4.2 into smaller areas so that no
dimension of such smaller arcas is larger than 0.3 times the depth at which the stress intensity
is to be evaluated. The total load acting on cach small area is then assumed to be
concentrated at its center and the effect of all these concentrated loads is determined by
Boussinesq's point load equation. The total load on ecach small area equals to p.ab and acts
at the center of the small arca.

r____ﬁL._.._——j 7’* ; g : 7]'

, . ! -
o s Q kN/m? _;_____L_—
X i
i |

Fig. 4.2 Stress distribution by point load formula
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The second appraoch consists of carrying double integration of Eq.4.2 to 4.4 both in the x
*and y directions. This gives the stress at a point which has been given in a tabular form by
Steinbrenner (Table +.2) and in a form of chart by Newmark ( Fig 4.3.). While the values
given in a tabular form by Steinbrenner are valid for rectangular loaded areas, the influence
chart given by Newmark can be used for both regular and irregular geometric shapes.

Procedure or using Steinbrenner’s Tuble
The table of Steinbrenner is used to calculate-the vertical stress at any depth z under
a corner of a rectangular loaded area. This table could also be used for determining
the vertical stress for any other pointinside or outside the loaded arca. In both cases, ———
the rectangular area will be segmented so that the point under consideration form (he
corner of each segment (Table 4.2). The coefficient i for cach segment is then
calculated. The summation of the coeffictents for each segment gives the coefticient
for the loaded area.

Procedure for using Neswwmarks Charr

@) Draw the foundation on a tracing paper to such a scale that the depth 7 at

~ which the stress o, is to be computed will be equal to distance AB of the
chart. B

(b) Lay the tracing of the foundation over the chart in such away that the surface

point N beneath which the stres g, to be.computed coincides with the center
of the chart.

’

(c) Count the number of blocks covered by the foundation area

(d) Multiply the number found by counting by the influence value of the chart
and the distributed load P.

The product thus obtained gives the value o, for that particular_point. That is,
g =1Lnp ‘
Where

I = influence value of the chart "f

n number of blocks

p = distributed surface load.
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Table

2 rectangular loaded area [26]

L

_?_‘

z

(a) POINT INSIDE THE

LOADED AREA

iz E ip e e i

J_w Gp= 0P
b, a, 7 01x ~°;:__"'b2

(b) POINT OUTSIDE THE
LOADED AREA

1= P -
2 o 't et ' m

4.2 Coefficient for determining the vertical stress at a depth z under a corner point for

{c) POINT OQUISIDE THE
LOADED AREA '

t= Z il.u.m.lv'‘u.m’l'm"|v.m

COFFICIENT | = ‘2z

DEPTH P
WIDTH abz

= sz : [ are (cnzm.u:z. T (02112' b7o‘zz |

_:_ %:10 %:1,5 %;2.0 %: 3.0 %:5.0 %:10.00 %:00

0.25 0.2473 | 0.2482 0.2483 | 0.2484 | 0.2485 | 0.2486 | 0.2485
0.50 0. 2325 0.2378 0-2391 0.2397 | 0.2398 | 0.2393 | 0.2399
0.75 0.2060 | 0.2182 0.2217 0.2234 | 0.2239 | 0.2240 | 0.2240
1.00 0.1752 0.1936 0.1999 0. 2034 | 0.2044 | 0.2046 | 0.2046
1.50 0.1210 | 0.1451 | 0-1561 | 0.1638 | 0.1665 | 0.1670 | 0.1670
2.00 .. |%0.0840 | 0.1071 0-1202 | 0.1316 | 0.1363 | 0.1374 0.1374
3 .00 V 0.0447 0-0612 0-0732 0- 0860 0-0859 0-0987 0 -09%0
4-00 0-0270 0- 0383 0-0475 | ©0-0604 | 0-0712 0-0758 | 0-0764
6. 00 0-0127 0. 0185 0-0238 | 0-0323 | 0-0431 0-0506 | 0-0521
8.00 0-0073 0-0107 0'01‘40 0- 0195 0-0283 0-0367 0-035%4
10+ 00 0-0043 | 0-0070 | 0-0092 0-0129 | 0-0198 | 0-0278 | 0-0316
12 . 00 0.0033 | 0-0049 | 0.-0065 | 0.0094 | 0-0145 | 0-0219 | 0-0264
15.00 0.002t | 0-0031 0-0042 | 0-0061 | 0-0097 | ©0-0158 | 0-0211
18..00 0-0015 | 0-0022 0-0029 | 0-0043 | 0-0069 | 0-0118 | 0-0177
20. 00 0.0012 | 0-0018 0-0024] 0-0035 | 0.0057 | 0.-0099 | 0-0159
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Circle N2 0z /q, r/z

0.0 0.000
) -—O.*l“___ —..0.2"70
0.2 0.400
o3 [Tosie |
0.4 0.6 37
0.5 0.766
'—7._(;.-6_ - _0 918
0.7. L.irto e e e
0.8 .387
0.9 1.908
Lo | o

lin =2 .54¢cm

~_9

Fig. 4.3 Influence chart for vertical pressure (After Newmark)
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4.5 STRESS DUE TO NON-UNIFORMLY DISTRIBUTED SURFACE
LOAD

lndependenf attempts have been made by various authors to determine the stress under a given
'int, where the variation of the surface loading is not uniform. Such cases are presented
in Fig. 4.4 to Fig 4.11 and Table 4.3 to Table 4.5. For detailed treatment of stress in soils

refer to Teferra /Schultze [28].

, I
P
Vi |
9 |
o]
X 0, . ! X
/{\r [
r/ \\
»
Aﬁ S
z
-P . a. _P _
Gl:’n'(ﬁ SING) Ga=_n_.(/3 SIN )
Gy=2P (B-X2) G =0 (B-Xx2Z)
n r m r2
_ P 2
Tyy = 7SN B
X

. - -

qx. -—7— X-a)

-‘;figz".A ﬁ[l ;“, (‘io .‘-.( 0] S L
AT X+0 A L e T ey o

P, ‘sM2a- B o

T L LA TN

' T T2 W Tt

AT X=a

Fig. 4.5 Stresses for a triangular load-right triangle [2]
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~N - \
/
f ; //<'r1 r? B -
Al e
Y4
G, ~P ' 12 l :
[ (@B X0 e Z 10 .2 ys T T —
U3 M.a [ h nn : Inz_r7_ Loe?

t
v

Gx =?é.[c-,’3ox.z‘x . 2.Z.(n:_: ]
GZ=%.[Q./3.X.O(] rxz =.TTL.Q.2'0(

Fig. 4.6 Stresses for combined uniform and triangular load [?]

[1_1 -P {q BeX.oeZ.in " - . e
iy ' b 22 . (x-b)e a7 3
o W E \/frz (x-b) ln:_,]z._‘[o(_g._]j
2 2 r2
O = TmaleAexa T xny L, ]
2 ra o
GZ = —i [o.;i.x.f)(-f"z..(x-b)]
T.a r2
2
P
Uxz - Y—-[Z'D( -0.27 ]
Ma r—g
2

Fig. 4.7 Stress for trabezoidal load [2]
S
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Fig. 4.8 Stresses for triangular load [2]
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4.9 Stresses for an isosceles triangular load [2]
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Fig. 4.10 Stresses for combined uniform and triangular symmetrical load [2]

P
| =X - *X
o — A
ki \\ / i//
"\ L\ P
NG Yy —
. o N . - :
‘ s

\

GZ = -FPO—[G(B‘o‘ﬁr)o(uvb)(a|0ﬂz)'x(0(‘ - d;i)]

Fig. 4.11 Stresses for a trapezoidal load [2)
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T ]
" ! m i
1 | |2
e X N 4 e TIIN 3 S —1
~ z
z < z z
AR o 8 B’
G z
z p G
x— Z2
_— 21 bz
Gz = Wiy, Oz = W-lyd, w2
1
G - .
w-_H__, alb1 = ©o 22 = w"wd2 _
& G 81by = oo
23 = W.lwdy g I
ajby=zeos
Cotf = TYPE OF LOADING -
Z/by |RECTANGULAR | TRINGULAR TRINGULAR TRINGULAR
i i i twd
wr wd1\ Awdz ,3
0 .00 «0.3183 +0.0000 +0.3183 0.0000
0.25 +0.2936 +0.0868 20,2128 .0.1125
0.50 +0.2546 + 0. 1125 +0.1421 +0.0908
0.75 +0.2037 +0.1070 +0:0967 +0.0604
1.00 +0:1592 +0.0908 +0.0683 +0.0405
1.50 +0.0979 +0.0604 +0.0376 +0.0208
2.00 +0.0637 +0.0405 <0.023) +0.0123
3.00 +0.0318 +0.0208 +0.0110 ©+0.0057
4.00 L0.0187 | .0.0123 .0.0066 +0.0033
1
6.00 .0.-0086 ' .0.0057 +0.0029 +0.,0014
8.00 +0.0049 | .0.0033 +0.0016 +0.0008
. J
10 . 66" +0.0032 ; .0.0021 + 0. 00W . 0.0005
12.00 .0.0022 | .0.0014 +0.0007 +0.0003
| .
15.00 .0+ 0014 | 40,0011 +0.0003 +0,0003
|
18.00 +0.0010 l +0.0007 +0.0003 +0.0002
20.00 +0. 0008 l +0.0005 +0.0003 «0.0002

Table 4.5 Influence coefficients i,, and i,, foru = 0.5 [7]
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4.6 STRESS DUE TO UNIFORMLY DISTRIBUTED LOAD B
APPROXIMATE METHOD v N

The stress distribution at successive depth beneath a footing due to distributed surface load
can be determined by approximate method or by what is known as the Sixty-Degree
Approximation. This method assumes that SIress increment at successive depths beneath 5
footing is distributed uniformly over a finite area. The finite area is defined by planes

descending at a slope 2:1 (2 vertical and | horizontal) from the edges of the footing.

The plancs descending from the edges of the footing arca, A, , at cach depth define the area,
A,, over which the stress is uniformly distributed as shown in Fig. 4.12 Thus the stress
increment at any depth is assumed to be cqual to the total load P on the footing divided by
the area A, defined by the.planes. The 60° approximation is salisfactogy for individual spread

footings of relatively small arca. Stress at depth z,0,= TP

2

For square footing, A, = (B+7y~
For rectangular footing, A, = (B+Z)(1.4 7

Fig. 4.13 shows the comporison o vertical stress computed on the basis of

60° - approximation with that determined using Boussinesq’s equation.
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Oz
INNSNNEERELY

]

(B+2)

Fig. 4.12 approxim;{lc method for computing vertical stress

—..Boussinesq 's. _Method

Approximate Method

" Fig. 4.13 Comparison of vertical stress distribution by Boussinesq and approximate methods.
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4.7 EXAMPLES

E.4.1 Refer to the soil profile shown below. Find the effective pressure at depth 8y,
below the ground surface.

SOLUTION

At Elev. -3.00 0, = y,h, ) .

1+w 1.08
= =TW sy = 2:YU8
l+e sYw 1.7

0, = 16.84 (3) = 50.52kN/m?

(2.65) (10) = 16.844kN/m?

I

Elev. 0.00
Sand and Grave!
- : - G=2.65
& w= 8 % 3m
. e=0.7
Elev.-3l00 —-@WL____ —————
2m
Elev. -5 00
Clay T T -
Elev. -8.00
G=2.55 ém
e= 0,95

Elev —~11.00
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At Elev.-5.00 0y = y,hy

N

P o
= —S——Yw;= lSSﬁ,

9 .71kN/m’
02 =9.7l(2) = 19\'42kN/m2
’ i

At Eleg.JS.OO

G,-1 (2.55-1) (10) 3
= o= = .95
LE R = £ 1.95 7.95kN/m

0, = 7.95(3) = 23.85kN/m?

© Effective préssd%e at 8m below the éround surface:
= 50.52 + 19.42423.85 = 93.79kN/m

0.00

2
-3.00 50.52 kN/m

-5.00 e e \(00:52419.42269.94 kN/m2Z _

~800 69.9442385:93.79KN/m2_
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E.4.2 A concentrated load of 20kN acts on the surface of a homogeneous: soil mass
of'large extent. Find the stress intensity at a depth of 10m
(a) directly under the load.
(b) at a horizontal distance of 5m.

SOLUTION o .

Stress at point A, is given by o,=-£ i,
V4

I .
For —=0,1,=0.477
z7 TR
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P

20 (0.477) =0.0954kN/m?

0,52
=95,4N/m?

10?2
20

intB, o,=——.
Stress at po L 927702

.=2% (0.265) =0.053kN/m? =53N/m?
102 2=
E.4.3 A square footing 2m by 2m carries a uniformly distributed load of
'3_, PkN/m?. Find the imensiiy of vertical pressure at a depth of 4m.
below the center of footing using
(a) Boussinesq's solution for distributed load.
(b) the Approximate method.
(c) Steinbrenner method.

SOLUTION.

(a) Boussinesq’s Solution

2
=—==0.5>0.3
4

~ i

Point load equation is not applicable, hence
divide the area into 4 equal parts having sides of ;

1m each.
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im I'm
Im \\\ '//Tos
AN V4 . -
SNCE :
/s
/ AN
I'm o »
4-.21.0.25¢0.3
V4 4

N

Point load equation is applicable. Load acting on
each square = 1x1x300 = 300kN.

The load acts at the center of each square. The distance from the point of action of the load
1o the center of footing is given by

r = /{0.5)%+« (0.5)2=0.707

I .0.707

=0.177

&=y

For £=0.177,1,-0.44 -
4

Stress at 4m depth due 1o one loaded square,

o -"5;.11
z

300

=_4'—— (.44) =8.2SkN/m2

Stress due to loaded square = 8.25

(4 = 33kN/m?
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(b) Approximare Method

(i) 60° - method
P=2(2)(300) = 1200kN

<

mSxmS J

P: 1200 ] .
a,= o = =33 .33kN/m*
Po(B+Z)? (2+4)? /
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i)Steinbrenner Merhod

a . a

20

bf I, I, b
£ 1 4 |~
L 1 | N

|

b” I3 ')

bFrom Table 4.2, 1, = (.0270 L—

Eeoo 04, B 4L S 0.27004) T 0,108

o, Lop = 00108 (300) - 32 4kN/m?

Ed.d A point {line} load as shown in Fig. E.4.1 is given.
Determine:

a) the variation of the vertical stress along AB

= by the variation of the vertical stress along CD

SOLUTION

a) Vuriation of the Vertical Stress along AB

POINT LOAD

The variation of the vertical stress along AB (r = 0) fora point.load-is given
by: A ”

Cow

o, u.47746 £
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[LINE LOAD

The variation of the vertical stress along AB (r = 0) for a line load is given

by

N
Nl

— o The results are given in Table B4 1
) Variation of the Vertical Stress dlong CcD
POINT 1.LOAD

The vertical stress distribution is given by

. P 1000
ag, 11//— ‘——;2 -1

LINE LOAD

The vertical stress distribution is given by

g, 1,.— ——

‘Taking an mterval of Tm horizontally, the calculation is compiled -

in Table 1.4.2
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Table E. 4.1 Vertical stress distribution along AB

147

T

Point Load
P o= 1000 kN

p = _20() l\'N/[n

.
o
0. 04775 0. 0, 0.6360 P

m m’ KN/’ KN/m’
0 0 oo o

U.50 0.25 ~ 1910 255

100 1.00 478 127

.50 2.25 212 hi

2.00 4.00 119 64

2.50 6.23 76 5

3.00 Q.00 33 42

3.50 12.25 RO 36

4.0 16.00 30 30
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Table E.4.2 Vertical stress distribution along CD

—
Point Load Line Load
P=1000 p=200
N - . 0,=1, L 0.7 1, £
r(x) 4 r x L 1) =2 2 Z
z z
o . \ W I - I - . kN/mz kN/m"
0.00 0 0 | 047746 |0.63662 | 119 64
1.00 0.50 | 0.50 | 0.274544 | 0.40865 69 61
2.00 {2.00| 1.00 1.00 | 0.08442 0.15916 21 16
3.00 1.50 1.50 | 0.02556 0.06145 6 6
4.00 2.00 | 2.00 -|0.00854 0.02546 2 2
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P = OO0 KN { POINT LOAD)
p = 200kR/m (LINE LOAD)

A
® S T "0, " 200 T 4004<Tx?"‘=” TR ¢
\ / —-T
‘\\\ \\ g / B P
—
~ \ t.O / -
Py N X / =T
<< X 7 —
e b ===
LAV I
e AT T T e
40 3.0 c 20 1.0 \"l 007/ 1.0 2.0 [} 30 4.0
\ /
\ H
pr LN}
] K PO
—— ——~ == POINT LOAp
LINE LOAD
4.0

B8

Fig. E4.1 Vertical pressure distribution along AB and CD for point load and line load -

4m

P:200 kN/m?2
11

w000 {1 T 1 71 1 T77
Ty(kN/me) IOT 80 ™60 “40 20 P | T

3 G, (kN/aR)

Fig. E.4.2 Vertical pressure distribution under P, and p,
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E.4.5 A surface loading of 200 KN/m? covering an area of 32m? (Fig. E:4.2) is
given. Determine the vertical stress distribution under Points P, and P,

SOLUTION
a) Vertical Stress Distribution under point P,
In order to make P, form a corner point, one divides the area A B D E in two y
parts. Namely, A P, FEand P, BD F. ’ ’ 3y

In order to use Table 4.2, one should first know a/b. In this particular case 1
" a =b = 4m, hence, a/b = 1. Since the case is symmetrical one needs to :

calculate only the coefficient for part AP, FE. The calculation is tabulated
below in Table E.4.3 and plotted in Fig. E.4.2

Table E.4.3 Vertical pressure under point P,

o

z b i 2.1 g, = 2.1.p
m - - - kN/m? |

0.0 0.0 0.2500 0.5000 100

1.0 0.25 0.2473 0.4946 99

2.0 0.50 0.2325 0.4650 93

3.0 0.75 0.2060 0.4120 82

4.0 1.00 0.1752 0.3504 70

6.0 1.50 0.1210 0.2420 48
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b) Vertical Stress Distriburion under point P,
Since P, lies outside the loaded area, one determines the coefficient by

considering areas AP, CE and BP, CD. The calculation is éhown in Table
E.4.4 and the result plotted in Fig. E.4.2

Table E.4.4 Vertical pressure under point P,

Area AP, CE Area BP, CD ' R “""
a=9 : a=4
b=4 , b =1 1=1 =i, o, = p.i
a/b =2.25 , a/b = 4.00
z z i z I,
b b

m . - - - - - kN/m?
0 0.00 | 0.2500 0.00 0.2500 0.0000 0
1.0 0.25 0.2483 1.00 0.2039 0.0444 9
2.0 0.50 0.2392 2.00 0.1339 0.1053 21
3.0 0.75 0.2221 3.00 0.0910 0.1311 26
4.0 1.00 0.2008 4.00 0.0658 0.1350 27
6.0 1.50 0.1580 6.00 0.0377 0.1203 24




|52 SOIL MECHANICS

4.8 EXERCISES v

1 Find the neutral and effective stresses at a depth of 15m below the ground
surface for the following conditions. The water table is 3m below the ground
surface. G, =2.65, e=0.7, average moisture content for soil above the water
Yable = 5%

2 A point of 1500 kN acts on the surface of the ground. What is the intensity
of vertical stress due to the load, at depths of 2, 4, 8, 10, metres directly
— b elow-the load2- e

What is the intensity of the vertical stresses at the same depths at a horizontal
distance of 5 metres from the line of action of the point load?

3 Repeat problems 2 with a line load of Soo kN/m.

4 A foundation 5x5 m. exerts a pressure of 150 kN/m? at the surface of a sand
layer with unit weights of 17.5 kN/m® and 20.0 kN/m’ when dry and saturated
respectively. Below the sand layer, at a depth of Sm, is a clay scam that is
2m thick and has a unit weight of 16.8 kN/m* when saturated.

a. Show the variation of vertical stress under the center of the

foundation as a function of depth.

b. Show the variation of the effective stress in the soil as a
function of depth. The water table is at a depth of 3m.

c. Show the variation of the vertical stress at the center of the clay
__stratum as a function of the horizontal distance from the center

line of the footing.

S If the earth dam of problem 3.7 has an average unit of 19.0 kN/m?, show the
vertical stress variations along a horizontal plane x-x 1 metre below the dam.

s




[
~

STRESS DISTRIBUTION IN SOIL 153

If structures A and B are erected on clay layer with an average bearing
pressure of 100kN/m? and 200 kN/m? respectively as shown below, calculate
and plot the variation of the vertical stress distribution under P as a result of
structures A and B.
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5. COMPRESSIBILITY AND CONSOLIDATION OF SOILS

5.1 COMPRESSIBILITY OF SOILS
5.1.1 General

The comp}cssipi}it'y of soil is indicated by its change in volume per unit of load increment.
Any structure built on the ground causes increase of pressure on the underlying soil layers.
The soil layers being confined by thé surrounding soil strata adjust to the new pressure mainly

" hrough deformation. As noted in the earlier discussion, soil may be considered to be a
skeleton of solid grains enclosing voids which may be filled with gas, liquid; -or a
combination of gas and liquid. The vertical compression of the soil mass under increased’

——pressure is thus made up of the following components.

a. A compression of solid matter, which under usual loadings accounts for very

small compression.

b. A compression of the pore fluid, which may be considerable where the pores
contain air, but negligible when the pores are completely filled with water.

c. Reduction of the pore space by expulsion of pore fluid,which forms the major
component of the compression. ‘

A honey comb structure, or in general any structure with high porosity, is more compressible
than a dense structure. A soil in remolded (disturbed) state may be much more compressible
than the same soil in natural state.

Soils show some elastic tendency to a very small degree. That is, when the pressure on a soil
is increased in all directions, the volume decreases. However, if the pressure is later
decreased to its previous value some expansion will take place, but the expansion (or volume
rebound) will not be so great as the preceeding compression. A study of compressibility of
soil is necessary to be able to forecast the probable settlement of structures on different types
of soils.

154
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5.1.2 Measurement of Compressibility

As has been mentioned earlier, the interest of engineers in compression is mainly in relatioy
with settlement. In this regard, the engineer is usually concerned with one-dimensional verticy|
compression of soil under structure. Although there is generally litle lateral dispdacement, the

volume change is assumed to take place through change in thickness.

To simulate field conditions in the laboratory, compression tests are conducted in ring-type

compression device catled consolidometer using undisturbed samples cut from natura)

N ot

formation.

Loap
/ COMPRESSION DIAL GAuGe

LOADING PLATE

-- METAL RING

" [~ POROUS sTong -

Fig. 5.1 Consolidation apparatus

The metal ring provides lateral confinement. Porous stones are fitied at the top and bottom to
allow the escape of air and water without the loss of fines during compression.

To obtain a reasonably correct idea of the in-situ soil properties (soil in its natural state), it is
necessary to test undisturbed soil sample. Undisturbed soil samples are cut from natural

tormation and trimmed to fit exactly the testing device.
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After placing the sample in the testing device, it is then subjected to loads in increments.
Fach increment is applied instantaneously and is maintained at constant value until
compressmn ceases at which time the readlng of the dial is noted. Observations of
compressmn dial reading and time are made for each'load increment.

Compression of laterally confined specimen is measured in terms of change of thickness.
However, the test result is presented graphically in the form of pressure versus void ratio
curves. This essentially means that the change in thickness has to be converted to change in

void ratio.

The two conventions used in plottmg the curves (i. e. e-p curves) are
(@) the use of natural scale for both co- orduntcs
(b) plomn_g the void ratio on a natural scale and lheiapplicd pressﬁrc on a
logarithmic scale. ‘

Each point on a pressure versus void ratio curve represents pressure due to applied load and
void ratio of the specimen after an equilibrium under the load has been reached.

In an actual experiment a curve of compression versus time is obtained for each increment.
To accomplish this, compression dial reading has to be taken at a given time interval until
compression ceases. For every load increment, there is one final void ratio, and from the

whole series of loads, a curve between pressure and void ratio can be plotted.

Knowing the specific gravity, G,, of the sample, and its initial hcighl and diameter, the initial
void ratio can be determined, if the dry weight of the sample is also known.

Once this is done, the following relationship between change in void ratio and change in
thickness is established to determine the final void ratio. ;

Let V, be the total volume at the beginning of the test and V2 the total volunic at the end of
the test. Thefi aV = V,-V,

Since change in volume, aV, is brought about by change in volume of voids only, the above
relationship can be expressed ,

as, aV = aV,=(V,),-(V,), where V, is the volume of voids. But V,=c V,
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Hence, AV =(Vse, - Vse))=Vs Ae (5.1
But V,= %
ut Vs=—07 e, (5.2)
Where
: Vv, = total volume at the beginning of the test
e = initial void ratio
e = final void ratio.
Substiting Eq (5.2) into Eq (5.1), the following is obtained
_ Ae R
av=v, l+e, 5.3)

Since no lateral strain is assumed, the change in volume is caused by the chanvge in thickness.
aV = (A) (aH)and V, = (A)(H). Then

Ae

Aw=r, L8 (5.4)
Where

A . = cross sectional area

H = initial thickness -

AH = change in thickness which can be determined from the final compression

dial reading.

The final void ratio, e,,can be obtained by subtraclfng A, frome,. Foreach load increment

the above computation is repeated.

5.1.3 Void ratio-pressure Diagram

The sample is first loaded to pressure intensity P, and then the load is completely released.
This cycle of compression and expansion is shown by curve I (Fig.5.2). The sample is again
reloaded. Curve II indicates .recompression. A little beyond P,, it coincides with the
extension of Curve I. ab is referred to as virgin compression curve, and bc is referred to as
expansion or rebound curve. cd shows the effect of re-loading. Fig. 5.3 shows void ratio
versus pressure on a semi-logarithmic plot. The convex portion of the curve is known as
recompression curve. It indicates that the sample has earlier been subjected to compression.
In an e-log P curve, convex curvature indicates an earlier compression or precompression.
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C dp
0.8 \ {
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h\ d |
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P - KP,

Fig. 5.2 Typical e-p curve , ‘

5.1.4 Coefficient of Compressibility

This represents the rate of cha.nge of void ratio with pressure. It is numerically equal to the
slope of pressure void ratio curve on a natural scale (Fig.5.4a)

Ae _de -
P —— — 505
APordp ( ) .

e, -e
a,= 172
P,-pP,

a, has a dimension inverse of pressure. As the e-log p curve is not a straight line, a, is not
constant but decreases with increasing pressure. At any point on the curve,the slope of the
tangent with the horizontal gives the value of a, for that point.
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0.9

0.7

10 20 40 60 8000 200 400 600 1000

Fig. 5.3 Typical e-log p curve

5.1.5 Compression Index

Compression index, C,, is numerically cqual to the slope of the straight portion of the ¢-log P
curve (Fig. 5.4b). Its value is constant beyond the range of the recompression, since beyond

_ this point the plot of e against log P is a straight line. Noting that,

e -e,
c = (5.6a)
¢ logPp,-logk,

P,
- - Z .
e, ~e, Cr__log? (5.60)
1

There appears to be an approximate relationship between the liquid limit of a clay soil and the
compression index. Skempton has demonstrated that this relationship can be expressed by the

following empirical formula:
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(a)

L
o
|

9 oyioy

proy

Pressure , P

o ‘onDY PIOA

~T

e‘oloy PplOA

(¢

Pressure (log scale )

(log. scale ) (b)

Pressure

Fig. 5.4 Determination of

(a) coefficient of compressibility

(b) compression index

(c) swelling index
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C. = 0.009 (v, - 10%) (5.7
Where w, is expressed in per cent.

Thus, a knowledge of the liquid limit alone may enable an approximate estimate of the
settlement of a founda;ion on clay without carrying out expensive and time consuming
consolidation test. i

The compressibility of soil is indicated by the slope of compression diagram. The
compressibiﬁity of any one soil type varies with density, history of previous loading, handling
prior to and during compression, and with the magnitude of tress increment relative to the
existing loading at any point. The more dense a soil is initially the less compressible it will

be. For remolded specimen of a given material there is not one compression diagram as

represented above, but a numerous number of diagrams. The position and slope of each

diagram depends on the density of the remolded specimen as originally placed in the testing
* device (Fig. 5.5). ‘

. Very loose sang .

Comgac' sand
Vary €ompact sang.
_e. min.

Vold rotlo , e

Pressure ( log. scals )

Fig. 5.5 Effect of initial density on the slope of compression diagram for granular soil.
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|
Changes in particle arrangement and soil density due to dlsturbances or remoldmg, as distinct
from those caused by loading, affect the compression diagram whethere they occur initially
or dunng compression. Sand is particularly affected by shock or vibrations.

Very looss sand

€o
——— O s T T T

\
l«—Vibration.

. .

2

I DD

v .

©

> Very compact sand

Pressure {log scale )

Fig. 5.6 Effect of vibration on compression diagram of sand.

7

As indicated in Fig. 5.6 an initially loose sand is compressed under static loading from void'
ratio e, to void Tatio €,. " While under load-at ey, vibrations-are-applied. Significant-decrease
in volume thgn occurs without change in loading (i.e.from e, to €;). Then, if vibrations cease
and static loading is increased, compression will occur as shown by the flatter curve from e,

to e,

If a clay sample is removed from a cycle of loading and unloading and is then completely
remolded without change of water content, the diagram obtained for the following
recompression will be affected. It is distinctly different from normal recompression diagram.
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5.1.6 Swelling Index

C, denotes the slope. of an expansion or rebound curve of e-log P plot (Fig.5.4c).-Noting again
that, L

_ 178
= m—— (5. 8)
* log P,-logp,
Py
e,=e, ~C, log? - (5.9)
1
5.1.7 Modulus of Compressibility T

. . A . . . .
If the relative settlement, s’= —HE or the void ratio, e, corresponding to the final dia|

reading for each initial loading in the consolidation test, is plotted against the effective stress

G, the compressibility curve is obtained. The shape of the curve depends on the soil type,the

. . . Ao o .
geological history and the rate of load increment — . The compressibility curve obtained
&)

from the consolidation test is given in Fig. 5.7a

The curve may be expressed with sufficient accuracy by the following equation:

E,=——=v(3)" - ‘ . (5.10)

I order to make the exponent w dimensionless, it is advisable to make G also dimensionless

by dividing it by a unit stress o,. Then Eq (5.10) becomes:

ds,=v(c,)"

s’ = relative settlement
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Fig. 5.7 Compressibility curves

where 0 =effective normal stress (kN/m?)

o,=unit stress (kiN/m?)

351
g
[

vand w = coefficients »

v has a unit of kN/m?. It depends on the void ratio,water (moisture) content and 'consistency
of the sample. It could have values ranging from 50 to 30000 kN/m?.
w is dimensionless. It depends on the soil type. It could have values ranging from 0 to 1.

The tangent of the compressibility curve, which is a function of G , gives the modulus of

L
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compressibility B, (Fig. 5.7a)

From Egq. (5.10)

ds’ 1 g
as ., .12
ds  v(e)* , (e
ds’=-]; (3)™v& © (5.12b)
io1 [ v ] ' - o
S—T,f(o) 43 _ (5.13)
For the case” w»1
1 1 ('5)1 [
8 7w +C (5.14)
. 1 - 1
Dcﬁmng a —‘;-(-1—_—;)— and k 1-w
Eq.(5.13) becomes;
s'=a(0)*+c ' (5.15)
For the case w = 1
dsi. L (5.16)
o) Y
s'=21nT. ¢ (3.17)
14

Ifaplot s’ versusln o is made, one obtains a straight line relationship for some cohesive
soils. This would mean that the compressibility of the soil is described by Eq.(5.17).
Other soils give straight line relationship when the results are plotted on a double log scale
“(Eq. 5.15). The parameters v, a and k give the value of E,.

R
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Instead of the reative settlement s/ sone can use the void ratio e. It can be shown that

. 1A+° in which s’and Ae=e,-e are related to the corresponding loading and

o
e, is the intial void ratio of the sample.
. Similar to Eq (5.10) the following equation may be written.

E,=;%§=‘V(E;)" o (5.18)

o€ __% __e (5.19) o

gince s’= =
l+e, 1l+e, 1l+e,

ds’ __ 1 ' it
de  1+e, : (5.20 i
s
ﬁ. .—i-—.d_a. = (5'21) 1.‘:
ds’ "' 1+e, de (1+e,) =E, (1+6,) j!
From Eq.(5.10), Eq.(5.18) and Eq.(5.21) the following expression is obtained. :
IV
\4 T+e, (5.22)
" de a
y definition a, o and.m, Tze, ° from Eq (5.17) Eq (5.20) i
‘ ,th( o —' b - »'- l; E’i”‘, - CoS T e e Sems eI T T
E,= a, " 1ve, (5.23a)
1 it
E = 5.23b i
el m, . ( ) 1

Where .
a, = coefficient of compressibility ; : ‘
m, == coefficient of volume compressibility ' ’
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5.2 INFLUENCE OF TIME ON THE DEVELOPMENT OF STRAIN

N

An additional characteristic of the void ratio-pressure relationship of soil, which is of grea /
importance in the study of settlement of structures, is the influence of time upon the \
development of compressive strain. In steel and concrete, strains develop iqstantaneouﬂy
with the application of stress. The strain in soil, however, develops over a period of time
after an increment of consolidating pressure is applied. The main reason for this time lag is
the fact that some of the water contained in the voids of foundation soil has to be squeezed
out before the volume of the voids can decrease. The rate of outflow of the pore water
depends on the permeability of the soil. ‘ —

In relatively coarse-gramed soxls the pore water can escape rapidly and the time lag between
the application of pressure and the development of strain is relatively small. A structure
founded on such soil will usually attain its maximum settlement early, and very little further
settlement will occur after the structure is completed. On the other hand, if a structure is ‘
founded on a fine-grained clayey soil or if the stratum of such soil is present at some depth
beneath, the outflow of water from the voids due to the pressure imposed by the sti'ucutre ‘will
be very slow, due to relatively small coefficient of permeability. Therefore, the settlement
of the strucutre will develop at a very slow rate and may require many years to be completed.
The length of time dcpénds on the permeability of the soil, the thickness of the layer, and on
the drainage possibility of pore water. ,

Fig 5.8 shows the influence of time on the development of strain.

As can been seen from the figure the major pari of the compression in coarse-grained soil
takes place almost instantaneously. This is because of high permeability of coarse-grained
soils. These soils hardly ever present a long settlemcntvp'roblem under steady loads.

In contrast to the coarse-grained soil, the fine-grained soil, as shown in Fig. 5.8, takes a
considerable time for compression to. take place under a given increment of load. As. —
fine-grained soils are relatively impermeable, a long time is required for the expulsion of pore
water. It is a well known fact that buildings founded above thick strata of clay undergo
settlements that continue for a long period of time at steadily decreasing rates.
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N
Consolidation
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100 - t

Time

@' IMPERMEABLE FINE -GRAINED SOIL

@ PERMEABLE COARSE -GRAINED SOIL

%ig. 5.8 Time compression curve
5.3 CONSOLIDATION

5.3.1 General

n the discussfon of compressibility of soil, only the extent to which the various soils
wventually change in volume under a given loading were considered. That is, how much will
1 given soil sample compress under a given loading. No mention has been made about the

ate of volume change or about the factors which influenice the rate of volume change. ‘These”

actors areimportant and are considered under this topic.

30nsolidatiog is a gradual process involving drainge, compression, and stress transfer. In
jeology, consolidation refers to the hardening of soil to a rocklike condition. In geotechnical
*ngineering, however, it refers to adjustment of soil to an applied loading. It may require
tlong time for a soil formation to come to an equilibrium under load. During this time, it
s said in engineering that the soil is consolidating under the given load.  When an
*quilibrium condition is reached, it is taken that the soil is fully consolidated. According the
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engineering usage of the term, it simply means completion of adjustment to a particular load 4
which point the soil muy still be relatively loose or soft, and in the geologist estimate sti]]
considered as uncolsolidated sediment, ) :

The rate at which the volume change or consolidation occurs is directiy related to the
permeability of the soil, because the permeability controls the speed at which the ~ﬁore water can
escape. If a saturated soil is quite pervious (e.g. clean sand),its consolidation under newly
applied static load will be almost instantaneous, because pore water has no difficulty in escaping
from the voids. - However, if the saturated soil is clay with low permeability, its consolidation
will be quite slow, because the pore water in the voids will take time to be squeezed out,

5.3.2 Mechanics of Consolidation

The process of consolidation may be explained with the help of a piston and spring mechanica]
analogy as shown in Fig.5.9. The spring is immersed in-a cylinder filled with water. Into the
cylinder, a frictionless but a tightly fitting piston provided with a vent valve has been fitted. A
vertical load (say 20N) is applied on the piston. As long as the vent valve remained closed, the
20N load is carried by the ‘water in the cylinder. When the vent valve is opened, water gushes
out of the cylixider and the spring commences to compress.

In this analogy, the spring represents the soil grains and the water represents the moisture in the

soil. As observed in the analogy, the spring compresses as the load acting on it increases. This -

same phenomenon takes place in soils. With the increase of intergranular stress, the void ratio
decreases and consequently compression (consolidation) takes place.

Consider a pressure-versus-void ratio plot as shown in (Fig.5.10). Initially, i.e., just before the :

~application of an additional pressure, the sample may be assumed to be. under conditions

represented by point A, where the effective (intergranular) pressure is designated by o, and

the Léorresponding void ratio by e, The moment AG is applied, the total pressure acting on’
the sample as a whole becomes G, . However, like with the spring analogy, the void ratio will
still be e, since the s0il cannot compress instantaneously. G, cannot be effective within the soil

R
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Fig. 5.9 Mechanics of consolidation- Piston and spring analogy
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until the void ratio becomes €,. Hence, the pressure in the soil must stillbe @, The excegs

pressure  Ag  which would produce a strain represented by e, - e,, cannot be effective at

once and hence does not act on the soil grains immediately.

~

VOID RATIO

EFFECTIVE PRESSURE

Fig. 5.10 Pressure versus void ratio plot

Ac is carried by the water in the voids of the soil. The stress ex1stmg in the soil water
produced by the transient condition is designated as hydrostatic excess pressure and -

is represented by u. The initial value.of u is the maximum value and is equal to AG and

" is designated by u;. This excess hydrostatic pressure would be zero when the void ratlo:/ ;
becomes e,. Theoretlcally no more water is forced out when the pressure in the soil skeleton

is @, , and the sample is said to be consolidated under the stress g,

w13
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If the entire sample were completely sealed, then AT will be carried by the water and no
consolidation takes place. If however, drainage is allowed from the top and bottom (say by

placing porous stones at top and bottom), the water pressure at the surfaces would be zero,
whereas at a short distance inside the sample the water pressure is still ; - 0. The high

gradient causes a rapid drainage of water from the pores near the surface.

5.3.3. General Outline of Terzaghi-Froehlich’s Theory of Consolidation

The general outline of Terzaghi-Froehlich’s Theory of Consolidation is explained in
reference to Fig. 5.11. -

Consider a clay layer 2H thick lying between two pervious sand layers and is subjected to a
surface unit load equal to o. Under the influence of this load, the caly layer will begin to
compress as the excess water from its pores is squ\cczed out towards the two pervious
boundaries. If the clay is homogeneous, excess pore water from the upper half of the layer
will flow towards the upper sand layer, whereas the excess pore water from the lower half
of the layer will flow toward the lower sand layer. Such an arrangement is called double

drainage.

At the instant the pressure, o,is applied (i.e. at time = ty) it is entirely carried by the pore

water, i.e. o=u and =0 A few instant later, water will start escaping into the sand,

so that u at both pervious boundaries will equal to zero. At any time o=u+0 .

As time goes by, the variation of hydrostatic excess pressure, u, over the depth will
successively ‘be indicated by the curvesti,t5; t;-as shown in Fig-5:11-After-time (t = )
consgdfdation will be complete and excess pore pressure will equal zero (u=0; 6=0).

At any time, the area between the curve pertaining to that time and the initial hydrostatic
excess pressure diagram gives the load transferred to the soil grains upto that time . For the
time interval t,, this area has been shown shaded in the figure. The ratio of this to the area
of the initial hydrostatic excess pressure diagram ABCD gives the degree of consolidation at
that time and is expressed as a percentage.
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Fig. 5.11 Progress of consolidation:
Progress of consolidation process at a given point in the soil is indicated by U,
u;-u
U= —=1-4% (5.24)
u; uy

where
U, = per cent consolidation at a point
u, = initial hydrostatic excess pressure

u = hydrostatic excess pressure at time t.

The average per cent condolidation of the entire layer at any time
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is numerically equal to the percentage change in thickness or settlement. “Then, to estimate
the rate of settlement, it is necessary to establish the variation of U with time. Before delving
into the mathematical derivation of Terzaghi-Froehlich Theory of consolidation, the following ’
points need to be understood [29).

Where

)

b)

cﬂ'isumption used in Terzaghi Froehlich’s Theory

1. Homogeneous soil

2. Complete saturation

3. Negligible compressibility of soil grains and water
4. One dimensional compression

5. One dimensional flow

6. The validity of Darcy’s Law

~ 7. The Coefficient of permeability, k, is the same everywhere within the layer

g e

<)

<2

Ly

and remains constant during consolidation

Coefficient of Consolidation, c,

This is a coefficient containing the physical constant of a soil affecting its rate
of volume chanée. It indicates the combined effects of permeability and
compressibility for a given void ratio raﬁge.

_k(1+e)
Yo

c (5.25)

v

= coef. of consolidation
= coef. of permeability

.= coef. of compressibility . .

= unit weight of water

Longest Drainage Path, H
It represents the longest distance travelled by drop of pore water i in reachmg
an outlet.
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Fig. 5.12 Drainage path

d) Time-rate of settlement - _

According to Terzaghi’s mathematical analysis of consolidation, the time rate

of compression of clay stratum depends on the: e S

a. thickness of clay layer '

b. number of drainage faces

. permeability of the soil

d. magnitude of the consolidating pressure acting on the layer.
Factors a and b influence the distance through which the water in the soil voids must travel
in order to escape and permit the volume of voids to descrease. Factor ¢ controls the rate

at which the water can escape. The last factor influences the hydrostatic excess pressure
which causes the outflow of water.
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—

5.3.4 Mathematical formulation of Terzaghi-Froehlich Theory of Consolidation

From the fundamental expression of flow in saturated earth masses, the time rate of change

of volume is expressed as \
d8%h *h *h
< (K 3x2 +ky 3y +k, azz) dxdydz (5.26)

From one dimensional flow, and for the case k=k =k =k
Eq. (5.26) reduces to .

kﬂ dxdydz ) (5.27)
0z? '

e
l+e

changes in volume must be chnges in pore volume, a second expression for the time rate

and since all

The volume of the element is dxdydz, the pore volume is ~ (dxdydz)

change of volume may be written

) (5.28)

d e
3t (dxdydz T+a

since in general V. =V, + V., '
e
V,=V-V, or dxdydz- Tie (dxdydz)

Hence, Eq. (5.28) may be written as

dxdydz de 5.29
i1+e OJt ( )

Equating Eq. (5.27) and Eq. (5.29) one gets: .
- : - Ph - 1T de e P
, K3z Treat (-390,

L €

SR =

Since only heads due to hydrostatic excess pressures will tend to cause flow in the case under

consideration, h in Eq. (5.30) may be replaced by T{u_ giving

w
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v, %zt 1+edt (5.31)
By definition
de
v = E , de=-a dg
In general the effective normal stress & s equal to :
G=c-u (5.32)

If the neutral stress in the water decreases by cu, | the effective stress increases or decreases

by the same amount.

YA =-Au .
do =-du
Hence,
w
de=avdu ) (5.33)

Substituting Eq. (5.33) into_Eq. (5.31)

k azu: 1 A du
Y, dz2 1+e vatc

rey | o2 ,
or k(l'e)|*u _du (5.34a)
ay, |[dz? t
The group of terms in the bracket may be written as:
k(l+e) _
T, v .S (5.34Db)
o avY-v ’

The parameter c, is called the coefficient of consolidation. Its insertion ih Eq. (5.34) gives

- o Su_ou
Y9z? Ot

(5.35)

In the consolidation theory the z coordinate distance is measured downwﬁrd from the surface
of the clay sample. The thickness of the sample is designated by 2H, the distance H thus being
the length of the longest drainage path (Fig. 5.11).

The boundary conditions are:
a) complete drainage at the top and bottom of the sample
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p) the initial hydrostatic excess pressure u; is equal to the pressure-increment 9,-0,

Hence,forz=0andz=2H,u =0. Fort=0,u = u,.
Using these boundary conditions Eq.(5.35) has been solved and the general solution of which
- ig given as follows.

-n?x%c,.t
nnzi, an? (5.36)
2H :

<’ neew| . 2H
1 .
u=, —fu sin
IRC-A
()}

BRZ 4z sin
H

The above equation enables the hydrostatic excess pressure u to be computed under any initial
" systems of stress u; at any depth z'and atany timet. -

" c, t
wiiting  T=—% | (5.37)
Where T = time factor. Eq. (5.36) becomes
New 2H 1 2.2 :
- 1 . NnZ ._nmz\ TP T (5.38)
u ::2;1 [H"(uisun S0 dz](snn———zH )e

In particular if v is cdnstant and is designated by u, (Fig.5.13), Eq. (5.38) becomes

nee 1 2,2 ;
2y . -=nixlT
”'E 9 (1-cosnn) (sin2fZ)e ¢ (5.39)
ey nn 2_}1
Ui :Uo ’ L
DRAINAGE - _ B ] :
— 0000 -
2z \ ISOCHRONE
t= CONST
H
ﬂ‘—————; ________ | - T
)
~ <
H
1500005555555

DRAINAGE

Fig. 5;1'3 Isochmné for constant hydrostatic excess pressure
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In Eq.(5.39), when n is even, l-cos n7 vanishes; when n is odd, this expression becomeg

2. Hence, it is convenient to let n = 2m+1 in which m is an integer. M$% T (2m+1)

Then Eq. (5.39) becomes

maoe

us )c“'T (5:40)

l\

m=Q

The consolidation ratio at the depth z (Fig. 5.13) may be calculated from the definition:

Us=1--2 e —— —
u;
~ Mz
U,=1- = (sin ZZ) T (5.41
X e (5-41)

Considering the general equation further, the average degree of consolidation over the depth
of the layer at any time during the consolidation process is calculated as follows:
The average initial hydrostatic excess pressure may be expressed as

f,_uj,qs?l—fuia’z,_ - (5.42)

Similarly the average hydrostatic excess pressure at any intermediate time s
211

wlz ~ (5.43)

W, =—
4 20

The average consolidation ratio U is the average value of U, over the depth of the stratum,

. u
Itis equal to the average value of 1-X ang may be expressed as

u
i

24

f udlz 07

U=1-22 (5.44)

2it

f udz

0

Substitution of the value of u given in Eq. (5.38) and integration gives
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2H )
- fu,.sin%dz
U=1-% 2 M ’ (5.45)
: 20 . ' :

Mfu,.dz -
0

m=0

For the specia ¢ase of constant excess hydrostatic pfessure (Fig. 5.13), Eq. (5.45) becomes:

no=oe

2 2
U=1-) Ze¥T : (5.46)
2

——For the-prediction-of -settlement-from-one-dimensional consolidation, it is Eq. (5.46) which
is used. The variation of U with T is given in the following table.

U 0.10 0.2 0.30 | 0.40 0.50 0.60 0.70 0.80 0.90
T 0.008 | 0.031 | 0.071 | 0.126 | 0.196 | 0.287 | 0.403 | 0.567 | 0.848

When the intial hydrostatic excess pressure u; is not constant, the consolidation of the layer
is expressed by Eq.(5.45). Some of the basic shapes of excess pressure u; are given in
Fig. 5.14.

11

U;zUsU(H-2) U, =U,5in T2 ‘ Ui = Uyt Um 2y s
izl Ut oL = UgSin—2 i = UrtUz—g—-UsSin

Fig. 5.14 Some basic shapes of hydrostatic excess pressure
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With regard to Fig.5.14 the following may be said {30]:
a)  Case I represents the case of linear variation of initial hydrostatic excess
pressure. For ihey consolidation equation one inserts the value of y; in
Eq.(5.45). However, it gives the same result as for constant excess pressure.

b)  Case II shows sinusoidal variation. The insertion of u; in Eq. (5?.45) gives the
consolidation curve having the following variation

U 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
T 0.048 | 0.090 | 0.115 | 0.207 | 0.281 0.371 0.488 | 0.652 | 0.933

c) Case III is a combination of I and II.- - The consolidation curve obtained for
this case is. not different from case I. In conclusion one would say that the
case of constant hydrostatic excess pressure u; = u, is an adequate
representation of typical cases in practice.

5.3.5 Consolidation Test

5.3.5.1 General Description of Test Procedure

As described in 5.12 a small representative sample of undistrubed soil is carefully trimmed
and fitted into the rigid metal ring. The soil sample is mounted on a porous stone base, and
a similar stone is placed on top to permit water which is squeezed out of the sample to escape
freely at the top and bottom. Prior to louding, the height of the sample should be accurately

- measured. Also, a micrometer dial is mounted in such a manner that the vertical strain in

the sample can be measured as loads are applied (Fig. 5.1).

The consolidation-test apparatus is designed to permit the sample io be subinerged in water
during the test to simulate the position below a water table of the prototype soil sample from
which the test sémple was taken. Also, the apparatus may be fitted with a vertical glass tube
which is connected with the base and serves as a stand-pipe of falling head permeameter.
A petcock is provided between the stand-pipe and the base.

. The procedure of conducting a consolidation test is as follows. With no load on the sample
and with the petcock to the permeameter stand-pipe closed, record the zero load reading of
the compression strain dial. Then apply a suitable increment of load, sziy 25kPa, to the
sample and read the compression dial at various intervals of time.
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- Readings should be taken frequently at first but may be less frequent as compression under
the load increment progresses. When movement of the vertical dial indicates that the sample
has virtually reached its maximum compression under the applied load, another increment of
foad is applied to the sample, and the time-rate of strain under this new increment is
observed. This cycle of loading and measuring the time rate of strain is repeated until the -
fotal applied load exceeds that to which the prototype soil will be subjected by a proposed
structure. :

~78.3.5.2 Determination of ¢, -

‘Two methods are available for evaluating c, from consolidometer test data. The first called
the square root of time fitting method is due to Taylor and the second called the logarithm of
time fitting method is due to Casagrande. The two methods are based on the comparison of
Jaboratory and the theoretical time curves. Since the natural scale does not not offer the best
representation of time, the square root and the logarithm of time are used.

5.3.5.2.1 The Square Root of Time Fitting Method

It has been observed that up to U = 60% the relation between T and U can be expressed as,

T%yz : . (5.47a)
Then,
] N Us2 T o (54Th)
/x ,

’
<

Hence, the plot of U against 7T would be straight line uptoU = 60%.

This theoretical curve is shown in Fig. 5.15.
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Fig. 5.15 The square root of time fitting method

AtU = 90%, T = 0.848 (form carlier tabulation)

If the straight portion of the curve is extended, it will meet the 90% U linpit

JT= g U= —‘/25 (0.9)=0.80

The ratio of actual T value to that which is obtained by extension ot the straight line 13

0.92
0.8

=115
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This property of the theoretical curve is utilized to determine a point of 90% consolidation .
i

on the laboratory time curve. The straight portion of laboratory curve (compression dial
readings against square root of time) is extended backward to cut the Jt=0 lineatd,. The

point where the( straight line cuts the \/—r=0 line is called the corrected zero point. A
straight line is drawn as shown in Fig. 5.15 from the "corrected zero point” such that its
abscissa everywhere is 1.15 times the abscissa of the straight portion of the laboratory curve.
The point where this meets the laboralory curve gives the point of 90% consolidation. The,
time corresponding to this point is designated by to.

_ 5% (5.48)
0= ‘
T = time factor correspondihg 10 90% consolidation which is equal to 0.848

te = time elapsed corresponding to 90% consolidation as read from the laboratory curve.
H =(H at beginning of increment + H at end of increment)/2
4 2
o - 0.84871 (5.49}
Loy

The total compression in a loading increment is equal to the difference between the initial dial
reading d, and the one-day dial reading d, i.c d,-d,. This consists of three parts, namely:
a) the initial compression, (d, -d,), duc to the presence of air in the pores.
b) the primary compression, (d, - d,), which corresponds to the theoretical
compression curve, which is duc 1o the expulsion of pore water.
c) the secondary compression, (dyy, - ¢), which is a slow additional plastic

deformation of the soil not related to the escape of pore water.

In general the ratio between primary and Lotal compression is called the primary compression

ratio and is designated-by r—In-relation-to-the-taboratory-curve, it would -be——————

d § "190)
d, —(i[

r=l0 (5.50)
9
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5.3.5.2.2 The Logarithm of Time Fitting Method

The intersection of the tangent at point of reversal of curvature and the asymptote to the
theoretical consolidation curve is at the ordinate 100% primary consolidation. designated by

dlm‘

do +
dg | --
- J
£
o
-]
-
_ 950
2
(=
[ -3
s
-
-
®
13
[-9
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L4
(3]
di00!

t in minutes ( log scale)

Fig. 5.16 The logarithm of time fitting method.
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To find the 100% primary compression point on the laboratory curve, the above fact is
utilized. To find the corrected zero pont, d,, use is made of the fact that the first portion of
the curve is parabolic. Two time intervals, t, and t,, are taken such that t, is equal to 4t,.
The difference in ordinates between the two points is marked off as shown in Fig.~5.16. A
distance equal to this difference is stepped off above the upper point to obtain the corrected
zero point. Tlils:'con:ecwd point is checked by retrials by using different points on the curve.

Having established the zero and 100% primary compression points, the 50% point and its
time can easily be determined. The coefficient of consolidation can be computed from the

—following: — B

' c,t
/ Y H§° (5.51)
_0.196H*
’ 50
(5.52)
d -d
r=—1% T (5.53)
 dy-d, : =

5.4 SETTLEMENT OF STRUCTURLS
5.4.1 General
Almost all the structures which engineers build rest on soil and as such cause the soil to

undergo compressive strains resulting in the settlement of structures. To understand the
settlement behaviour of a structure and 1o predict and make provision for the settlement which

may occur during its life, it is necessary to study the stress-strain characteristic of the
foundation s&il.

Settlement is not necessarily an adverse characteristic of a structure, provided it is uniform
and-is not excessive. However, if settlements are unequal serious consequences may
result.
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Unequal settlement may cause the floor and the wall of a building to crack badly, door and
window frames to bend. This results in an increase in maintenance..cost and rapid
deterioration in the value of the building. In extreme case, it may cause the structure tg be
condemend. If the structure is a tall smokestack, monument etc, unequal settlements of the
foundation may cause the structure to lean in unsightly manner. In an extreme case, it may
lean far enough to become dangerously unstable .

Settlement of a structure resting on soil may be caused by shear failure of the foundation soil

and compressive strain of the foundation soil, Shear failure happens when the load imposeqd
causes shear stresses to develop within the soil mass which are greater than the—sheari—n'g*—
strength of the foundation soil: When this occurs, the soil fails by sliding downward ang

laterally, and the structure settles and perhaps tips out of vertical alignment.
Settlement may also result when the load imposed on foundation soil by a structure causes

compressive stress accompanied by strain. This strain is a normal phenomenon and should
not be regarded as a failure of soil.

5.4.2 Settlement Analysis

In general, the settlement of structures may consist of one or any combination of the
following three types of settlements.

a) Immediate or Glastic Sctilement
b) Consolidation or Primary Settlement

) Creep or.Secondary Scttlement

Immediate or elastic settlement is_caused by the clastic behaviour of the-soil-mass.- This
settlement may be calculated by using the elastic ‘parameter of the soil (Poisson’s ratio,
modulus of elasticity) and the rigidity and geometric shape of the foundation structure.

.Consolidation settlement is the result of the process of consolidation as already discussed
earlier and is calculated using the theory of consolidation. Creep or secondary settlement is
a time dependent settlement which is a result of plastic deformation of the soil. While the

above two settlements attain finite values for given stress level, the secondary settlement does

not. “
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The secondary settlement for a given time span may be estimated from consolidation test

results.

Dependiﬁg upon the type of soil and duration of loading, the relative magnitude of each
component varies. In non-cohesive soils, for example, it is the immediate settlement that
prevails. Whﬂé secondary settlement dominates in highly organic clays, consolidation
settlement takes place mainly in inorganic clays. The three different components may be
identified in a time-settlement curve of a consolidation test on clays (Fig. 5.17).

———Within the-frame work of-this. book, it is intended to.limit the discussion on settlements only
for the case of consolidation or primary settlement, since it is this settlement that is of
primary importance for normally consolidated and pre-compressed inorganic clays.

Since the geological history affects the seulement of the soil, it is legitimate at this stage to
discuss this case. Basically, soils in situ may have experienced one of the three conditions
in their geological history (Fig. 5.18).

If the soil has been precompressed, the compressibility curves s' versus log o will not be
straight line. The curve manifests some kind of curvature. The equations derived from the
straight line relationships cannot be used for the whole of the compressibility curve. It is,

therefore, necessary to determine the value of the precompression pressure, o, ,from the

consolidation test.

There are various methods for determining o, . The two common methods are given in

Fig. 5.19.

Soil subjected to_stress conditions having values less than the precompression pressure show
little settlement. ' ‘ '
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EFFECTIVE NORMAL STRESS
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{(b) METHOD ' OF CASAGRANDE

Fig. 5.19 Methods for determining precompression pressure
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5.4.2.1 Consolidation Settlement

For computation of consolidation settlements, it is of importance to have the soil profile
showing the location and thickness of different soil strata underlying the foundation. Such
data as compres;ion index, modulus of compressibility, coefficient of consolidation etc. have
to be determined from consolidation test run on undistrubed samples retrieved from the
construction site. For determination of preloading pressures (overburden) the index properties
of the different layers of soils are essential. ‘ ‘

~——Methods-of computations- - - ——— -

(A) Compression Index( C.) - Method
In computing settlements by this method the following steps may be adopted
(@) Determine the pre-loading pressurces.
These are vertical pressurcs exerted by soil weight of practical interest, in this -
regard, is the intergranular pressure. For thick clay layers, the pressures are
usually computed at the top, middle and bottom of clay layer and their average
is determined as follows

""P,,\-g ==(P,+4P, +P) » (5.52)

A=

Where t, m, and b indicate top, middle and bottom respectively.

®) Determine stress induced by column load
These are usually computed on the basis of Boussinesq’s cquation as explained
earlier. If the clay layer is not very thick, the pre-loading as well as the
increase in pressure may be computed only for the center of the layer. For
- thick layers,-it-is-worthwhile.dctermining the pressures at. the top, middle and
. bottom and taking a mean by Simpson’s Rule as in (a).

© Tabulate final pressure analysis data

(d) Compute the sctilement as indicated below
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Initial intergranular pressure, P, =P,
Increased pressure.due to column load, Ap,,,=AP

Py P, +AP
Noting from earlier derivations '
' P +AP P,
el-e2=cclogl°' P - cloqw—P—l
1
. P+oP TP,
Ae-ccloglo Pl —CclogNT;:
sH=H_2¢
l+e,
(1+e)) 0H
= = \
Ae ‘ ;
AH=H (5.53)
l+e1 i
e Gt P,
~ AH=- 2
' i+e OgIOP (5.54)

1

Better results in settlement calculation may be obtained by dividing a given clay layer into n layers
and then calculating the pre-loading and incremental pressures at the middle of each layer. Then

Ah, for each layer is calculated by means of (Eq.5.54). The total settlement for the entire layer
can be given by o R

i o AH p . J—
AH= —< 11og_2 ) 55
g l+e g P . (5 ‘5 )

1 1

B) Average modullus of compressibility (E,) Method (7)
The average modules of compressibility, E,, is obtained first from the results of the

" consolidation curve. Two k)Oints, namely o, - and O,.. are located on the curve |
. \ "
\

\
\

|
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E =tana=-2S% (5.56)
s As

The total settlemént is then calculated by dividing the area of the pressure distribution curve by
g, (Fig. 5:20)

ﬁe area may bé approximately calculated with the help of Simpson’s formulas in (a).

z,-zZ, _ - - ‘
A= b6 c[°:+4'°m+°b] (5.57)

For preliminary design the value of E, given in Table 5.1 may be used.
C)  Variable Modulus of Compressibility (Graphical Method) [7]

As could be seen in Fig. 5.20 the slope of the consolidation curve varies from point to
_point. The average modulus of compressibility, E,, approximates the curve between

G,,, and ©_,  Wwith a straight line. The vanable modulus of compressibility method

takes into account the variation of the compressibility curve. In this respect, this graphical
method is more is more accurate than the constant E, method. However, the accuracy
depends like in all graphical methods on the accuracy of the drawing.

From the consolidation curve (Fig. 5.20) the relative settlement s'; for the total effective

stress ©,=C_,+AC and the relative settlement s', for the effective stress due to the

overburden pressure G, —are-determiped. — —— =~ o o

The relative settlement due to the net pressure would be

as'=s',-s'0 (5.58)
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Table 5.1 Mean Soil Properties for Preliminary Designs [10]

round

angular

edged

Bulk Density Final Strength Initial Moduls of
Strength compressibility
Types of soil Above | submerged Angle of Undrained | E,
water T Internal shear
¥y - friction Cohesion strength
(degrees) ¢! Ca
kN/m' | KN/’ dord' KN/m® kN/m’ kN/m®
Non cohesive soil
sand, loose.round 18 10 30 . - - 20000 - 50000
“Sand, loose, angular I8 [0 R B A : ' - 40000 - 80000
Sand, medium dense, ’ '
' 19 1 32.5 - - 50000 - 100000
Sand, medium dense, : N
19 1 35 - - 80000 - 150000
Gravel without sand 16 10 37.5 - - 100000 - 200000
Coarse gravel, sharp . '
18 i1 40 - - 150000 - 300000

Cohesive soils

(Empirical Values for Undistrubed Samples from the North German Area)

Clay, semi-firm 19 9 | 25 25 500 - 100 500 - 10000
Clay, difficult to .
knead, stiff i8 8 | 20 20 25 - 100 2500 - 5000
Clay, easy to . .
knead, soft 17 . 7 17.5 10 10 - 25 1000 - 2500
Boulder clay, solid 22 12 30 25 200 - 700 30000 - 100000
Loam, semi-firm 210 |1 27.5 10 505100 | 5000 - 20000
Loam, soft 19 9 27.5 - 10 - 25 4000 - 80000
Silt 18 8 27.5 - ' 10 - 50 3000 - 10000
Soft,org. slightly ) .
clayey sea silt 17 7 20 10 10 - 25 2000 - 5000
Soft, very org.
strongly clayey sea o I
sit < 14 4 15 15 10 - 20 500 - 3000
Peat 11 1 15 S - 400 - 10007
Peat under moderate
initial loading 13 3 15 10 - . 800 - 2000

¢ = Angle of internal fniction in non-cohesive soils

¢! = Effective angle of internal friction in cohesive soils

c! = Effective cohesive corresponding to ¢ '

c = Undrained shear stmgih in water saturated cohesive soils
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The settlement for a thin layer of soil with a thickness of A d, would be

'

As=ASs',.Ad, } (5.59)

where AS’ = the relative settlement AS’ at the middle of the layer Ad,
5

If the whole soil layer is divided into n strips with widths Ad, , then the l(;tal settlement

‘ would be:

zZ=n ' B
S=E As’ (5.60)

z=0
If the unit settlement distribdt_ion curve with depth is conticuous (Fig 5.20) Simpson’s formula
may be applied. Then,

Z,~2 .
S’=T’[As’,+4.sm+As’b] ‘ (5.61)

—_

5.4.2.2 Immediate Settlement (Elastic Settlement)

The settlement computation method discussed above is based on consolidation test. To
compute settlements ih such soils as granular soils, non-saturated clays and silts, the theory
of elasticity can be used. It is to be noted that the theory of consolidation does not apply to
these soils. ‘

AH=qB-—l—'-'E,&2-Im | . (5.62)

" Where : S ' - e

AH .= immediate settlement

intensity of contact pressure

Poisson’s ratio (Table 5.2) .
modulus of elasticity of soils (Table 5.3)

least lateral dimension of footing

influence factor (Table 5.4)

WHhe .
| |

-

€
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Table 5.2 Typical range of values for Poisson’s ratio [9]

Types of Soil U
Clay,.saturated 0.4-05
Clay,unsaturated ‘0.1-0.3
Sandy clay 0.2-03
Silt 0.3-0.35
Sand (dense) 0.2-04
Sand-(Coarse)— ——— oo == 0,15
Sand (fine-grained) ) 0.25
l

Table 5.3 ﬁangc of values for modulus of elasticity [9]

Type of soil ' E, (kP,)
Very soft o - 035x10°- 2.8 x 10°
Soft cléy 1.75 x 10° - 4.2 x 10°
medium clay 4.2 x 10°-8.4 x 1¢¢
Hard clay 7 x 10*-17.5 x 10°
Sand clay 28 x 10°- 42 x 10°
Silty sand ‘ 7 x10- 2 x|
" Loose sand . 10.5 x 10° - 24.5 x }0’
Dense sand 49 x10°-84 x10°
Dense sand and Gravels 98 x 10°-196 x 10°
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Table 5.4 Influence factors for various shaped foundation elements [9]

Shape Flexible (1) Rigid
Center Corner Average 1, Im‘*

Circle 1.00 0.64 - 0.85 0.88

Square 1.12 0.56 0.95 0.8'2 3.7

Rectangle °

L/IB=135 1.36 0.68 1.20 1.06 4.12
2 1.53 0.77 1.31 1.20 4.38
5 2.10 1.05 1.83 1.70 4.82
10 2.52 1.26 N 2.25 2.10 4.93

» Influence value of rigid footing subjected to eccentric loading or moment. Rotation of

the rigid footing is considered.

5.4.3 Correction of Settlement

5.4.3.1 Construction Period Correction

The load due to a building or other structures is not applied instantaneously, but is spread
over a certain period of time. First there is excavation for foundation which results in
relief of pressure. This is followed by the construction of structure leading to gradual
loading till the original pressure is reéched and then exceeded as shown in Fig. 5.21.
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Finlshing Per|o&
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Excavation
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1 Effective Loading Perlod"
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(o) Loading Period.

0.41 t/2 0.8t Time
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P |
2
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b
E 4 Corrected Settiement Curve
E C
*
®
7} d .
o4 e - d ’
c .
{ o

Si  ( Settlement Curve for Instantaneous Loading )

(b) Time Settiement Curve

Fig. 5.21 Construction period correction
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The correction to be applicd is as follows:

Refering to Fig 5.21 b, S, is the settlement curve for instantaneous application of the logqg
W.. The correct scttlement at time t is assumed to be the same as if the load is applied at
time /2. This is found by drawing a vertical linc froryt/2 to S; and moving horizonta]ly
to the time t.

The same procedure may be applied for points between 0 and 1. For example, take point
0.8t. At point 0.8t, the corrected settlement is found by drawing a vertical line from 0.4
to curve S, and then horizontally to the line 0.8t to give ab. Since the load added at this
time is 0.8W.. the settlement is multiplied by a factor 0.8. This follows the same
reasoning as noted above in that load applied gradually over the time 0.8t will have the
same effect as the same load applicd instantaneously at time 0.4t. Points beyond the time
are determined by displacing the curve S, a horizontal distance equal to t/2 or cd as shown
in Fig.5.21

5.4.3.2. Rigidity Correction (7]

In many cases a uniform distribution of contact pressure under a footing, irrespective of
the nature of the rigidity of the structure, is considered. The contact pressure under a
rigid foundation is parabolically distributed and that under a yielding (very.flexible)
foundation is uniformly distributed (Fig. 5.22). The scttlements vary according to the
stiffness of the foundation. A comparison of the settlement trough shows that

a) the settiement of a rigid foundation is .75 that of an elastic foundation at the
middle of the footing (Fig. 5.22).

b)  the settlement of a rigid and elastic foundation at a
distance of 0.74b/2 - called the characteristic point
is the same (Fig. 5.22).

Since the tables and formulas used for calculating stress distribution assume elastic
foundations, the calculation for actual foundations should be made either at the middle or
at the characteristic points (Fig.5.22).
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5.4.3.3 Correction due to Method bf Calculation

The calculated settlements normally give higher v

the calculated settlements should be multiplied by "the coefficient B.

&

alues when compared with actual
measured settlements. In order to remedy this discrepanc

B=A+a (1‘—:’&)‘

The values of A and « are given in Tables 5.5 and 5.6

Table 5.5 Values_for pore water pressure coefficient A [24]

Soil type

Coeflicient A

Sand
Silt

Soft clay (very sensitive)
Normally consolidated clay
Precompressed clay
Highly precompressed clay

20,30 + 0.50
+0.50 + 1.00
+1.00 >+ 1.00
+0.50 + 1.00
+0.25 + 0.50
-0.60 +0.25

Table 5.6 Values for the coefficient o [24]

ds Circle, Square Strip
b
0.00 1.00 1.00
0.25 0.67 0.80
0.50 0.50 0.63
1.00 1038 0.53
2.00 0.30 0.45
4.00 0.28 . 0.40
10.00 0.26 0.36
) 0.25 0.25
ds = thickness of consolidating layer
b = foundation width

y empirical formulas have been

suggested. Skempton and Bjerrum [24] suggest the following relationships  from which

(5.63)
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5.5 EXAMPLES

E.5.1 Refer to the sketch shown below. Two column footings A and B are 1.5m
. by 1.5m each and are located 6.5 center to center. Each foundation
transmits a load of 250kN. Treating the loads as point loads, calculate the
total expected settlement and the time for 60% settlement.

6:5m
G.L | 0.00

- | % | _ I i | 2007
o SWLg _ _ _ _ __ W% =300
E = e = 0.62 .
N G =26 -8.00

G =278 Phg

® 2093
. Cc=0.38
S ¢, * 32 x 16% cm?/30c
1 - 30.00m]

Fine sand

Fig. E.5.1 Loading and Soil Soil Condition
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Table E.5.1 Pre-loading Pressure

Datum | Depth Calculation Inter- Formula
granular
pressure
- m - kN/m?
-3.0 3.0 |p', = 53.93 P' = hy,
(3)2.6(1+.012)10/(1 +0.62) = hG,(1+w)y./(1+¢)
3105 ] 20 | P'; = 20261)10/1.62 19.75 P', = hy,
i = hy(G,-1)y. /(1 +e)
-5 50 L 73.63
-5 125 [ P', = 12.5Q2.75-_ 113.34 P', =hyy,
to 1)10/(1+0.93) = hy(G,-1)y. /(1 +¢)
-17.5
-17.5 175 | . e 187.02
-17.5 125 | P', = 12.5(2.75-1)10/1.93 113.34 P', =hy,
-1o = hy(G,-1)yv./(1 +e)
-30.0
-30 300 § 0 Ll 300.36
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Table E.5.2 Stress due to column loads

At elev.-17.5 At elev.-30.0
At elev. -5.0 z = 15.5m z = 28.0m
Stress due z=3
Below to r
column colump r/z i Q.j, rlz iy Q.i, iz iy Qi,
B 6.5 2.17 0.006 1.5 0.42 0.35 87.5 0.23 0.42 165
LA Joo] oo |o4r7| 93| 0o | 0477 | 1193 | 00 | 047 | 1193
A £Qi, 120.8 £Qi, 2068 | IQN, 2243
3 24,
o 2=
z?
13.37kN/m* 0.86kN/m’ 0.29kN/m?

Table E.5.3 Tabulation of average pressure

Pun = 1/6(p+4pa+pP)

Elevation (pressure) -5.0 (@) -17.5 (p2) -30 (P
Initial Pressure, p, 73.68 187.02 300.36 | 187.02
(kN/m")
13.37 0.86 0.29 2.85

Increased Pressure, Ap

&N/nv’)

py = 187.02 kN/2
Ap—=-2.85 KN/fm2— s e e
. P = 189.87KN/m?

C_H
1+e

.0.38(25)
1.93

189.87 _

AH= =
187.02

0.0323n

. P
log,, -p—: log,,

Total expected settlemept = 3.23cm



COMPRESSIBILITY AND CONSOLIDATION OF SOILS 207

H = 25/2 = 12.5m
U =60%, Ty, = 0.287

g TH® _ 0.287 (12.5x100)2
Cy 32x107¢

=14013.67x10secs
= 1622days

E. 5.2 A structure having a raft foundation 4m x 4m erected on a site as shown in
the figure ( Fig. E.5.2) is given. -

Determine

a) the expected settlement
b) the time required for SO percent consolidation

SOLUTION
The settlement shall be calculated at the center of the foundation.
1) Calculation of stress distribution

Unit weight above ground water level

19 kN/m*
Unit weight below ground water level = 9 kN/m?

Net pressure acting on the ground:250-(19) =250-19=231.0 kN/m?

The vertical pressure distribution due to the overburden pressure and superimposed load

will be calculated under the center of the foundation at an interval of 1m and the result
tabulated ( Table E.5.4). '



208 SOIL MECHANICS

uonipuoo [1os pue Sulpeo] ¢'¢'d “Sid

A
b4
Y N NZ N (V2 N N 4 N N N N/
00L~-4 _
0 gW/NYE = D 3
069
0°9L, A1 pud, 0USZ)=  AD
! W/NX 00SZ = €5 1
\ 4 3 _
B AR . - A CITT L I .co.a..u;m...
ol ".N...:z..ooo.omu.wm . Sl e T e e
, - . M5 00c-&
A “33S wd -01(07) = A
01z | 42 010D 2
‘ FUINY000s = 1S3 cWiNNBLzde | | D
__01EL ,
ZWINY D 002 - o ATTT1d LT ool WINY 00t A —
L Nl AN ”/ ya L ANYY”. "\\ L Y74 A4 A\Y74 \y/4
w 000 8
W INY 052 vor




COMPRESSIBILITY AND CONSOLIDA TION OF SoiLs 209

Table E.5.4 Calculation of pressure distribution

N

Depth Unit Over- | Pres. due 10 P=231kN/n?t
under the wit. burden a=b=2m 2
Ordinate foundation pres. ab=] -
, .
/
v — /b i 4i 0, =dip
9,
kN/m’ kN/m? - - - kN/m?
-1 19 19 0 0.2500 1.0000
231.00
-2 19 38 0.5 0.2325 0.9300
215.0
-3 19 57 1.00 0.1752 0.7000
162.0
-4 9 66 1.50 0.1210 0.4840
: 112.0
-5 9 75 2.00 0.0840 0.3360
_ 78.0
-6 9 -84 ©2.50 0.0644 0.2576
60.0
-7 9 93 3.00 0.0447 0.1788
41.0

The variation of the stress with depth is given in Fig. E.5.2

it) Settlement calculation

The total stress area in the different layers is calculated using Simplson's formula.

Clay layer I

6

Y5,22291231.044 (215.0) +162]=417.7 kN/m’




210 SOIL MECHANICS

d layer II .
sanc 18 Eon=% (162.0+112.0) =137 .0kN/m

Clay layer 111

Y o —6%1[112 +4(69.0) +41]=214.5kN/m

“'“S‘I=J=4——v = ALL-T._0-084m
E;, 5000

2 I
I _ 137. 0-'0 003m

Syr=
1" Eg, 50000
sm‘=_E——A E:” =——215‘1‘5 =0.086m

Settlement corrections only due to rigidity are introduced in this example giving the final .
anticipated settlement.
= (0.75) (0.084) = 0.60m = 6cm
= (0.75) (0.003) = 0.00 m = 0 cm
or = (0.75)(0.086) = 0.06 m = 6 cm

jii) Time - settlement calculations
In general, T = c,.UH?

Clay layer I R o e ,

For this casé it will be assumed that drainage facilities will be mtroduced at lhe bottom of

the foundation and therefore, double drainage is assumed.
= 100 cm

100%. T _ 1002 (T)

t=
Cv (20) 107* (60) (60)

=1388.89T hrs
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Clay layer III
Here the drainage is in one direction only
H = 300 cm : '

£= 30027 _ 300°. T
c, (25) (107% (60) (60)

=100007T hrs

3

The time taken by each layer for a given degree of consolidation is calculated for the two
layers and the result tabulated (Table E.5.5)

Table E.5.5 Time - settlement calculation

u - T U{S;:} ta u {Su} Lo
- - cm hrs cm hrs
0.10 0.008 0.6 11.11 0.6 80
0.20 0.031 1.2 43.06 1.2 310
0.30 0.071 1.8 9861 | 1.8 .710
0.40 0.126 2.4 175.00 o2 1260
0.50 0.197 3.0 273.61 3.0 1970
0.60 0.287 | 36 398.61 3.6 2870
0.70 {0403 | 42 559.72 4.2 ano |
\().80 0.567 4.8 787.50 4.8 5670
0.90 0.848 5.4 1177.78 5.4 8480
1.00 o 6.0 o 6.8 o
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Since the two layers have different rates of consolidation, in order to obtain the rate of
consolidation for the whole layers, the curves must be added (Fig. E. 5.3).

From the graph (Fig. E. 5.3) the time required for 50% consolidation i.e. 1/2(6+6) is
600 hrs.

5.6 EXERCISES

1 The soil profile at a building construction site is as shown below. If the
water table is lowered by pumping from elevation -2.00m to elevation
-9.00m and i$ permanently held there, determine the resulting settlement.
The soil above water table (for each position) may be assumed to have water
content of 28%. Assume C,=0.38 and ¢,=40x10"* cm?/sec.

Calculate the time required in days for 50% of the ultimate settlement to

occur.
0.00
Initial Water Table _ -2.00
Silty sand G,=2.64,e=0.72
-6.00
Final Water Table ‘ -9.00
Sand G,=2.68,e=0.63
' 22— 212:00
Clay G,=2.72,e=0.92
-26.00

Imperviohs layer
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2 'Aload of 3000kN is being taken by a square footing 3m x 3m. The footing
rests on silty soil which has a value of Poisson’s ratio of 0.3. To find the
modulus of elasticity of the soil, a soil sample was stressed to 300kN/m” at
strain of 0.06%. Compute the settlement at the center and the edge of the
footing.

. 4

3 A water tower carrying 8000kN terminates in a square footing 4m x 4m.
The base of the footing is located. 2m below the ground surface and rests on -
a dense sand which extends up to a depth of 10m. below the ground surface.

A-3m-thick compressible-clay-soil-exists below the dense sand. The
effective overburden pressure at the middle of the clay layer is 140KN/m*
Estimate the amount of settlement that will take place as a result of
comi)msion of the compressible soil.

Liquid limit of the compressible soil = 52% and average void ratio = 1.13.

4 ‘The construction of a super-structure of a building lasted from March 1962
to August 1963. In August 1966, the average settlement of the building was
found to be 6cm. Estimate the settlement in December 1967, given that the
ultimate settlement is 15cm.

5 A very thick deposit of sand has a 2 m clay seam which is located at a

depth of Sm. The ground water level is located at a'depth of 4 m. The total
unit weight of the sand is 17.7 kN/m? above the ground water level and 20.4

* KN/m® below the ground water level. The clay has a moisture content of 45
per cent and a particle specific gravity of 2.78. The clay is normally

" consolidated and has a compression index of 0.6. A structure built on the
sand stratum increased the pressure in the clay by an average value of

_ 18kN/m? S U

#* %3, (i) Find the settlement of the structure.
(ii) Find the time required for 80 per cent consolidation 1f
¢, = 23 x 10* cm¥/sec.

* ) If there is a thin layer of sand at a depth of 6 m, at what time will 80
_ per cent consolidation oecur? ‘
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If in problem 6 of exercises 4.8, the clay has an average modulus of
compressibility of 5000 kN/m?, what per cent of the total settlement under
point P shall be contributed by structure B?

A raft foundation 10 x 10m with an average bearing pressure of 200 kN m?
is erected on a 10m, silt layer with consolidation test results as indicated
below. The base of the foundation is located at a depth of 1.5m. The
ground water level is also located at this depth. Specific gravity of the
solids is 2.65 and the initial void ratio is 0.625. Estimate the settlement of
the foundation below the the characteristic point: using -

a. the Average Modulus of Compressibility, E,, method.

b. the variable Modulus of Compressibility method.

c. compression index C, method.

Consolidation test data

Stress Strain s’ = h/h, Void Ratio,e
Nem? - -

0.00 0o 0.652

1.62 0.0036 0.645

3.25 0.0051 | 0.643
6.50 0.0102 ‘ 0.634
13.00 "~ 0.0167 0.624
26.00 0.0306 0.600
52.00 0.0553 '0.560 -
104.00 0.0860 0.508
26.00 0.0800 0.520
6.50. 0.0750 0.527

1.62 0.0705 0.535
0.00 0.0655 0.544
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8 If in problem 5.6 the ground water level sinks by 3 m from its oﬁginal
position which is located at the level of the foundation, determine the
settlement caused due to the sinking of the ground water level. Use the
Average Modulus of Comressibility method for your calculation.




6. SHEARING STRENGTH OF SOILS.

6.1 GENERAL

Shearing ‘strength is one of the most important properties of soils. Itis a property which
enables soil to resist sliding along internal surfaces within a mass. Because of the
existence of this property it is possible to form all kinds of sloping surfaces in soil, such ag
man-made cuts and fills, river banks, earth dams etc.
The shearing strength of soil is used for: )
(@)  the determination of ultimate bearing capacity of soils.
o the evaluation of lateral pressure of soil masses against earth retaining
structures. i
© the determination of stability of natural slopes, earthen emﬁnl&ments and cuts,

6.2. GENERAL CONSIDERATION OF FRICTION BETWEEN SOLID
BODIES

In order to expiain shearing strength, it will be of advantage to review some of the basic
principles of friction between solid bodies. '

Consider a body rzsting on a horizontal surface, Fig. 6.1. The body is in equilibrium under
a total vertical force, P,, and a reaction, P,, which is equal and opposite to P,. Suppose that
a horizontal force, P',,as indicated in the figure is applied to the body. To resist P',, a
frictional force, P',, developed as a result of a vertical force, P',, and roughness
characteristics of the bottom of the body and supporting medium comes into play. P'is the
resultant of P, and P', and « is the angle of obliquity of the resultant. If now the applied
horizontal force is gradually increased, the resisting force will likewise increase, being always
equal in magnitude but opposite in direction to the applied force. The obliquity angle also
increases at the same time. Finally, when the horizontal applied force P'=pP',

and a = ¢, slip becomes incipient.
Further increase in magnitude of the horizontal force, P,, even though very simall, will initiate
slip. This movement or slipage is a shear failure. The applied horizontal force is a shearing

force and the developed force is friction or shearing resistance. The.maximum

217
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¢

shearing resistance which the materials are capable of developing is called the shearing

strength.

The maximum value the resisting force can attain is given by

P,=Pet'an¢_=P,f

Where
¢ = angle of friction
f = coefficient of friction

Pl
P
" ‘
7% '
/A A Fs
']
Pt
Py
No friction, ®=0 Partial frictlon, &< ¢
No slilp

PFig. 6.1 Friction between soild bodies

6.3 SHEARING STRENGTH OF GRANULAR SOILS

6.1)

Pn

e

Full friction, & = &
Slip to the right Impending

The shearing strength of granular soils, suc;h as clean sand, sand-gravel mixture etc, is closely '
similar to frictional resistance of solids in contact. In sands and in other cohesionless granular
materials, however, the resistance to sliding on any plane through the material is made up of:
' (a) sliding friction, similar to the one discussed above.

(b) rolling friction, resulting from changes of position by rollmg

© mwrlochng.(applu. only to demennd)
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In geotechnical engineering, the expression for the force required to overcome frictiona;

resistance and cause slip on a plane through a mass of granular soil is given by the following
relationship. '

P, =P, tan ¢ ,
= P/A=(P/A)tan ¢ = ¢ tan ¢

2
|

Sy

6.2)
Where

= shearing strength

normal stress

S

= failure plane area -

S » q
|

]

angle of internal friction

The angle of internél\frictign, ¢, for granular soil depends very much upon density.  The
angle of internal friction for clean dry loose granular soil is sometimes taken as identical with
the angle of repose of soil. The angle of repose is defined as the angle between (he
horizontal and the maximum slope at which a soil may remain stable (Fig. 6.2)

Sand plle

L

C

Angle of upbu

Fig. 6.2 Determination of angle of repose v e

10

6.4 SHEARING STRENGTH OF COHESIVE SOILS

A characteristic of true clays is the property of cohesion, sometimes referred to as no load
shearing strength. Unconfined specimens of clay derive their strength and firmness from
cohesion. Cohesionless soils are dependent for their strength upon normal loading.
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The shearing strength of saturated cohesive clay soil in undrained shear test(i.e. test in which
change in volume is prevented) is derived entirely from cohesion. In such a case, the
shearing strength is independent of the magnitude of normal stress. However, in slow shear
test, in which consolidation takes place, the shearing strength of clay increases with normal
stress as indicated in Fig. 6_.3.

- ¢

n

. "

> £

s )

[ ] c

s g

" o

2 3} $-0 g

— -~ -

o $ .

H &
"0

Normal stress, O I Normal stress , T —o
(a) Sheor with no volume change {b) Shear with volume change ( Consolidation)
{ Quick.sheor ) toking place -(elew—sheur)-

Fig. 6.3 Shearing strength versus normal stress

It is well known that the shearing strength of cohesive clay varies with its consistency. A
clay which is at liquid limit has very little shearing strength, whereas the same clay at lower
moisture content may have considerable shearing strength (Fig. 6.4.)
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Stiff clay at wy,

Medium ¢loy ot wp

Very soft clay at Wiy

Shearing Strength, $

Normal Stress, ( —_—

Fig. 6.4 Varation of cohesion with consistency

6.5 SHEARING STRENGTH OF SOILS WITH BOTH COHESION
AND FRICTION

The shearing slrength of soils with both cohesion and friction owe their stre‘nglh both to

cohesion and friction. Coulomb, many years ago, recognized that soils in general derive their

strength from cohesion and friction. According to him the shearing® strength may be

expressed as follows:

w
Il

¢ + otan ¢ ' (6.3)
" Where

.8 = unit shearing strength

I

unit cohesion - — -~ - - e

c
¢ = normal stress
¢ = angle of internal friction

The graphical representation of Eq.6.3 is glven in Flg 6.5

6.6 SHEAR TESTS

The most common laboratory methods for conducting shear test are direct shear test, triaxial
compression test and unconfined compression test.
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Y .
) Mohr -Coulomb Strength Envelops.
£

°

s

HEa U

& <

. |

£

g <

Normal stress , G —_—

Fig. 6.5 Graphical representation of Coulomb’s formula

6.6.1 Direct Shear Test

In the direct shear test there are two main procedures in the application of shear force. Viz:
a) Strain controlled (strain increased at constant rate) and b) Stress controlled (stress
increased at a constant rate) Basically, the direct shear machine has a shear box consisting
of upper and lower frames (Fig.6.6.). One of the frame is movable while the other is fixed

in place.

Comprassion strain dial

Shearing strain dlol

Y

Fig. 6.6 Direct shear apparatus
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During testing, a soil sample is placed in a shear box and a known load is applied in the
direction normal to the shear plane. Then a shearing force is applied parallel to the shear
plane. The norm ad 1s held constant while the shearing force is :increased gradually. The
first increments of shearing forces cause only slight movements or shearing strains but as the
test progresses a point is reached where continuous displacements at virtually constant
shearing force takes place. This is an indication of failure of the sample alSng the shear
plane. The shearing force required to produce continuous movement is a measure of shearing
strength of the specimen. Dividing the normal load and the maximum applied shear force
by the cross-sectional area of the specimen at the shear plane gives the unit normal pressure
and shear stress at failure respectively. The results of direct shear test is presented in - 3-——
stress-strain diagram as shown in Fig. 6.7a. From"a series of direct shear tests under
different normal loads, a relation betweennormal stress and shear stress at failure as
illustrated in Fig. 6.7b can be established.

6.6.2 Triaxial compression test

In contrast to direct shear test apparatus, the triaxial apparatus allows the testing of
undistrubed soils and the measurement of pore water pressure. All the limitations of the
direct shear apparatus are avoided with the triaxial testing. Drainage during shearing of
saturated samples can easily be controlled with triaxial apparatus.

In this apparatus, a cylindrical soil sample is enclosed in a water tight cover and placed in
a chamber which will later be filled with water under pressure (Fig. 6.8). The chamber
pressure acts uniformly all around the specimen. An additional axial prcssurc is introduced
till the sample fails. By means of valves, the pore water in the sample may be allowed to
leave during deformation through the porous stones via the valves.

In the performance of a slow or a consolidated-quick test, the sample.is allowed to
consolidate completely under the all round chamber pressure o, = o,. For ':the slow test, the
valves remain open and the axial stress is applied slowly so that the pore water will have
adequate time to dessipate. In the consolidated-quick test, after the sample has consolidated
completely, the valves are closed so as to prevent the change of moisture content while the
axial load is applied.
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Peak Strength

Strength dus to
Interlocking

Y
T ——

Ultimate strength.

stress ,

Loose sand
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Shearing Displacement — 6 62 O3
%boétlng stress versus shearing displacement Normal stress,u —_—
(b) under different normal stress. Shearing strength versus normal stress.

Fig. 6.7 Typical direct shear test results for cohesionless material
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Proving Ring

Compression Dial Gauge

>

Alr realese valve .

Water Under Pressure

-S
Pressure Gauge olt Specimen

Rubber Membrane

"= Porous Stone

Con Qtom Pressure
Supply

Dralnaoo Connected to glau burette 1o
measure volume change

Fig. 6.8 Triaxial apparatus

On exammmg the stress conditions of the soil sample, we find that the chamber pressure
stands for minor principal stress designated by o,. The intensity of incremental axial stress
plus chamber pressure represent the major principal stress indicated by g,. (For stress analysis
read discussions on Mohr stress circle).

For proper graphical presentation of the laboratory data, the followmg procedure for
calculaung the necessary parameter for each test is followed (Fig 6. 9)

o‘=Ao+03=—€+03 . (6.4)
A
P is increased continuously until failure occurs. But 03 is always kept constant for a given

test. As P is increased there will be a change in volume and this is reflected by a change in
length. The cross-sectional area of the sample also changes.
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Fig. 6.9 Stresses in triaxial testing

Average cross-sectional area,

a=—"o | (6.5)

Where
L, = original length
A, = cross-sectional area of the specimen before the start of the experiment.
The results of triaxial compression tests are given graphically as shown in Fig 6.10

6.6.3 Unconfined compression test

In unconfined compression test, the sides of the soil sample are not acted on by the lateral
pressure.o;. “The axial load is gradually increased until the sample fails (Fig. 6.11). The
value of o, which causes failure is called the unconfined compressive stréngth and is
designated by q, (Fig 6.11). ' ‘ \

The stress-strain curve also provides the elasticity modulus, E. The test result of unconfined
compression may be represented using Mohr diagram (Fig.6.11).



f‘z\‘
Ly
v,

Volume ,

Change in

/s

———

—

Gi /63

SHEARING STRENGTH OF SOILs 27
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Fig. 6.10 Stress versus strain and volume change versus strain

6.7 SHEAR CHARACTERISTICS OF GRANULAR S()IL§

In sands, all shear strength is due either to friction and/or interlocking. The latter

phenomenon contributes strength only-in-dense sands. - --

3

6.7.1 Angle of Internal Friction

As noted earlier,an approximate estimate of the angle of internal friction of loose sands is
obtained by measuring the angle of repose. The proper method of determining the angle of
internal friction of sands is by conducting direct shear test or by triaxial shear test,
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Fig. 6.11 Unconfiend compression test results

The angle of internal friction of sands depends on shape, gradation and mincralogical
characteristics of the grains.
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6.7.2 Saturated Granular Soil

. 'The shearing strength of sand in saturated condmon 1s generally less than the shearmg strength
of the same sand in dry condition. This is because the normal pressure is affected by pore
pressure (i.e. the effective pressure, or the intergranular pressure is reduced).

s=(o-u) tan ¢=G tan ¢ : 3 (6.6)
Where
o = applied normal pressure
S = effective normal pressure o )
u = pore pressure

# Loose sands tend to undergo decrease in volume during shearing but this is prevented by water
in the pores, resultihg in reduced effective normal pressure between grains and corresponding
reduction in shear strength. The reduction in strength may sometimes be of such magnitude
as to cause partial liguefaction (or cause the sand to behave almost as a liquid). Fine loose
deposit of sand below a water table may display such a liquefagtion when subjected to sudden
shear force as for example by an earthquake shock, or a blasting shock.

In the case of dense sands the reverse is true. Dense sands when subjected to shear stress

. usually tend to expand. This expansion of soil under shear is called dilatancy. 1If this
expansion is prevented by preventing drainage in a laboratory specimen or by sudden
application of stress in the field, tensile stresses are thrown into the pore water. This results
in increased effective normal stress and consequently. in greater shearing strength.

As noted above, dense sands attam greater strength when volume changes are prevented during
shear and loose sands lose strenglh In between the dense and loose state, lhere is a density at

- which prevention of volume change results: in no change in strength. The void ratio
corresponding to this densny is called critical void ratio, defined as vond ratio at Wthh
prevention of volume change leads to no strength change.

6.8 SHEAR CHARACTERISTICS OF CLAYS

Clays are divided into two types, namely, the normally loaded clays and the pre-compressed
clays. :
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6.8.1 Normally Loaded Clays

The strength of normally loaded clays are affected by remoulding. The shear strength of
'normally loaded clays in natural state exhibit higher strength than clays in remoulded state.
[f a saturated remoulded clay is allowed to stand for any length of time at a constant moisture
content, it regaing a considerable portion of its strength. The phenomenon responsible for gain
of strength is Z'alled thixotropy.

The effect of ‘rém‘odlding is more pronouhced in some clays than in others. This effect is
measured in terms of sensitivity of thye/_c_lay_ﬁ,’dgs‘ignated by S..

Sensitivity for most clays ranges between 2 and 4 and for §épsitive clays between 4 and 8

s = cohesion of an undisfurbed sample
Lt cohesion of a refioulded sample

unconfined compressiﬁe strength of undisturbed sample .
unconfined compr/e/ssa.ve strength of remoulded sample

6.8.2 Pre-Compressed Clays

’

Pre-compressed clays exhibit greater strength than normally loaded clays because of
over-consolidation pressure. Because of pre—éonsolidation pressure, it has lower void ratio,

a lower water content and hence, a higher shearing strength.

6.9 STRESS AT A POINT'

6.9.1 General

Through every point in a stressed body there are three planes at right angles to each other
which are acted upon by normal stresses with no accompanying shearing stress. These three
planes are called principal planes and the normal stresses acting on them are called principal

stresses.
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Depending upon the magnitude of principal stresses acting on them, the three planes are
known as major , intermediate and minor principal planes.

. The three principal stresses acting at a point in a stressed medium differ in magnitude. They
are designated as major principal stress 0, (acting on major principal plane) intermeadiate
principal stress ¢, (acting on intermediate plane) and minor principal strcss?a3 (acting on
minor principal plane). The major and minor principal Stresses represent the maximum and
minimum normal stresses at a point respectively. They are important because once they are
determined the stresses on any other plane through the point can be evaluated.

6.9.2 Derivation

Consider point A in a body acted upon by a system of forces (Fig.6.12a). Take a small
element ABCD located within a‘body oriented in such a way that AB is the major principal
plane, and BC is the minor principal plane. The stresses acting on  this body are shown
in Fig 6.12b.

Let plane BE pass through the elenient such that it makes angle 6 with the major principal
plane. Consider the free body diagram shown in Fig 6.12¢. Tl stresses acting on plane
BE are normal stress o, and shearing stress, 7.

Let AB =1
AE = 1 tanf = tanf
Total stress on AB = ¢, '
Total stress on AE = g, tan ¢
BEcos 68 =1
BE = sech

cosO

Summing up
o sec 8 = o, cosf + o, tan 0 sin ¢

o = g, cos*d + g, sin% ‘ (6.7)
7sec 6 = o, sin § - g, sin ¢

= ¢, sinf cosh - o, sinf cosd ;
(0, - 03) sinf cosf (6.8)
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Fig. 6.12 Stress at a point
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cos?g = 1+cos28

Eq (6.7) and (6.8) may also be expressed as indicated below:

1 20 1 20
o=ol(*—“:2os )+o3(l—‘—+czos ) "3

N

)

_ 1+cos26 1 +cos26
Ty e e

=(o, - 03)(-]“‘2&) *o, =(°1 -0,)cos%0 + a, 6.9)
T=(0,~0,)sin® cosH (6.10)

_6.9.3 Mohr Circle

Elimination of the angle 6 from the two equations shown above leads to the following

relationship. ‘ -

TZ;G_(Olio.:;J =(0“‘03]2 ' (611)
2 2 .

This equation is the equation of a circle whose center has the co-ordinates

0,+0, . L g,-a
t=0 and o=( ) and whose radius is (

)

A plot of this equation is known as Mokhr circle. Stress at any given point m_af be rep
in a Mohr diagram according to the following procedures.

(a) Two co-ordinate axes are first drawn‘. The origin for these co-ordinate axes is
the origin of stress 0,.

>

resented

(b) Stresses are represented on these co-ordinates by vecotrs drawn to scale.
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Fig. 6.13 Steps in drawing Mohr stress circle.
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!
Normal stresses are represented by vector drawn in horizontal direction from
O, (Fig. 6.13a).

’Shearing stresses (tangential stresses) are represented by vectors drawn in

vertical direction from the end of normal stress vectors.

E
r

" A second origin of co-ordinates known as origin of plane is introduced. This

is designated by O, (Fig6.13b).

Values of the normal and shearing stress on a plane inclined-at 8 degree with - -
the horizontal are plotted as indicated in (Fig. 6.13c). The shearing stress as
noted earlier is dréwn not from the origin of stress but vertically from the end
of the normal stress. ‘

A line drawn from the origin of stress to the tip of the shearing stress will
indicate the resultant stress, r, on the plane inclined at angle §. The resultant
stress is inclined at angle a with the normal stress. This angle is knowm as
angle of obliquity of the resultant. '

If the same construction is done for all planes inclined at all possibile values
of 8, it will be seen that, for given values of ¢; and gy, the ends of vectors
representing shearing stresses on inclined pianes will lie in a circle as shown
in Fig.6.13d. This is what is called the Mohr stress circle. The diameter of
the circle as already indicated on the sketch equals (0, - o3) and this is
sometimes termed deviator stress.

For the case when the major principal plane is in the horizontal direction and minor principal
plane is in the vertical direction, o, lies on the o-axis. ‘ —_

6.9.4 Mohr Strength Theory

On any plane the shearing stress may be expressed as 7 = o tan o. The sh\earing strength

S, for cohesionless soil for condition o, = ¢ is given by s = g tan ¢. It is assumed that

the value of friction angle is constant and the effect of intermediate stress on the strength of
- soil is negligible. In the study of strength of soils, it must be noted that while Mohr strength
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envelopes depend on the property of the soil being considered, the Mohr circle is independent

of the nature of the medium, but depends on the state of stress at a point.

Mohr rupture enveiops.

Os

Fig. 6.14 Mohr circle representing stable and unstable conditions

Circle I shown in Fig. 6.14 represents the state of stress when obliquity on any plane is
smaller than maximum obliquity a soil mass can have (i.e. «<¢). The soil mass in such a

condition is in elastic state.

When the stress condition is such that the Mohr stress circle touches the Mohr strength

envelope as circle 11 does, the soil is in a plastic state indicating that the soil is on the verge

of failure (o, = ¢).

6.9.5:Relatfonships Derived From Mohr Strength Theory

The following relationships may be derived from Mohr strength theory (Fig 6.15).
a. Maximum shearing stress also called principal shearing stress = Y2(0, - 03) =
radius of Mohr circle. [t occurs on a plane inclined at 45° as shown in

Fig.6.15a.
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~Plane of Maximum Shear

(a)

(b)

Failure Plane

2 Maohr Rupture

0 +x , Envelopc‘
- 63
T . 2
Og [ > . Oy dmz ¢ Oe (-]
03 & or , G‘xk , o7
@ — - h—_Gt63 .
2 1

(c)

Fig. 6.15 Realationships evident from Mohr stress circle o

b. Shearing stress on planes inclined at 90° to each other are numerically equal

but opposite in sign. These are called conjugate shearing’ stresses
(Fig. 6.25b)
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c. The magnitude of the resultant stress on any plane = (o2+t)'”  and its
obliquity @ = arc tan 7/o as indicated in Fig.6.15 ¢
d. The maximum value of obliquity angle is o,,. This can beé determined by

<drawing a tangent to the circle as shown in Fig. 6.15d. This is done when
failure is likely to occur, i.e. when a, = ¢. The coordinates of the point of

tangency are the stresses on the plane of maximum obliquity.

——As. seen_above, the. shearing stress_on_the plane of maximum obliquity is less than the
maximum shearing stress. The obliquity in the case of maximum shearing stress is less than
that of maximum obliquity. Since the condition of failure is maximum obliquity, it is on
the plane of maximum obliquity and not on the plane of maximum shear which the soil is
most liable to fail.

Important relationships can be derived from Mohr diagram representing failure (Fig.6.15d)

. : 0,04
(a) sin a =sinp =
0,+03
o .
Z1_lesing (6.12)
o, 1-sind
(b) Failure plane, 8§ = 45+1/2 a,, = 45+1/2 ¢ ‘ (6.13)

6.10 APPLICATION OF MOHR DIAGRAM TO CONVENTIONAL

‘

<

6.10.1°Triaxial Compression Test

A Mohr circle may be drawn to show the stress conditions at any time during a cylindrical
compression test. During a conventional test at constant o;, the value of o, increases.
Thus the radius of the Mohr circle increases until it attains a maximum value as indicated in
Fig 6.16.
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allure Plane
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Minor Pﬂnelpol\
Plane —
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’ . Plane . -
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o ’ O}/ \'f —
Y o A (o —

Fig. 6.16 Mohr diagram for cylindrical compression test at failure

In a triaxial test, the major principal plane is horizontal and the minor principal plane is
vertical as shown above. By definition the shear stress on these planes is zero. Thus point
A represents state of stress on the major principal plane. A line drawn perpendicular to the
major principal plane cuts the circle at O, which is the origin of the planes. The failure
plane is at angle 6, to the horizontal. It may be noted that this angle at times is approximately
the same as the angle of slip on the sample.

6.10.2 Direct Shear Test - R

’ o>
The values of the stress 7 and o, which act at the time of failure on the :failure plane in a
direct shear test, may be plotted on a Mohr diagram to give point A as indicated in
Fig. 6.17. Assuming that the Mohr envelope is a straight line through the origin of stress,
it can be said that the maximum obliquity occurs on the failure plane. Thus the line from the
origin to A must be tangent to the Mohr circle and the circle may be constructed on this
basis. Since failure is on the horizontal plane, the origin of the planes is obtained by
drawing a horizontal line through A giving 0,.

(@)

Gy = Gx+AG  —
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Follure Plane o
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~Minor Princlpal Plane

~

67

Fig. 6.17 Mohr diagram for direct shear test at failure

6.10.3  Unconfined Compréssion Test

The Mohr diagram representing unéonﬁned compression test is shown in Fig 6.18.

6.10.4 Drainage During Shear

The shear strength of saturated soils is influenced by drainage conditions before and during
shear. Hence; shear tests-have been devised-to measure strength of soils under three different

drainage conditions.
J <

6.10.4.1 Consolidated-Undrained or Corisolidated Quick Test
(CU-Tests)

In this case the soil is first consolidated under the applied lateral loads. After consolidation
is complete, the soil is subjected to shear with no drainage allowed to take place.
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p——— g
Ny .

o, G3=0

[

Fig. 6.18 Mohr diagram for unconfiend compression test at failure

Thus volume change during shear is not possible and this may lead to development of pore
pressure during shear. The test result may be expressed interms of total or effective stress
as indicated below:

Consolidating pressure (lateral pressure) =0
Incremental axial pressure =

Total axial pressure, 6, = g; + a ¢

Since no drainage is allowed, ac- = au

As water acts in all direction, au acts in-the-direction of x e =
both o, and o,.

Hence, the effective stress at failure is given by
0! =0,-au=o03+a0-a0 =0,

03'= 03 - AU = 0y - AC

‘A Mohr diagram is plotted with these data as shown in Fig. 6.19

©
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Mohr Envelops fer Drained Shear
(Eftective Stress)

Mohr Envelops fer Consolldated
Undrained Shear {Total Stress)

AG | AG

Fig. 6.19 Mohr diagram for consolidated drained and undrained shear test on precompressed
clay

The test results of consolidated quick test can also be presented by stress-path method as
. shown in Fig. 6.20. :

6.10.4.2 Unconsolidated-Undrained Test or Quick Test (UU-Test)

In this test no drainage is permitted during the application of lateral loads to the soil sample

and during shearing operation. Since no pore water can escape; a pore water pressuré is set

up which_may_be measured during the test. The shear strength may be expressed in terms

of total stress, or effective stress as indicated below. Let the initial overbur&éﬁ\pfessurc
é .

o
under which the soil was consolidated = o,-.

Initially, o0,=0, and o, =0,

In terms of effective stress o = o, and of =0,
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Sing' s Tan o' - -
C' = b'/cos §*

(0)+0])

2

Fig. 6.20 Consolidated quick test with pore pressure measurement (CU-Test)

As no drainage is allowed, an increment of lateral pressure, a 63, will be supported by water,

that is a0;=au,. Hence,total stress, 0,=0,+Ac,=C_+Au,  and 0,=0_+A0, =8¢ +Au,

When an increment axial stress, 40, is added, the additional neutral stress would be_au,.__The
total neutral stress now becomes u=au;+au,=a0;+a0. The total stress becomes

=0 =0 + =0 +
0,=0.%u=0_+A0,+AC and c,=0, Acx3

The effective stress,

o,/ =dl-u=3c+AGJ +*AG- (Ao, +A0) =G_ and °3/=°3'“=EC+A°3' (ac,+A0) =G_-a0

A Mohr diagram using the above data is plotted as shown in Fig.6.21,
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Mohr Enveiops for Dralned
Shear { Effective Stress )

~Moher Emulopt for Unconsolidated
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Fig. 6.21 Mohr diagram for undrained unconsolidated test

LTS

6.1074.3 Drained or Slow Test (D-Test)

. t
Full consolidation is allowed under lateral loads. During shear also free drainage is allowed.

Under this condition there is no pore pressure build-up. All stresses are intergranular
(See Fig. 6.19).

The test results of slow test can also be presented by means of stress path as hown in Fig.6.22.
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I .

Sin §'s Tana'
' C = b'/cos '

STRESS PATH

(0)+0;)
2

Fig. 6.22 Slow test (D-Test)

6.11 EXAMPLES

E.6.1 In a triaxial test the following data were recorded.
. aL = 0.04cm J
g = 200kP,
- P = incremental load = 0.8kN
If the original length of the sample is 16cm and its intial areaa—- 40 sq.cm.,
determine the vertical stress (axial stress) and axial strain.

SOLUTION

°aoy
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_40
g A (100)2=|i'40 ] [ 1 ]
1-AL 04 |00y | | 0:0075

I 16

40

A:_

9975

0.8

Aoe~§= 40 (0.8)9975)_ 199 s/m?

9975 40

‘ 0,=40+0,=199.5 +200 =399.5kN/m?

AL 04 4
100) =-—(100)=— =0.25%
7, (10075 (100) - 5 -0.25%

€=

3

T

E.6.2 In unconfined compression test on soft clay the following q;ita was observed.

Length of the'sam’ple R = 10cm
Initial area = 10cm?
Load at failure = 0.20kN

Compression of the sample at failure -= 2cm.
Determine the unconfined compressive strength and shear strength.

B

SOLUTION

q.= _12.5 2000 _ 60 kvime2

@007 125
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9. 160
=c=24 =% _80iN/m?
S‘ c 2 2 m

E.6.3 The major and minor principal stresses at a point are 450 kN/m? apg
20 kN/m? respectively. ‘
(a) What is the value of the maximum shearing stress?
(b) What is the value of the normal stress on the plane of the maximum—
shearing stress?
(c) What is the value of the maximum resultant stress on a plane at
angle of 27° with plane of minor principal stress?

SOLUTION

Fig.E.6.1 Mohr diagram

@ 1= 4502‘ 20 _ @ =215kN/m?

Maximum shearing stress = 215kN/m?

®) =20+ 4502‘20 =215 +20 = 235kN/m?

Normal stress on the plane of maximum shearing stress = 235kN/m?
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BCA = 9027 =63° ,

BAD = 63x2 = 126"; BAC = 180 -126=54"
BE=t = AB sin 54°=215sin 54°=174kN/m"
AE = ABcos 54° =215 cos 54°=126kN/m2’
OF = o= 20+(215-126) = 109kN/m’

r=yf1i+c? = V174241092

= /30276+11881 = 205.3kN/m?

Maximum resultant stress = 205.3kN/m’ ~

E.6.4 A certain sand sample is just at the point of failure in triaxial shear test. The major
and minor principal stress are 400kN/m” and 100kN/nt' respectively. Draw the
Mohr diagram and determine the normal and shearing stresses and obliquity angles
on the plane of maximum shear and on the plane of maximum obliquity.

SOLUTION

Fig. E.6.2 Mohr diagram
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" . Required ,
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.CD = 3cm

Tox = 3/2 x 100 = 150kN/m?

0A = Scm

o = 5/2 x 100 ="250kN/m?

¢ = 3L.0° X
¢ = 363° ;
FE, = 2.5cm

2.5

=_=x100=125kN/m*
=X m

O.Ef = 3.4Cm

o; = 222100= 170kwm

Given o, = 1000kN/m?
o = 200 kN/mz

/

7 and o on a plane makin_g 8 = 30° with the major principal plane.

—

SOLUTION

a) Analytical

Using Eq. (6.9) and Eq. (6.10) respectively,

T = % (0,-0;)sin20 e
= % (1000 - 200) sin 60

400. sin 60 = 346 kN/m?

g3 + (0, - 0;) cos? @

200 + (1000 - 200) cos? 30

= 200 + 800 (0.75)

= 800 kN/m?

Q
il

p
|
:
|
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(b) GRAPHICAL
i) Choose a convenient scale and plot o; and o3 on the o - axis.

ii) Draw a circle with a radius of % ; %
<
. 100 - 200 _ 800 _ 400xn/m?
2 2.
Center of circle isat f‘ ;0,’, = 10002+200 = 600kN/m?
jii) Measure angle of 26 = 60° from the center to cut the circle
at o and 7.
iv) Scale off ¢ and 7. One should get ¢ = 800 KN/m?
~ and 7 = 346 kN/m’
o x
A .
z
o
[ .
a
&
R % w0 600 "800 oo
; T NORMAL STRESS U (KNI/m?)
- ¢

HH .

Fig. E.6.3 Mohr diagram

- E. 6.6 Given )
. Two planes with normal and shearing stresses of 1600 kN/m?,
400 kKN/m? and 100kN/m?2, 300kN/m? respectively.
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Required

- The major and minor principal stresses and the angle between the twq

planes.

SOLUTION | :

The simplest way of solving this problem is using the Mohr’s diagram,

i) Using a convenient scale, plot the stress coordinates.

ii) Locate the center of the circle. The center is located at the )
intersection of the perpendicular bisectors of the line joining two
given points. R

iiij measure o, and g;. Accordingly, one obtains

o, = 1700 kN/m?
iv) The angle between the planes is obtained from the figure. It is
(26, - 26,) = '4(160 - 30) = 1£(130) = 65°

1600, 400

26, = 30°

200 600 30 1000 200- 7430 1600,
NORMAL STRESS G (kN/m?)

Fig. E.6.4 Mohr diagram
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E.6.7 Given

Triaxial compression test results of two sets of tests, the shearing:
Tesistance of which is governed by Coulomb 's equation 7=c'+ g tan '

testno.l o, =800kN/m> , G,=200kN/m?
<’ - -

testno.2  0,=1050kN/m* , o,=350kN/m?

Required

The values of c'and ¢

300

100

SHEARING RESISTANCE T(kN/m2)

400

200

SOLUTION

1)  Draw the Mohr circles corresponding to the given major and minor
‘principal stresses (Fig. E.6.2)

o +GIAN
%

3 =16°_

- C's 185 KN/,

H ' 1 'l I i n A L

(o] IOOZI)GOOWO&OOBOO?OOBOOQOODOOIIOO

NORMAL EFFECTIVE STRESS J (kN/m2)

Fig. E.6.5 Mohr diagram

i) < Since the shearing resistance of the soil is governed by the equation of

ii)

Coulomb, draw the tangent of the two circles.

The intercept of the tangent with the 7 - axis gives the value of ¢'and the
inclination of the tangent gives the value of ¢*

- From the figure ¢! = 185 kN/m?, ¢' = 16°
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6.12 EXERCISES .
1 Develop the following expressioh:-
o= o3 (1 + sin ¢)
where

o, = normal stress on the failure plane

2 The major and minor principal stresses at a point are 300kN/m? and 125kN/m?
respectively. What is the value of the angle between the plane of major
principal stress and the plane on which the angle of obliquity of the resultant——
stress has its maximum value? '

3 Thenormal stresse on two perpendicular planes are 1800 and 300kP, and shear
stresses are 600kP,. f_-‘ind the major and minor principal stresses graphically.
-Chieck your answer analytically.

4 A sample of sar-xdy soil in a direct shear test fails when the normal stress is
' 600kP, and shear stress is 400kP,. Find the angle of internal friction and the
principal stresses, if the Mohr rupture envelop passes through the origin of

stress. Show the orientation of the pri}lcipal planes.

5 - Two triaxial tests were done on soil samples. In the first test the all-round

' pressure was 240kP, and failure occurred at an added axial stress of 750kP,.
In another test the all-round pressure was 400kP, and failure occurred at a total .
axial stress of 1600kP,. Calculate the values of cohesion and angle of internal
friction at failure.

6 °  An embankment will be constructed of soil having effective cohesion,
¢! =400kP, and effective friction angle, ¢ * = 26°. Evaluate the shear strength
of the material on a horizontal plane at a point 10m below t'ile surface of the
‘embankment, if bulk unit weight of the soil is 23kN/m® and the pore pressure
at that point is 180kP,.

7- A triaxial dbmpression test was carried out on a sandy soil. Calculate the
major - principal stress at the time of failure, if the chamber pressure was
400KkP, and the angle of internal friction was 35°.
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|
8 In a triaxial compression test done on c-¢ soil, the cell pressure was 250kN/m?
and failure occurred at an added axial pressure of 350kN/m?. If the failure

plane made an angle of 52° with horizontal, find out ¢ and ¢ for the soil and
normal and shear stress on failure plane.

9 cIn a triaxial compression test on a sample of remoulded clay the following
* results were obtained.

»Lateral Pressure kN/m* | 0.0 ] 150 | 300

Max. deviator stress kN/m?> 140 | 310 | 490

Plot the Mohr circle corresponding to these results and determine the apparent
cohesion of the soil and the angle of shearing resistance.

10 Consolidated undrained triaxial test was carried out on a soil sample giving the
following results.

Cell pressure (kP) 1000 | 1800

Deviator stress at failure (kP,) . | 1600 2200

Pore pressure 400 800
kP, '

Determine the values ¢ and ¢ based on
(a) total stress
(b) effective stress

11 A tnaxlal compression test on a cohesive soil, cylindrical in shape, yielded the
o ¢ followmg
= 70 N/em?, ¢y = 15 N/cm?
and the angle of inclination of the rupture plane with the honzontal is 60°.
(a) Determine analytxcally the normal stress, the shear stress and resultant
stress on the rupture plane through a point.
(b) What are the magnitudes of ¢ and ¢?
(c) Write the Coulomb’s shear strength equation pertaining to this problem.



.

12

' SHEARING STRENGTH OF SOILS 255

(d) Present all the information in the form of Mohr’s stress diagram.

Given the following data from unconfined compression test of a saturated clay

sample,

Stress in N/em® [0 | 9.8 196 | 294 |343 392

Strain 0 [0.0035 | 0.0080 0.0170 } 0.0270 0.0650

14

15

(a) plot the stress-strain curve. .

(b) find the shear strength.

(c) find the modulus of elasticity of the soil.

A cyliﬁdﬁcal soil sample was subjected to unconfined compression test in a
triaxial machine. At failure the axial stress was 12.2 N/cm? and the pore
water pressure (u) at failure was -5.0 N/cm®. The failure plane was found to ‘
be inclined at 50° to the horizontal.

(@) Construct the Mohr circle at failure in terms of effective stress.

(b) Construct the probable failure envelope and find the cohesion intercept and
angle of internal friction in terms of effective stress.

(c) Draw the stress vector acting on the failure plane.

Given the normal stresses on two perpendicular planes as 11.2 N/cm? and

5.9 N/cm?, the shear stress on each 11.2 N/cm?, draw Mohr’s circle.

(@) Can tension occur on any plane with stress condition?

(b) Find the principal stresses. ) 4

(¢) What are the shear and normal stresses on a plane making an angle of 74°
with the direction of the major principal stress? e

A thin seam of sand lies inclined at an angle of 25° and intefsécts the base of
a cliff. The drainage of the sand is stopped by talus. The sand is overlaid by
clay 15m thick and 1.5m of top soil. The ground surface slopes at 25° and
there is a deep vertical-crack extending through the clay 20m from the face of
the cliff. The clay and top, soil have a unit weight of 17.6 kN/m? and the
angle of internal friction of the sand is 32.5°. How high must the water rise
in the sand before the block of clay slides upon the sand layer?



7 EARTH PRESSURES

7.1 ,GENCERAL‘

The pressure exerted by a soil mass on structures prov1d1ng lateral support to the soil is called
Jateral earth pressure. Soil has special characteristics of exerting lateral pressure against an
object with which it comes in contact. Such a property of soil is highly important in
engineering practices, since it influences the design of retaining walls, bulkheads, abutments,
sheetmg and bracmg in cuts The common types of structures used for retaining earth is shown
" in Fig.7.1 T R
 There are two distinct types of lateral soil pressures, namely, active lateral pressure and passive
lateral pressure (Fig.7.2). -
Active Earth Pressure, P,, is a pressure caused by soil moving forward because of yielding
of the support. It is a minimum value of earth pressure.
Passive Earth Pressure, P,, is a pressure developed as a result of the soil being pushed
backwards by the support. It is a maximum value of earth pressure.
Earth. Pressure at Rest, P,, is intermediate between active and passive state and exnsts when
there is no motlon'm either direction. It is, therefore, a pressure which develops at zero
movement. Its value is somewhat larger than the active pressure.
The effect of wall movement on lateral p}essure developed in granular material as investigated
by Terzaghi is illustrated-in Fig. 7.3. |

The ordinate of point A represents the lateral pressure at rest. As the wall moves away from
the backfill,the pressure decreases from A to active value at B. The amount of movement
required forzthe active pressure to develop is quite small, and it can practically always be
expected to occur when a backfill is placed behind. the wall. Minimum tilt of retaining wall

necessary to develop active and passive states is indicated in Table 7.1.
> 34

&3

256
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(a) Mass Concrete Gravity walls.
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{ ¢ ) Braced Walls ond Shestings
Fig. 7.1 Common types of retaining walls

v
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. Direction of Movement Direction of Movement

' —

Siiding
Wedge

Sliding

AN

H S H
.b
Z L)
é Retalning Wall Retaining Wall
1+ | 1 '
(a) Actlve Case. (b ) Passive Case.

Fig. 7.2 Lateral earth pressure on a retaining wall.

In essence what happpens is that the movement of the wall causes the development of strains
‘within the soil mass. These strains mobilize shearing stresses which are directed in such a way
that they help to support the mass and reduce the amount of pressure exerted by the soil against -
the structure. In the passive case, when the wall is pushed against the backfill, the prgsg»qfe is
increased frogi A to passive value at C. Here again internal shearing stresses also develof)‘; but
they act in the opposite direction from those in the active case and must be overcome by the
movement of the structure. This difference. in the direction of internal shearing stresses
accounts for the dif{erence in magnitude’ between active pressure and passive pressure.
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Pressure.

<0

o
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9

Away from Soll Backfill —— o . —p— Towards Soll BackfiH

’
>
i

Dlrection of Wall Movemant

Fig. 7.3 Relation between direction of wall movement and soil pressure.

Table 7.1 Minimum tilt of a retaining wall necessary to mobilize the active and passive

states [29]. ‘
Soil " Active State , ' Passive State
Dense Cohesionless A 0.0005 H A 0.005H - .
:Loosc (f()ll:Si()lllcss 0.002 H A o J0.01 H{ )
SHff Cohesive ' 0.01 N | 0.02 H
L Soft Cohesive ().[)_2 H 0.04 H
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72 EARTH PRESSURE THEORIES
The two well-known classical earth pressure theories adopted for the determination of earth

pressure are Rankine 's theory (named after the British Engineer W.J.Rankine (1857)) and
Coulomb 's theory (named after the French Scientist C.A Coulomb (1776)).

7.2.1 Rankine's Earth Pressure Theory:\

The assumptions used in Rankine's theory are the following;
(a) the backwall face is smooth and vertical
(b) deformation condition for plastic equilibrium is satisfied

In this analysis, one should differentiate between the general state of plastic equilibrium and

-local state of plastic equilibrium.

7.2.1.1 General State of Plastic Equilibrium

A general state of plastic equilibrium occurs if every-part of semi-infinite mass is on the verge

. of failure due to horizontal tension or compression. .

Consider an element of soil in a semi- infinite mass of cohesionless soil located at a depth z as
shown in Fig. 7.4(a).- If the unit weight of soil is taken as vy, the vertical overburden pressure

acting on the element is yz.-

The vegtical pressure and active lateral earth pressure, P', acting on a prism at the moment of

failure are the principal stresses 0, = Y.z and 0, = P, (Fig. 7.4 a)
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Fig. 7.4 Relation of vertical stress 1o horizontal stress.
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/
Yez-p
a

from Fig. 7.4alsin ¢ = =

1-sin? : ‘ a1
l+sin? '

i
—~&
el

N

Then. P,

1-sin®

=tan?(45-2/2) =k = coefficient of activg earth pressure

a

T—simd

The derivation for the passiye case follows from Fig. 7.4b

0,=Y.z and ¢, =P_and from the figure, sin ¢= £
3 F P +yz
P
1 +sin:
Then, B = (y.z) >8]

P (1-sind) v
—(M =tan?(45+¢/2) =Kk_ = coefficient of passive earth pressure  °
(1 -sind) . .F S

)

7.2.1.2. Local State of Plastic Equilibrium

- General state of plastic-equilibrium-eccurs only-by-geological process.where horizontal tension ... . '

or compressjon takes place. In a local state of plastic equilibrium, the failure occurs in a
limited zone as shown in Fig. 7.5. lItis this local state of plastic equilibrium that is frequently

met in practice (retaining walls, sheet piles etc.)
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\ N\ 3
\ g / /"
7 - P
129 A
\ X ) hiy
b &.hka
(a) WALL ab IS ROTATED 10 q;b
( BOUNDARY CONDITION ; SMOOTH WALL)
.
, SHEAR PATIERN
4 4s-¢5,
P
$ ;‘~h-kp ‘

(B) WALL ab IS ROTATED 10 ab
(BOUNDARY CONDITION : SMOOTH WALL)

Fig. 7.5 Local state of plastic equilibrium.
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7.2.1.3 Earth pressure against smooth vertical walls

For a vertical smooth wall with horizontal surface, the active and passive pressure distribution

is govérned by local state of plastic equilibrium.

7.2.1.3.1 Cohesionless Soils

The active earth pressure_at‘ a depth H against a re'taining wall with a cohesionless backfill
———which-is-horizental-is; P; = K, yH- - The pressure for-the totally active case acts parallel to the
face of the backfill and varies linearly with depth as shown in Fig. 7.6. The resultant thrust on

the wall acts at YaH from the base. Itis equ'al to,

Py = 112K, YH! (7.3)

/Backfitl
i

. P

Fig. 7.6 Lateral active earth pressure (cohesionless backfill)
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‘The passive pressure varies lincarly with depth as shown.in:-Fig.7.7.. Here again, the resultang

thrust on the wall acts at Vst

2

P =Llk su
P 2 Id

(7.4)

| S

Fig. 7.7 Lateral passive earth pfessure (cohesionless backfili)

. The Rankine theory may be applied for the following different situations.

a) Partially Submerged Backfill
For partialy subsmerged backfill (Fig7.8a),
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b)

Active force,

Passive force,

o)

d)

P‘KvH*K\(H*\, H, (7.5).

Inclined Backﬁll

Inspite of the Rankines basic assupmtions of smooth vertical wall and horizontal

_backfill, the theory is being modified to apply for inclined backfill and sloping

“backwall case as shown in Fig. 7.8 (b) and 7.8 (¢) to yield an approximate

result [27]

2

S S Y P B DY
P =—chos i cos-i \,/E:os cos’ b . 7.6

A 2 - ' SRS— -
cos i M/cos .i -cos?d

2 21 - a2
Pp- Y H cos ! cos i +ycos’i-cos” o .7
% “ cosi-ycos*i-cos’d -

‘Slopmg back Wall Qase

If the back of the wall siopes as in Fi ig. 7 8(c), it is assumed that the laterai
pressure acts horizontally on a vertical plane in the backfill and the wedge of

earth with weight W, acts as part of the wall.

Backfull with Surcharge Loading

Loading imposed on the backfill is commonly referred to as surcharge. It may
be either live or dead loading and may be distributed or concentrated. When a
uniformly distributed surcharge is appliéd to th;: backfill, the vertical pressures

-at -all--depths—in—the—baekfill-are-increased equally.- The__lateral.. pressure. .
< distribution is shown in Fig. 7.8(d). The resultant acti\;'\: force,would be:

-2

P, —/f‘mpx +YH K - A7.8) -
. s

\, e \\ K
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(a) Partlially Submerged Backfill Soll (b) Inclined Backfill Soll

1\’
r
]
|
H H
o
|
|
. o
]
|
-
1
APKa Ko Hi
. ')
(c) Wall with Stoping Back © {d)Wall with o Uniform Surcharge on Backfiil

Fig. 7.8 Rankine active earth pressure diagram for different cases.
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The line of action of the resultant force is located at

y=2 38PrvH ) (7.9)
3 20P+yvH

The pressure distribution for both active and passive case in cohesionless backfill subjected
to surcharge loading and partial submergence is shown in Fig. 7.9.
<

" SURCHARGE q kN/m?

|
'ﬁL a a 2N ASSYLZA "L_'
: R
1 Pary
| e —— "
hq . ﬁA_Z h q.ka
[ lxnsx S v WL L
— = -t
I i ,,
1 N A )
' TR FartPis
hy i by 4\"AS. ha
— — —— - ! A3 2
L — h "

#. b kp. Aiko/h‘ ka L _h_‘\\

Fig. 7.9 Active and passive earth pressure distribution for cohesionless soils

72.1.3.2 Cohesive Sails = 77 7T T e

i

7.2.1. 3 2.1 Backﬁll containing clay with ¢ = ¢, and ¢= 0 conditions

Vertical and lateral stress relations may be developed with reference to Mohr stress diagram
shown in Fig. 7.10. In this case, the stress relations are established in terms of unit cohesion

rather than the friction angle assuming that clay in undrained condition has shearing strength
due only to cohesion. .
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Fig. 7.10 Lateral pressure for cohesive soil in undrained condition.
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The active lateral earth pressure due to 51ay backfill is determined as illustrated in Fig. 7.10a.
At the bottom of the backfill P, = P,-2c=k,yH-2c and at the ground surface YH = 0.P, = 0.

Hence. P, = -2c..

[t is found that to a certain height a bank of clay with an approximate vertical face may stand
without a lateral support. The height referred to the above is termed the critical height, which

is designated bx H,, equalling to 2c/y (Fig. 7.10a).

The clay is in tension between H=0 and H,. The tension decreases from 2c at the surface to

0 at H,. Active earth pressure will develop on (H - 2c/y) portion of the wall.

2
Resultant thrust on the wall, », = %(H- E) and is located at
v )

y:i H--= =H/3—£
3 Y 3y

The passive lateral pressure due to clay backfill is determined as shown in Fig.7.10b. At the
bottom of the backfill P, = yH + 2c and 4t the ground surface P, = 2¢ '

7.2.1.3.2.2 Backfill containing clay with both cohesion and
friction ( ¢ - ¢ soil)

Like in the previous case, vertical and lateral stresses may be developed with reference to Mohr
stress diagram as indicated in Fig. 7.11 for the active and passive cases.

The active lateral eartly pressure is"determined using Fig:7-T1.a. From this figure it follows:

o P +vH
0a=-=
2

BE=CB sin ¢

BAcosd =c¢
AD =ctan ¢
CB = OA - AD
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Mohr circle Pressure distribution on the wal|

( @) ACTIVE PRESSURE

204K

L

. . | Kp ¥H
- A _ Pa 2cﬁ§+.x§in .

(b) PASSIVE PRESSURE

Fig. 7.11 Lateral pressure for cohesive soil containing both cohesion and friction
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P +YH
CB= ———— -c tan ¢

P.+YH
Hence, BE = —-—~2— -¢ tan ¢| sin ¢

YH-P
But, BE + BA = T“

. P *YH c Y H-P
That is, —2 _  -c tan ¢{sin ¢+ =
2 . cos ¢ 2

After simplification and rearrangement of terms,

P.=ka‘-2cK (7.10)

The variation of this pressure with depth is as shown in Fig.7.11(a)

At the top of the backfill p =-2¢ \/K_. and at the bottom

P, =Ky H-2c ‘/K_
From the equation, it is seen that the cohesion reduces the active earth pressure by an amount .

equal to 2¢ ‘/K‘ . This indicates that the soil is more self-supporting.

When P, = 0, the critical depth, H, would be,

| : 2c [k :
= B = 2efk, | ¢ (7.11)

cr Yk. YJk—‘

The critical depth indicates the depth of tension cracks. The magnitude of tension decreases -

from -2¢ /IT. at the ground surface to O at H,.
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»

SURCHARGE q kN/m?2

—_—
h3
h
——
TR h
"2 Pp2
n2.
3
/ i
£Lhg . kp
Fig. 7.12. Active and passive earth pressure distribution for cohesive soils
X
T . el e up? ‘ }
The resultant thrust, P, = > K,vH?-2cH \[K, . (7.!2)

From Fig. 7.11b, it can-easily-be-seen-thatthe passive pfessur’e at'top; - Pb'='2'c“fx';—“and at
o

the bottom, P =2c \/E; +K VH.
Fig. 7.12 shows active and passive distribution for soils containing both cohesiori'and Triction
with sugcharge loading and partial submergence.
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Fig. 7.13 Influence of wall friction.
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7.2.2 Influence of Wall Friction on Rankine Theuryv

If the back of a retaining structure is not smooth, frictional forces wil] develop along the wall,
The movement ofthe soil with respect to the wall causes the resultant active force 10 be
inclined at an angle & to the normal. This angle is known as the angZe of wall¥riction, The
algebraic sign of the wall friction will be determined according to the relative movement of the
soil. If the wall moves downward with respect to the soil for the active case, the direction of
P, will be inclined atangle 8. It the wall is acted upon by an upward force which is equal 1o
the weight of the wall plus the frictional force be[ween' the wall and soil, P, will be inclineg

at an angle -6 (Fig. 7.13). ‘

7.2.3 Coulomb's Earth Pressure Theory
“This theory is based on the concept of the s]iding wedge bounded by the face of the wal] and
failure plane. The basic assumptions made in the Coulomb analysis are:

a)  the failure plane is straight and passes through the toe of the wall-
b) the thrust on the wall acts in a known direction

. ©) the soii is isotropic and homogeneous

d) the failure: wedge is a rigid body

e) there is wall friction
“f) the failure is considered as a two dimensional problem
g) the friction on the rupture plane is evenly distributed

To derive Coulomb's theory, an arbitrary rupture plane making an angle p with the horizontal
is considred (Fig. 7.14)
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ASSUMED PLANE
OF RUPTURE

oY=z f+@

(a) FORCES REPRESENTATION

(b) GEOMETRICAL REPRESENTATION

' ¢
Fig. 7.14 Coulomb's earth pressure theory for the active case.

exu-J
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The area of the wedge ABC

From the rule of sine

EARTH PRESSURES

% ACBD = 2 AC.ABsin (@ + p)
ac . 3B
sin (a-) sin (&) ‘
AC = AB sin (ar @) :

sin (0~ 7)

The weight of the wedge per unit length,

W=Aly
1 AB sin(arp . R
= —._*,(‘—”.AB sin (0 P) oy
2 sin (p - )
1 H sin (a*id) oy . .
= = — . — . — SsIin (hor Ry Ly
2 sina (p»-p) sina :
N S <3 R 0
= ‘*‘ sin (atp) iﬂ\_'_}_
2sin sin ()

From the force triangle, using the rule of sine

J I

P, . W

sin (p ) N sin (180 O )

A

- Wosin(p @)
_ sin (180 wa+d pyg)

]

Wsin (p )
sin (180« pogpr ™y

Inserting the value of W from above,

277
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el .

p .-—_'—h——m sin(atp)
A 2.
23in®

sin(a+p)y sin(p @) o . (713)
sin{p Ry 3in(180 « pAape)

dF . . .
" 4 =p and after simplification one obtains:

o

Zor MaximunF P.. one should perform -

p _'.'Hz[ Fil".z(ﬁ.‘f\ L . . ) N
ES 2 ! > : .
N e TN TS S (7.14)
S B S RN SRS EL L KL L it -
. sin(a-3)sin (a+d)

fp=256=0and o =9%.Eq(U.1H simplifies to the equation of Rankine-for the active case.

Equation (7.14) may be written in a general fornu:

S H g - (7.15)

where K, = f(a. B. 6. ¢)

For the passive case. the derivation is similar to the active case. (Fig. 7.15)

Fig. 7.15 Coulomb's earth pressure theory for the passive case
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From the geometery of tlie figure,

2 sin(a+f)

sin(x-B)

w=YH

sin (a+p)

From thie force triangle, -

- W sin (p-o)
P sin(180-p-p-3-«)

dp
Setting 3 £=0, one would get the minimum value of P,.
o

P =VH2[ sin? (@ -¢) ]
P 2 T &
sinfasin (o)1 \j snl N sinta ) )

(7.16)

sin{a+d) sin{a+p)

If =56 =0and & = 90, Liq. (7.16) simplifies to the equation of Rankine for the passive
case.
Eq.(7.16) may also be written in a general form,

p =M g . (7.17)

where K, = f(e,B,5,¢)

7.2.4 Culmann's Graphical Construction

Culmann suggested an expedient graphical method for determining the active and passive forees

__using the Coulomb's theory.

Given a retaining wall with 8, B, &, d and y (Fig. 7.16), one draws the - line (slope-line)
making an angle ¢ from the horizontal reference line. Then the pressure line Ol makes an

angle O with OS. The backfill is then subdivided into arbitrary wedges AO1, 102, 203, etc..
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/7= WITH LINE LOAD

e

- WITH OUT LINE Loap

T SLIP SURFACE BEvOND y
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PRESSURE LINE

(d) ACHIVE FORCE witH COHESION

F ig. 7.16 Culmann's graphical construction
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weights of each wedge are calculated to get W1, W2, W3, etc.. Selecting a convenicnt scale,
w1, W2, W3 etc are marked off along the ¢ - line. From W1, W2, W3, etc. lines parallel
to the pressure line are drawn to cut the line O1, 02, O3, etc., at P1, P2, P3, etc.. The points
are then‘j(')'iriéd Wwith smooth curve to get the Culmann curve OC for the active case or-CM for
the passive case. :A tangent parailel to the ¢ - line is then drawn so that it touches the Culmann
curve at point P. The distance PD then repfésents the active earth thrust P, or the passive earth
force P,. The real surface of sliding is OP (Fig. 7.16 a,b). In this method, the effect of a
surcharge is considered by adding it with the weights of the appropriate wedges (Fig.7.16c).
The method of Culmann may be extended for determining the active pressure of cohesive soils
(Fig. 7.16dy. T

The main limitation of the Coulomb’s theory lies enter alia, on the assumbtion of a plane
surface of rupture. This method entails an error of about 5 % for the active case and about 30%
for the passive case. While this method is acceptable for active thrust, one has to look for
other methods for determining the passive thrust. The most common methods are the semi-
graphical methods which are discussed below.

)

7.2.5 Semi-Graphical Methods for Determining the Passive Resistance in Soils

The actual surface of rupture may be approximated by combining either an arc of a circle or.
logarithmic spiral with straight line. Two semi-graphical methods for determining the passive
resistance will-be discussed below. 1in both cases the upper part of the composite slip surface
is a straight line inclined at an angle 45- /2 with the horizontal (Fig. 7.17).

7.2.5.1 The - circle Method _

< .
Ireefiis method the curved part of the slip surface is taken to be an arc of a circie. For the sake
of calculation, cohesive and non-cohesive soils are treated separately.
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STRAIGHT LINE

1 : § 8 CURVED (ARC OF A CIRCLE OR LOG SPIRAL)

Fig. 7.17 Slip surface

_7.2.5.1.1.Cohesionless"Soils‘ T

Cons1dermg Flg 7.18, if a line FC is drawn vertical from C, then the effect of FCD can be
represented by Rankine's passive force, ‘ ‘

s _ 1
Pp —;y(f’c) K

The problem at hand thus resolves itself into a study of the equilibrium of the portion of the
wedge ABCF. According to the method in question, the curved portion BC is considered as

< an arc of a circle. At point C, the line CD must be tangent to the circular arc BC. From
geometry, the center of the arc lies on the line CL and it must be so located that it passes
through B.
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THE ¢ - CIRCLE'

Fig. 7.18 the ¢-circle method for cohesionless soil.
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At the point of failure the full frictional resistance of the cohesionless soil will be mobilizeq

and the resisting force at any point on BC must act at an angle ¢ to the normal. Along the

curved portion, the normals pass through the center of the circle and the resisting forces myg;

all be tangent to a smaller circle whose radius is r sin ¢. The circle is the friction circle o

¢ - circle. It is assumed that the resultant of all the resisting forces is also tangent to the

¢ - circle. Eventhough this is not strictly true, it is sufficiently close to thereality and g

acceptable.

For determining the passive resistance one should follow the following procedure [3]

a)

b)

d)

e)

f)

Measure the vertical line FC and calculate P!, from Rankine's.equation for the

passive case.

Measure the area ABCF and calculate the weight W. The centroid of the area
may be obtained by cutting out a cardboard template and suspending it freely
from several points in turn. Vertical lines through these points pass through the
centroid which can thus be located.

Combine these graphically to give the resultant S.

The forces acting on the portion ABCF are then §, Ry and Pyy. These forces

“must all act through one point Q determined graphically by the intersection of

Py and S.

Draw a line through-Q tangent to-the~¢--"circle.” This is the-direction of the

resultant Ry.

Draw P,y and Ry on the force diagram and scale off their magnitudes.

This procedure is repeated for several other assumed slip surfaces. The least value of Py

would then give the passive resistnace (Fig.7.18b).

7.2.5.1.2. Cohesive Soils

Soils possessing both cohesion and friction show less active pressure and more passive

reisstance than cohesionless soils other factors remaining the same.
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= 2¢ tdn (45+9/2) FC

Fig. 7.19 The é-circle method for cohesive soils
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For convenience, the passive resistance of cohesive soils is considered to be made up of
a) the resistance due to the weight of the wedge and/or any surcharge

b) the resistance offered by the cohesive forces along the slip surface and the back

of the wall. )
The evaluation of (a) is the same as for cohesionless soils discussed above. The evaluation of
(b) is as indicated in Fig. 7. 19 Since the soil is in compression, tension cracks do not develop

_at the surface and hence, the cohesive forces are assumed to be distributed umformly over the
- back of the wall and the curved portion BC.

. The effect of the cohesive,forcés on CF ;:an be replaced by P.. The force P, acts at a distance

of 1/2 FC. Similarly P, acts at a distance of H/2. C,, acts along the wall AB. The resultant
cohesion acting along BC is given by C = L..C and acts parallel to BC. The line of action of
C may be determined by takii/'kg moment at L.

c.L,.r = c.L.a, thus giving

The steps necessary to determine the passive resistance due to cohesion are outlined as follows
Bk
a) Obtain the value Qf C, ,C, and P, by calculation.

b) Draw the triangle of forces C, and C,, and mark resultant C, in its position on
the wedge diagram.

©) Det;rmine the point-N-where-P, meets the line of action of-the resultant C, and
draw the resultant S..

d S, meets Ppc at Q. Through Q draw a line tangent to the ¢ - circle. This is the
line of action of R..

'e) Complete ihé force polygon and determine the value of P..
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The total passive resistance Ppy = Ppc + Ppy. The point of action of By is found by taking

moments.

7.2.5.2 The Logarithmic Spiral Method [30]

Instead of an arc of a circle, the slip surface BC is substituted by a logarithmic spiral (Fig.7.20)
whose equation is r = r,e ®=*. Since point C is the point of tangency, the center of the spiral
- will be located-on-the line-ACK-Fromthe equation.of a logaﬁthmic spiral the radius of the
spiral makes angle of ¢ with the normal where it intersects the curve. The resultant force Ry
also makes an angle of ¢ with normal and it passes through the center of the Sprial O.

Like in the previous cases, the problem in question will be divided into two segments namely,
a) the passive resistance for cohesionless soil and
b) the passive resistance for cohesive soil

(a) Coheszonless Sods

- One selects arbnranly the surface of shdmg BCD, where BCisa part of loganr.hmxc spiral with
its center at Q (Flg.7.20a). The forces acting on ‘the element ABCF are the weight, W, the
passive resistance, P',, the reaction Ry and the passive force Ppy. '

1
pl =_ . (cF)%.K
P 2 P

Ry is unknoy;h in maggitude, hox;;aizér—, it passes through O. The weight of the 'élément,v W,
is determined from the area and its unit weight, Ppy, is known in direction only.
Taking moments about O, Py ¢, - W.l, - P' 0 =0
wi +p' .1 ‘
= 2 p 3 (7.18)

PPN 1
’ 1

P

The value of Ppy is plotted above F. Other surfaces of sliding are triedA.
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Fig. 7.20 The logarithmic spiral method N




290 SOIL MECHANICS

(®) Cohesive Soils e
The cohesion along BC can be calculated using Fig. 7.20b. The cohesion on ds is given by
c.ds. The moment of the cohesion about O may be written as dM, = r ¢ ds cos d.

One may approximately state that r d® = ds cos ¢. Hence, ds= 2 di
: ‘ c
Therefore,
dM =rc rdd os¢=ric do ' (7.19) ‘
€ os¢ :
Integration of Eq. (7.19) gives the following
(% pedss— S (£?.-r? (7.20)
M, fo r c.de ’2vtan¢i(r Nl
Taking moments about O, A
Ppc .4, -M.-P.t; +C,4=0 (7.21)
M +P .U -C 2, s ‘ o : -
p =_c ¢ ” L 2

ec ] e
1

For soils possessing both friction and cohesion, the values of Ppy and Pyc are added and the
results plotted above F. This should be repeated for many slip surfaces till the minimum

7.2.6. Tables for Active and Passive Pressures

,a;g;’E : .
There are various tables and curves available for determining the active and passive pressures, -
Jumikis [14], Kezdi [15], (Krey [16]. etc..) each with a certain degree of limitations. For
preliminary design, values presented in Table 7.2 and Table 7.3 may be used. '
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Table 7.2 Active earth pressure coefficient K, (horizontal component ) for vertical wa||
horizontal fill and 8 = +2/3 ¢ and a plane slip surface [21] :

) Ko ) K

deg - deg -

2.5 0.89 20.0 0.43

5.0 0.80 2.5 0.38

7.5 0.72 25.0 035

10.0 0.65 27.5 0.31 | —
12.5 0.58 30.0 0.28

15.0 0.52 2.5 | 025

17.5 047 | 35.0 022

I 375 | 020

Table'7.3 Passive earth pressure coefficient K, (horizontal component ) for vertical wall,
horlzontal fill and 6 = -¢ and a circulars slip surface [21] - = -

b Ky ¢ Ka
deg - deg
2.5 112 200 3.01
5.0 1.28 25 | 3.3 -
75 .| 146 || 25.0 4.15
10.0 1.67 27.5 4.75
12.5 1920 [ 300 | 5.88
150 - | 222 | 325 | 7.10
17.5 - | -2.58 || 35.0 8.40
37.5 10.5
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.27 Earth Pressure at Rest

As defined earlier the earth pressure at rest exists when there is no lateral yielding. In this
condition, the soil is in elastic equilibrium. The lateral pressure is given by,

o =—L_o :
bol-p Y (7.23a)
< where C =Yz
IR U a
Po"c’h'l__pYZ'Ko Yz (7.23b)
Where ’
K, = coefficient of earth pressure at rest
p = Poisson's ratio. For sand and normally consolidated clays K, can be
represented by the empirical relation K, = 1 - sin ¢:

Table 7.4 Typical values of K, [9]

Soiltype . K,
Loose sand, grav'e‘:lr - . ; 06
Dense sand, gravel o 0.4
'Sand, tamped in layers 0.8
Soft clay : L Q6 T T T Tl e
Hard clay 0.5

The value of K,, depends on the relative'density of sands and the process by which the
deposit was formed.

T

7.3. SHEET PILES

7.3.1 General

Sheet piles are types of retaining walls which are frequently used where the construction of
concrete, masonry, etc. retaining walls are not feasible. They are often used as water front
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structures in harbours to support deep trenches. etc.. The materials for sheet piling may either
be wood or steel depending on the purpose for which they are intended to be used.

7.3.2 Types of Sheet Piles

With regard to their structural functions, sheet piles can be categorized into two types.
Namely, cantilever sheet piles and anchored sheet piles (anchored bulkheads).

7.3.2.1 Cantilever Sheet Piles

Cantilever sheet piles are normally used when the height of the earth to be retained is small,
The piles that are driven into the ground have cantilever action. Here the active earth pressure
is fully mobilized (Fig. 7.21) and it must be resisted by the development of passive resistance
that constitutes the necessary fixing moment for the cantilever. If the wall undergoes small
angular rotation about point C at a distance x from D, passive resistance will be mobilized
along BC and CD. The theoretical pressure distribution would be as shown in Fig. 7.21 (5).
The minimum driving depth d for equilibrium can be determined by solving simultaneously two
equations in which x and d are the unknowns, ZH=0 and ¥M,=0. The solution can be
simplified, by assuming the passive reaction P, as a concentrated force. at the foot of the pile.
Tlle simplified arrangement is shown in Fig. 7.21c. :

For equilibrium, the moments of the active pressure on the right and the passnve resxstance on
the left about the point of action of P,, must balance

Tp 4Ty hrd) T
pl 3 A 3 e

Noting that,
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A' A
_{,, \ R
L2
\
\
" |
Ao e I _
Vg 8 | .
= PN ”.\ . . &
\ Poy #ka(hed-x) - -1
) lc . ¢ o & kp- (hed-x) .’%‘L
o K d- - —
u‘ i\ #kpld-x) Ppa L 4 | Py
1.‘- b # kp(hed) o Pe2
(a) DEFLECTION (b) THEORETICAL PRESSURE (c) SIMPLIFIED FORCE
DISTRIBUTION SYSTEM
Fig. 7.21 Cantilever sheet pil.e
P=lkvy(h+d)? (7.24a) .
) A 2 a * :
K, d’-K, (h+d)?=0 (7.24b)

The sofiition of Eq. (7.24) gives a guide to the driving depth required.  The depth thus
calculated is normally increased by 20% to provide a margin of safety and to allow extra
length for the development of the passive force P, :
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7.3.2.2 Anchored Sheet Piles
7.3.2.2.1 General

These are a system of sheet pile walls held in tact by tie-rods anchored into the soil (Fig,7,22).

3
;

F/’/.\\ 777X N VAL IR
/
/ ,
1IE - ROD 4 s /. ,
\ R ANCHORAGE L POSSIBLE FAK gy
7 e - ZONE
/ . <
// ANCHORAGE
/
/  POSSIBLE FAILURE
ZONE
E  cummmy /S wn o S
/
/
/
/

Fig. 7.22. Anchorage systems for sheet pile walls.

The_stability of these piles does not depend so much on the development of large passive
pressure as it is the case in cantilever sheet piles. Here the driving depth is gonerally smaller
in proportion to the depth of retained soil.

The principal methods of analysing the equilibrium of a;nchbied’ piling are based on one of two
,assumpnons related to the method of support of the driven end. These are known as the Jree
_earth suppo% and the ﬁxed earth support methods respectlvely

— —_——
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7.3.2.2.2 Free Earth Supp(;rt Method

Here the wall is assumed to rotate freely about its base and freely supported near the top by the

acnhorage force and below the ground level by the passive resistance (Fig. 7.23).

<
—t— S 7
/
a L //
4 A — T _ — Ra
/
/
/
, .
hy !
!
|
! _ o
- %
A \
Pp hed
\ ot 2, | NEE
0. ! kp Rd Ka# (hed)

{a) SYSTEM _ . (b} DEFLECTION  ~ (¢) ASSUMED PRESSURE DISTRIBUTION

Fig. 7.23 The free-earth support method.

P

<
Letd be the minimum depth required for stability. Since

P =
P

nf =

14

: 1 . . . .
K yd? and Pf'z'K.Y (h+d)? , taking moments about A, gives
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1 2 1 '
= K,d% (b, +2/3a) -Ex‘iy<h+§)2[2/3_<§+d; - (h-np]

N

Kyth+d)?(2/3d-1/3h+n) (1.5

The above cubic equation is normally solved by trial by assigning values to d. The force in
the anchor ties can be found by taking momemnts about the line of action of the passnve
resistance P,.

. .
R, (b +2/3d) ==K vy (h+d)? [1/3 (n+d) —1(:§._<:‘1]’~:-:5~—:;—~‘- SR
K y(h+d)?hn
R=—2_ __ (7.26)

A 6 (h1+2/3d)

The calculated mlmmum depth of penetratlon is increased by 20%. This would influence the
force on thc ties. - -

17.3.2.2.3 Fixed Earth Support

In this method, the end of the sheet pile is assumed fixed and- as a result the elastic line will
be as indicated in Fig.(7.24). ’

If point C is considered as a hinge transmitting shear only, the bending moment at this point
is zero. Hence, the structure may be regarded as two separate beams, AC and DC. The force
R, is the reaction at the hinge. This method is called the equivalent beam method

The procedure of analysis is as follows:
a) The position of C is estimated from the relationship that exists betwéen the
angle of internal friction ¢ the distance y [3} as indicated in Table 7.5
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(a) SYSTEM (b) ELASTIC LINE (c) PRESSURE DISTRIBUTION (d) Eﬁajg:hm'l

Re

dy

#(kg=kg) (d-y) [(kp; kg)y - kgh)| &

{e) PRESSURE DISTRIBUTION ON MEMBER CD

Fig. 7.24 Fixed-earth supoort method.
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Table 7.5 Relationship between ¢ and y [3]

b y s
200 0.25h For normal frictional soils it is
- sufficient to use y = 0.1h
252 | 0.15h
30° 0.08h
3se 0.035h

40° -0.006h

b) The forgeé on the upper beam AC are calculated from the active and passive

S
pressures. -

P =

© 1 ,
A K,¥ (h+y)and PPTZKP Yy

-Nll—l

¢) The reaction R= at the "hinge" C is found by taking moments of forces about A.

R (h+y-a) *ZK,y? v(h-a+2/3y) S Ky (h+y)? [2/3(h+y) -a]=0

1 2 7 ) 2 . ®
K.Y (h +y)? 3 (hy) -a]-EKPYZ (h-a+3y) % o (7.27a)

R =
€ (h+y-a)

The anchor force R, is found either by taking moments_about C_or_from.

D R, *P,+P +R_ =0 (7.27b)
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d) The loads on the beam CD are represented by trapézoidal preséure areas, which
can be divided into rectangles and triangles, giving the net distribution.
indicated in Fig.7.24c. Taking moments about D,

SR SR P (d-y)3 _ . (d-y)?
R, (d-yf= = (K, k) v =L+ [(K, K v K]y, L (7.28a)

Re-arranging terms, one obtains

£ td—y)-2 3 3K, -R d-y) ' 7.28b
e e mtp Yl ] - B g - J .
y e (d-y | (7.28b)

Solving Eq. (7.28b) as a quadratic in (d-y) one obtains,

K K h \? 6R - . L
d-y) =3/2 L EA L Py I . (7.28¢)
K, -K, AN al% Kk -k, V(K K - -
K S K h \? 6R_ .
orpd=2|_"a {p-Y. |2, e + e (7.28d)
2| K -K 2 N4l KK Y{K_—K))
[ 4 a P a P a

The first term under the root in Eq. (7.28d) is very small compared with the second and may
be neglected. Hence, : .

K 6R
d=3[ - ]h‘%{* e (1.28¢)

2| K -K | Y(K -K)
P a P a

Substituting the appropriate values of y and R, in Eq (7.38¢), ‘one determines the minimiim
driving"depth d. ' ' T -

As in the case of cantilever sheet piling the calculated driving depth should be increased by
20% to allow for the fact that the lower passive resisting force Ry, is not a knife-edge reaction

as assumed in the simplified calculation.
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7.3.3 Graphical Methods of Analysis
The penetration depth and the forces in the tie rods may also be determined- graphically
accordmg to Blum's method [1] as outlined below (Fig.7.25).

a) Draw the active and passive forces acting on’the sheet pile wall for some
assumed penetration depth. Divide the loaded area into horizor;tal strips and
determine the total force on each strip. The respective force acts at the center
of gravity of each strip (Fig. 7.25a). The point of zero loading which is ata
distance x from the ground level is determined from:

a

= ————— . The value of P, is at elevetion 0.0 (Fig. 7.25a).
Y (K, ~K))

b) Construct a vector diagram for each of the forces acting on the wall along a base
line (Fig. 7.25b).

0 Select a pole point O about the base line having a pole distance of about
% (X F, + F, +.. + F,) and draw the rays (Fig. 7.25b).

d) Project horizontal lines through the center of gravity of each strip and then
construct the bending moment polygon. Draw a line parallel to ray 0-0 to cut
the tensile line at D (Fig. 7.25¢c).

©7.3.4 Comparisql/l Between Free Earth and Fixed Earth Support Methods

o
/

The difference between the two methods is clearly illustrated by the respective magnitudes of
the depth of penetration and the span moments. The depth of penetration: iff the free earth
support method is smaller than in the fixed earth support method. The span moment, however,
is substantially bigger in the free earth support.
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e) From D draw a base line tangential to the moment diaér_ani and establish point
F. The distance from F to the ground surface gives the penetration depth
according to the Free-Earth support method. The ti¢ force in the rod jg
determined by drawing a line from O parallel to the base line of the momen;
diagram to cut the base line of the vector diagram. Measure the éistance (Fig.
7.25b). ' ‘

f) Through the point of zero-loading, draw a horizontal line to cut the moment
diagram at E. From D, draw a line DEG. The distance from the ground leve]

to point G gives the depth of penetration according to the fixed -earth support-

method. The tie force is determine in a similar manner ‘as for the case of
Free-Earth support method (Fig. 7.25b). ‘

7.4 ARCHING EFFECT

Before concluding the discussion on earth pressure, it is' appropriate to introduce arching
phenomenon that plays a considerable role in the design of buried structures. If a portion of
4 buried structure yields, the soil restingon the yielding part of the structure moves out of line
from the adjoining soil mass which stays in its original position. The relative.movement of
the soil would cause the development of shear resistance along the zone of contact between the
yielding and the non-yielding masses. This shearing resistance tends to keep the yielding soil
in its original position and as a result transfers pressure from the yielding part on to the
stationary part of the soil mass. This transfer of pressure from a yielding mass of soil oato
adjoining stationary parts is called arching effect. The soil is said to arch over the yielding part
of the support. - ‘

In the following pé_ges the simple theory of Terzaghi [29] will be presented. The fundamental
assumption in his theory is the existance of vertical sliding surface ae and bf rather than the
probable surface of sliding ac and bd (Fig.7.26a). It should also be noted that the soil mass
is considered to be incompressible. '

Consider the eqﬁilibrium of a slice dz per unit length perpendicular to the plane of the figure

at a distance z from the top (Fig. 7.26b). :

/
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Fig.7.26 Terzaghi's theory of arcﬁing.
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The fo'rce acting are the weight of the slice, dw; the vertical earth pressure at the top and
bottom of the slice o, and 0,+ do, respectively; the shear strength produced by the lateral earth
pressure 0, = ko where A is an empirical constant. Tal\mg the summation of force in the

vertical direction equal to zero,

Aty

dw + Bo, = Bfo, + do,;) + 2tdz : ' (7.29a)

Since dw

vyBDz + Bo, = Bo, + Bdo, + 2cdz + 2 A O, tan ¢ dz. (7.29Db)

vBdz and 1 = Cc + O, tan ¢,

After simplification and arrangment. of terms, one obtains

do 2 AC tand S Lo
B T : (7.29¢)

From the boundary conditions,
atz = 0, o, = q and solving the differential equation one obtains the following expression:

- B(Y—Zc/B) [1_6-2}\(z(8).:an¢ +qe-2)\(z/5)tano] (7.30)
z 2Atang¢ i

Eor Z = ‘
T . (2Y)\-t2acn/:) (7.31).
Invesugalmg Eq. (7 30) one would observe the followmg
(1)forc = Oandq =0
o, = — Bt \;n 5 (1 _ é:zh.(,z/»s-)ﬁtanor)ﬁ - . o ; —(7-32)
(ii) Forc = 0 and q "_0
o, }\iznq)(l -~ 2M2/B tane 4 0o 2N (2/B) uno) (7.33)
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(iii) For c # 0 and g=0

_ B(y-2c/B) -2n(2/B) tane]

=2 Y 2=/ 5 - .
Tl [1-e ] (7.34)
iveé=0 : :

o, = (v -c/B) z + q ' » ' (7.335)

Terzaghi reports that experimental investigations in sand have indicated that at elevations of
more than about 5B above the level of the structure, the iielding o:%ic structure seems not
to have anyeffect on the stress distribution. This would imply that above this height, the
shearing resistance is not mobilized and no arching effect is felt. One may then consider the
weight of the column of soil as a surcharge q and the stress may be calculated from Eq. (7.33).
Ifz,= nlB is the depth in which there is no shear strength mobilization, the vertical pressure
acting on e, f; is q = v z, = yn,B (Fig.7.26a).

Introducing the new value of q and assigning z = z, = n,B to Eq.(7.33), one obtains

By 1-e -2An, tans

o = -ZAnztanO]
v 2Atan¢

+yn Be (7.36)

A plot z/B versus o, for depths within n and z = n, B is shown in Fig.(7.26d). The line op
represents the linear distribution of the veftical stress and curve pf is the distribution according
to Eq. (7.36). Og is for the condition n, = 0 which is similar to the curve in Fig. 7.26¢.
Curve oif represents the probable distribution of the vertical pressure for the condition under
consideration.

For the case of a tunnel in sand, the state of the stress s similar to the above derived equations.
In this particular case, the sides of the tunnel yield causing a failure zone corresponding to the
active Rankine state and form a sliding surface inclined at an angle of 45+¢/2 ﬁbm the’
horizontal or 45:¢/2 from-the-vertical: At the level-of the-roof of the tunnel;-the width of
the yleldmg <§smp is,

B,=B +2[H tan (45-6¢/2)| : " (737

It is assumed that the yielding lines are vertical as indicated by e,b, 3 Fig. 7.27a. |
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Fig. 7.27 Vertical pressure on tunnel wall in sand according to Terzaghi [29]
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By replacing B by By, z/b by H/B,, the vertical pressure on level b, -b; would then be
determined from Eq.(7.32). '

é/= By ( _e‘-z)\x/a,tsm) """ . Cee L (7.38)
,V. 2N tan¢ ‘ :

If the tunnel is loqated at great depths, then up to H,, there will be no arching effect and the
vertical pressure at this lt_avel would be ¢ = H, (Fig.7.27c). Beyond this depth, arching is
effective and the vertical pressure on the wall of the tunnel would be determined from

Eq. (7.33). Replacing B by B, ; q by H, ¥ and z by H,

"o B Y [ _e‘zhﬂi/altano]+YH o 2N/ Bytane (7.39)
v 2A tan¢ 2 ' .

If H, increases and reaches the value of 1/5 of (H; + H,), then beyond this depth the second
expression of the above equation becomes negligible and the expression within the bracket
appraoches the value of 1. Hence, at great depth the limiting value of the vertical pressure

would be

5 ;
o =Y (7.40)
Zum  2Atan¢d
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7.5 EXAMPLES

E.7.1 Compute the active earth pressure at the base of a retaining wall 5m in height,
Take the backfill material as sand whose angle of infcrnal friction is 37° apq

unit weight in dry state is 15.6 kKN/m’. Assuming that the water table is located
at a depth of 1.5rh below the ground surface, compute the active darth pressure

_ at the base of the wall and the resultant thrust per linear meter of wall and its

. location. Take the saturated unit weight of sand as 19.85 kN/m".

SOLUTION

(a) For the dry condition,
P, =K, yH

g =17sine _1-sin37

- - 0.24
4 1l+sin¢g 1+sin37

P, = 0.248 (15.6 (5) = 19.38 kN/m?
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(b) For the case of partial submergence .
Depth of sand below the water table = 5-1.5m = 3.5m
Yo = Ve - Yo = 19.85-10 = 9.85kN/m’
P, diie to dry sand = K,yH, = (0.248)(9.85)(3.5)=8.55 kN/m?
P, due to water = y, H, = 10(3.5) = 35kN/m*

P, due o dry sand = K,yH, = 0.248(15.6)(1.5)=5.80kN/m*

Resultant thrust per linear meter ' Moment Arm Moment
(kN/m) from the (kN-m)
base (m)
Pa 5.8 1_‘\5 .
P,z Zl(nrl)1=——2 (1.5) =4.35 3.5 17.4-
P =P (H ).1=5.8(3.5)=20.30 3.5 3553
A2 a2 ' 2 2
P == (g ).1=28:55 (3.5)-14.96 3.5 17.46
A3 2 27" 2 * - 2> .
3
P Y (H.) 1=£(3 5) =61.25 3.5 71.46
= () > (3. . 3.5 .
3P, = 100.86kN/m M = 141.85kN-m

o XZPS=IM
100.86 (x)=141.85
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x:M:l.qlm .
100.86

Location of the resultant from the base of the wall=1.41m
E7.2 A masonry retaining wall with vertical back face is 4m high. K has a sandy
backfill up to its top. The top of the fill is horizontal and carfies a uniform

surcharge of 85kN/m®. Determine the lateral thrust per meter length of the
wall, considering the backface of the wall as smooth

SOLUTION

Porosity, n=30%

Yua=Yo(l +w)=18.5(1.12)=20.72 kN/m’

G-1 2.65-1  _2.65-1
S RN BV - (1) =11.54kN/m
Ve [ l+e) «“1.a3 v 1.4 Y

—ai G -
K=l sin 30 =1 '0'5,.=—§=O'.3

1+sin30% 1+0.5

Computation of Active Earth Pressure

(a) Due to soil above water table
P, = K,yH, = 0.33 (20.72)(1) = 6.84kN/m?

(b) Due to submerged soil
P, = K,y,-H, = 0.33(11.54)(3) = 11.43kN/m’
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c) Due to water
<Pay = VyH, = 10(3) = 30kN/m

(d) Due io surcharge pressure

" Py = K, AP = 0.33 (85) = 28.05kN/m*-— -

Compﬁta;ion of Resultant Thrust

6.8
pM=_2._(1) =3.42kN/m R
11.43

P,,= > (3) =17“i"i5fEN/m -

Py=— (3) 45.00kN/m

PM=28.65 (4) =112.20kN/m
Pasé'é.84 (3) szo;_ssz/m
lep“ =1‘9vB;'2)S’9W)Vc‘I\?/m
Resultant thrust = 198.29kN/m
e

E.7.3 A retaining wall with smooth vertical backface has a purley cohesive backfill
soil. The wall is 12m high and the backfill material has a unit weight of
20.4kN/m® and a unit cohesion of 11kN/n . Compute the lateral thrust per

- linear meter of the wall. Determine also the depth of the tension crack and the
~Jocation of ‘the°resultant-from-the-| ground-surface-———— -~

E: .

SOLUTION

Pa=YHKa—2c‘/K_a
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For purely cohesive soil, ¢ ='0 g

K = 1—51n¢= 1-0

a

l+sing 1+0

P, = v H - 2c
At the ground surface, h =0 .
P, = -2c = -2 (11)= -22kN/m?

-

=1.08

Depth of tension crack from the ground surface = 1.08m
At the bottom of the ground,

Po = VH - 2c = 20.4 (12) =2 (11) = 222.8kN/n’

—=j22 |—

- o wail
: Il.OBm _Total thrust on the wa

+ 2228 (12-108)

* 1216.49 kN/m.

Location of the resultant from the ground surface
= 1.08 + %4(12 - 1.08)- £,
1.08 + 728 = 8.36m
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E.7.4 A retaining wall with vertical back is 8m high. The unit weight for the top 3m
of fill is 18kN/m’ and the-angle of internal friction is 30°. For the lower 5m of
fill the unit weight is 20kN/m’ and the angle of of internal friction is 35°. Find
the magintude and point of application of the resultant on the wall per linear

_meter (Fig. E.7.1). '

C

.....

..

S

.
. * . . .
-

Sm R RO cteel

NERE LF LA R
X BRSPS __'.
Fig. E.7.1 Retaining wall with soil data .
SOLUTION
, g =1-sin30 _, 33 RS
. e1""1+sin30 :
< : -
55F - 1—51n35___0.27

32 1+sin35
P,,=K, v, h;=0.33(18) (3)l=17.82kN/m’_

P!, =y, hk, ,=18(3) (0.27) =14.58 kN/m?

P,=V,hyk,,=20(5)(0.27) =27kN/m?
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17.8

\

- o e 14.68 A Tar
|
‘\
! J ' | B - Moment Arm
“
J Resultant thrust kN/m from base Moment kN-m
! - (m)
[ \ ‘
: 160.38
P, =21-82 (3)=26.73 35
P,,=14.58(5)=72.9 5 182.25
2
5 112.50
=2l (5)=67.5 . 3 —
2 i .
-
TP, = 167.13kN/m | =M = 455.13kN-m

I E.7.5 Given _ :
‘ A smooth vertical wall with the loading condition shown in Fig. E.7.2.
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SURCHARGE q = 20kN/m?

o

) - iz 18kNIm?
b =-232°
7_GWL
P —
- =—— = -] y-5.00
“{a)
o 40 LATTERAL PRESSURE (kN/m?)
€ 2| 16.92 4 GWL .
«x Ay
- - .
_ u 0 =176\ 60 RY/m
[ SOOI DY e . (b)
X-1
s 28.20 1 30.00 9.4
0
X
-
g (c)
#F
S| 1860 l 30.00

Fig. E.7.2 Retaining wall with soil and ground water data.
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| " Required

Approximate wall pressure o

(i) if the wall is prevénted from yielding

(ii) if the wall yields to satisfy-the active Rankine state.

Nyt Co

SOLUTION

(i) For at rest condition
ke = 1 - sin ¢ .
=1 - sin 32=1—_0.53=O.47

The pressure distribution will be calculated using this coefficient.
From surcharge q.K, = 20.(0.47) = 9.4 kN/m?
. From overburden .
_Atdepth-2.00m : y.2 k, = (18) (2) (0.47)
= 16.92 kN/m?

| Atdepth - 5.00m: 16.92 + y'.3.K,
| 1 = (16.92) + (8) (3) (0.47)"

| - (16.92) + (11.28) = 28.20kN/m? -

/

: From hydrostatic ,
“Atdepth - 5.00m: v,.3 ‘= (10) (3)

30.0 kN/m?

The calculated pressure distribution is plotted in Fig. E.7.2b.
The resultant force P = P, + Pp+ ...+ Py, '
=13 (16.92) (2) + 16.92 (3)
% (11.28) (3) + 5 (9.40) + % (30) (3)
16.92 + 50.76 +16.92 + 47.00 + 45, >
176.6 kN/m o

+

\

The location of the resultant force is deterrhined by taking moments of forces
about the base of the wall:

PAX=Z P, x +PA2x2:r. - PLx

n
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)i 3)

=l76.6§=16.92(3+-§)3+50.76(

N w

¢;9.40(2)(3+1)+9.4(3)(-§)+(§J(45)

= 62.10 + 76.14 + 16.92 + 75.20 + 42.30 +45
= 317.66 *

%=317-66 _1 gom
176.6

(ii) For the active Rankine state, one uses the coefficient
K, = tan?® (45 - ¢)

=tan2(45—323) =0.31

N

The corresponding pressure distribution should be calculated using this
_coefficient. ne
From surcharge : q. K, = (20) (0.31) = 6.20 kN/m?
From overburden: -
At depth -2.00 y.2. K, = (18) (2) (0.31)
= 11.16 kN/m?

At depth - 5.00: 11.16 + vy 3) K)

= 11.16 + 8(3) (0.31)

= 11.16 + 7.44 = 18.60 KN/m?

1%
N

From hydrostatic
Atdepth - 5.00 : y,.3 = (10) (3) = 30.00 kN/m?
The pressure distribution is plotted in Fig. E.7.2¢c.
The resultant force P, = XPp + Pay + ... + Puy
= %(11.16) (2)+(11.16) (3)
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1 ' 3
+-—2--(3)('7.44)+5(6.20)+-§(30)

11.16 + 33.48 + 11.16 + 31.00 + 45.00
131.80 kN/m

The locatlon of the resultant force P,:

vyt

p,. x= EPM Py Xy T Py X

131.80. ¥ = 11.16 (3 + 2/3) + 33.84. (1.5) + 11.16 (3/3)

+ 6.20 (2) (3 + 1) + 6.20 (3) (1.5) + 45(3/3)
40.96 + 50.76 + 11. 16 + 49.60 + 27.90 +45.00
225.38 kN/m

N . o )?:2_2_5_'_£=1__71m_
131.80

E76  Given
‘} S A retaining wall shown in Fig. E.7.3(a).

Required '

Active and Passive earth pressure,

(i) anlytically using the method of Coulomb,
(ii) graphically using the method of Culmann,

SOLUTION
! ' 0] Analyncal Solution -
Active Force T ,
; The effect of the surcharge will be taken care of by convertmg it into an
. . equwalent ideal hexght
\

5,\ - h=h, +h.=10 + 1.11 = 11.11m
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X

i, =

<l 1, 18 “N;m,
3 30

§
= 2’3’ =20-

g xunnoﬂun z
////’{’ e

L 5
. P‘ ) .
o » < 600 KN/

o :iw.ﬁ.
(.“) cm'“ .
CE + 1:200
. fem = 200
KN/
m



SCALE

(1) LENGTH

(11) FORCE

:11206

i tem = 1000 kN/m
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Pp= 13700 kN/m

c)
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vh? [ i sin? (o +¢)

* 2 . K . N
1sinza sin (u-é)L.+J sin (¢ +5). sin (¢ -B)

sin (o -8)sin(a+B)

18)(11.31)2[ » o sin® (80 +30)
cin?80sin (80 -20)|1+ sin(30+20) sin(30-20)
| sin (80-20) sin(80+20)

=1110.89 [ 0.88 -
(0.97) (0.87){1+ (0.77) (0.17) "1
' (0.87) (0.98)
=1110.89 0.88 =597 kN/m
(0.97) (0.87) (1.94) o
PASSIVE FORCE
h 2,
pp:_Y_z_Z[ sin® (-9} . :
sinasin (a+8) |1~ (sin (¢ +3) sin (¢ +B)
sin (a+8) sin'(a+P) ]
- . : ;_ 2 _ R
P =110.89[ sin® (80-30)
" H

¢ )sin?80sin (80 +20)|1-,| Sin(30+20) sin (30 +20)
’ 8in (80 +20) sin (80 +20) |

=1110.89

SF ’ _
<5 E 3
(0.98) (0.98)

=1110.89 __0.59 =13790kN/m’
(0.97) {0.98) (0.05)



(i)

E.7.7
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GRAPHICAL ANALYSIS
ACTIVE FORCE

Base of the wedges { A-1, 1-2, 2-3 .. etc } = 4nm

Height of the wedges, OB = 10m 5

Weight of the wedges, w, = w, = CoW, = ()2) (10) (18)
+ (20) (4)

360+80 = 440 kN/m

Given e
Anchored bulkhead shown in Fig. E.7 4a.

Required

. The minimum penetration depth, d, and the tie rod force, R,, according to

2

a) the Free-Earth-Support Method
b) the Fixed-Earth-Support Method
Analytically and Graphically.

SOLUTION

ANALYTICAL METHOD

a) FREE - EARTH SUPPORT METHOD

The laferal pressure distribution is_shown in the figure. The effect of the hydro-
static distribution is shown separately. From equilibrium conditions: ¥M,=0

Letting d to be the minimum penetration depth, then the moment about A

7d—gﬂyfl]i+rl’,.z[2 /3(d+7) + 1]-: >

P, (8+2/3d) =p,_

+W1 (1,67) +W2[_(62;d) +2J
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Noting that,

P,,= (3K, (d+7)

W =% (1) (10) =5kN/m

W,=10(d+6)

_ 1 /
F;—-E(K;A{.d).d

After re-arranging terms one gets the following .general expression interms of d
(2K v' - 2K vy')d+(24 K, v' - 9K, v - 45K, v - 10)d2
- (144 v K, + 336 K, y' + 160)d = 567 vy K, + 833 K, v' + 650.10

Inserting in the above expression, the following known quantities

K, = 5.88 (Table 7.3)
K, = 0.28 (Table 7.2)
Yy = 18 kN/m?
v'= 8 kN/m?

F;.»

[(2X (5.88) (8) - (2) (0.28) (8)]1d® + [(24) (5.88) (8)
- (9) (0.28) (18) - (45) (0.28) (8) -10]d? ‘

[(144) (18) (0.28) + (366) (0.28) (8) + 160] d

(567) (18) (0.28) + (833) (0.28) (8) + 650.10
(94.08 - 4.48)d® + (1128.96 - 45.36 - 100.80 - 10)d?

~(725.76 + 752.64 + 160)d = 2857.68 + 1865.92 + 650.10

89.6d® + 972.80d% - 1638.40d = 5373.70

d® + 10.864° - 18.29d = 59.97
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By trial the value of d = 2.9 m.
In order to find the tie rod force R, , one takes the moment of forces about the
line of action of P,

e
Since the value of d is known, one may determine the following forces.

Pau = (3.¥K,)) (7 + D) = (3)(18) (0.28) (9.9) = 149.69 kN/m

S (7+a)? Ve d7+2.9)°

A2 2 a > (0~28) (8) =109.77kN/m

p“=§yxa.3=§ (18) (0.28) =22.68 kN/n
. W, = 5 kN/m
W, = 10(d + 6) = (10)(8.9) = 89 kN/m
Ppo =% (K vy'dld = (0.5) (5.88) (8) (2.9)2 = 197.80 kN/m

Taking moments about line of action P, N
10.33R, = (10.33) Pag + (5.25 - 1.17) Py + (3.5-1.17) Py
+ (9.83 - 1.17) W, + (4.75 - 1.17) W,
10.33 R, =(10.33) (22.68)+(4.08) (149.69) +(2.33) (109.77)
+ (8.66) 5 + (3.58) (89) = 1462.70

e Rpe-m -142--60--kN/m— a— T

10

i The calculated depth of penetration will be increased by 20% and one would

finally getd = 3.5 m.

b) FIXED - EARTH SUPPORT METHOD
From Table 7.5 the location of C = 0.08h = 0.80m

The reaction R, at the "hinge C" is found by taking moments of the forces about
A.
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' 0.80
R,(8.80) +P,, (8.80-—=) =P,,(0)+F, (8.80-3.90)

+ P',,(8.80 — 2.60) + W, (2.00 - 0.33)+W', (8.80 - 3.40)

Inserting the following quantities in the above equation

€P,, = 22.68 kM/m

P'y;, = 117.94 kN/m

P',, = 68.13 kN/m

W, = 5 kN/m

W', = 68.00 kN/m

Py; = 15.05 kN/m— o o
One obtains

R, = 141.76 kN/m

The tie rod force R, may be found by taking moment about C.

{0-80) _ p (5.80)+ P, (3.90) Py (8.80)+By' (3.90)

R, (8.80) + P, —=

CE PG Q60 + W13+ WG40)

From the above expression
Ry, = 124.94 kN/m , -
In order to determine the depth of penetration one takes moment of the forces

about D

(d-y) ,p,1dA - p W)y p A oy LDD) g (d-y)

Pps 3 p2 2 Ad
o < Inser;ing the following quantities in the above equation,

d- 5.88) (8) (d-y)? :
PP3=KP'Y/ ( ZY) = ( ) (2) ( Y) =23-52(d'y)2
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P = 37.63 (d-y)
Pai = 32.59 (d-y) - -
Ky 0.28) (8) (d-y)?
Pps= 2 (d-y) =2 ) (2) Ly =1.12(d-y)?

3
’

Wy = 10(d-y)
R. = 141.76 kN/n

One obtains
(d~y) = 4.19m
d= 4.19 + 0.80 = 4.99m

An increase by 20% would finally give d = 6m

GRAPHICAL SOLUTION

The passive and active forces acting on the wall are drawn, The efffect of the
hydrostatic pressure is added together with the other forces.
The point of zero loading is determined from

P

a

v (K -K,)

‘Where P, = active pressure at alevation 0.00

40.80
= =0.9
8(5.88-0.28)- 1m
Below this point, the ordinate ofthe passive pressure, 52
P'p(x), at any depth x will be calculated from, '
P! (x) = Y.x(K, - K,) - P,
P' (x) = 44.80x - 40.80

The active and passive force dlsmbutlon is divided in to Stnps havmxwidth of:
2m. The force within each stnp is calculated, ' '
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The results are tabulated as follows

Identification | Magnitude - Location Remark
- | wm | . g
1 22.68 -2.0 Active Force
) 2 7.60 -3.33 LR
3 13.68 -3.67 " "
4 27.36 -4.67 e
50 | 31.84 -5.33 " "
! 6 31.84 -6.67 " "
' 7 36.32 -7.33 " "
8 36.32 -867 | v "
‘ i 9 | 408 - | -933 .| "
10 18.56 -10.33 e
! 11 26.60 -11.64 Passive Force
12 48.40 -12.67 "
13 138.40 -13.33 o
; T 14 138.40 -14.67 "o
i 15 228.00 -15.33 "o
‘ ' 16 228.00 -16.67 " "
17 31760 | -17.33 S

‘ The forces are plotted in Fig. E.7.6. and Fig. E.7.7. The pole height will be taken about

W{F+F, O F10)=80 KN. Using the_method. of Blum the bending moment Polygon is
constructed. :
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According to the graphical method, the following results are obtained:-

FREE-EARTH SUPPORT METHOD
(i) Depth of penetration = 3.3m v
(ii) Tie rode force = 146 kKN/m

FIXED - EARTH SUPPORT METHOD
(i) Depth of penetration = 5.3m
(ii) Tie rode force = 120 kN/m

It should be noted that the accuracy of this depends upon the scale of the

_drwing. .0 Coiio DT ooz

The respective weights are layed to scale on OS:
From w;, w,...etc. lines are drawn parallel to OL to cut
0-1, 0 2, etc. thus tracing the Culmann curve. From the figure, P,=600 kN/m

PASSIVE FORCE

Base of the wedges (A-1, 1-2, 2-3, etc) = 4m
Height of the wedgesbe = 10m . - . : -
Weight of the wedges, w, - W, = ... W, = 440 kN/rﬁ

The respective weights are layed to scale on OS. From w,
W,,.. etc. lines are drawn parallel to OL to cut 0 - 1, 0-2, etc. thus tracing the

Cilmann curve. From the figure,

P, = 13700 kN/m

7.6 EXERCISES

1

A concrete wall with smooth vertical back 10m hfgh retains a silty soil with
¢ =20°and c' = 50 kN/m? and has a horizontal surface. The soil supports
a uniformly distributed load of 100 kN/m?. The water level behind the wall is
located 4m below the surface. The total unit weight of the soil is 18.5 kN/m?.
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bl

0L

(a) What is the pressure against the wall, if the wall is prevented from
yielding ?

(b) If the wall yields to satisfy the active Rankine state, what is the pressure

~ on the wall?

<

\ vertical retaining wall, 10m high, is observed to fail when a total horizontal
load of 100 kN per meter is measured as acting on it. The backfil is horizontal
and composed of unsaturated sand with a unit weight of 17.6 kN/m*. The
failure plane of the soil behind the wall comes out on the soil surface at a

distance of 5m from the top of the wall. Assuming that the wall has yeilded -

according to the theoretical Rankine conditions.

(2) What is the total shearing force in kN acting on the failure plane per linear

meter of wall?

(b) If the wall is completely submerged with water on both sides, what would
then be the force acting on the wall? '
Use y = 20.0 kN/m>.

A retaining wall is 10m high and supports a cohesionless backfill whose angle
of internal friction is 30°. The surface of the backfill is level with the top of the

wall and carries a uniformly distributed surcharge of 200kN/m?. The unit -

weight of the top 3m of the fill is 21kN/m?® and the rest is 23kN/m’. Neglect
friction on the back of the wall,

(ai) compute the active earth pressure on the wall and draw the pressure
diagram. ' \
(b) determine the resultant active thrust per linear meter of wall and locate

-~ -—its point of applicatien.”

A vertical wall 9m high moves outward enough to establish the active state in

. a dry sand backfill.

(a) Draw the pressure diagram and compute the resultant thrust P,, if the sand
has ¢ = 37° and unit weight of 17kN/m’.
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(b) Compute the pressure and the resultant on the assumption that the wall
does not move at all.-

5 A vertical wall 7.5 high has a soft clay backfill whose unit weight is 18kN/m?
and its shearing strength c is 36kN/m?.
- :
(a) Compute the active pressure and draw the pressure diagram.
(b) Determine the lateral thrust and its location from the top of the wall.

6 A soil has the following properties: ,
et et =9 KN/, t=-20° and y = 18.0 kN/m?.
Calculate the critical depth of a vertical excavation that can be made in the soil
without any lateral support. The ground carries a surcharge load of 30 kN/m?.

7 Determine the active and passi\'rerpressure using the graphical method of

Culmann for a wall similar to that given in Fig.7.10a, if
~h =10m
- B.=20 -
o = 85°
¢ =30° _
6 =%¢ =20°
Yy = 19.0 kN/m?

Check your results analytically. Locate the resultant active and passive forces.

8 'Ccsmpute the total passive resistance against a vertical face af # foundation in
contact with a frictional soil mass having a height of 3m, -
(a) according to the ¢ - Circle method.
(b) according to the Logarithmic - Spiral method.
The soil has ¢ = 25° ¢ = 20 kN/m?, ¢, = 15 kN/m?
5 = 15% y = 19.0 kN/m*
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9

10

11

== - Check your results graphically. .. - . ... _..

It is intended to drive a cantilever sheet pile wall into a soil whose profile is
indicated below. If a surcharge of 20kN/m? acts on the surface of the backfill
and the net height of the backfill is 10m, what is the minimum driving depth of
the sheet pile?

cAn anchored bulkhead is to be designed to retain a granular backfill of 9m

height above the dredge line. The anchor rod is to be provided at a depth of 1m
below the top level of the fill. Assuming that the water table is 2m below the
top of the fill and that the back fill soil as well as the soil below the dredge line

- have the same soil properties (¢ = 32°, y = 20.0 kN/in), compute the
peneration depth of the bulkhead and the tensile force in the anchor rod. Use .
the" Free - Earth Support” method. T

If, in problem 1, an anchored sheet pile is used and the anchor rod is placed 2m
below the surface of the fill, determine the minimum depth of peneration and
the anchor force

(a) according to the "Free - Earth Support Method". . .
(b) according to the "Fixed - Earth Support Method".
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8.2 SLOPE MOVEMENTS

8. STABILITY OF SLOPES

8.1 GENERAL - - - -

Any exposed ground surface standing at an inclination is referred to as unretained earth slope.
This term is applicable whether this surface is nearly vertical or has only a ‘moderate slope.
Man made slopes may be created by either excavation or filling, whereas slopes fromed by
nature are due to crustal movement, erosion etc.

Every slope isconstantly subjected to natural forces tending to cause tovemént of soil form
high to low points. The most important of such forces is the component of gravity that acts
in the direction of probable motion. Also important is the force of seeping water. Earthquakes ‘

may also contribute large forces. ' S e

These forces cause shearing stress throughout the soil. If the shearing strength of the soil is
greater than the stress on the most severely stressed internal surfaces, the slope will remain
stable. If on the other hand the strength is less than the stress, the soil will slide down.

Any analysis of the stability of a slope involves,

a) the™ determination of the most sévércly‘ stressed internal surface and the
magnitude of shearing stress to which it is subjected.

(b)  the determination of the shearing strength along the same surface followed by
computation of safety factor.

8.2.1 Soil-Creep

This refers to the tendency of soil to move down hill gradually and almost imperceptibly. ‘One .
of the causes of creep is the alternate expansion and contraction of soil near the: sugface
resulting from variation of temperature, alternate wetting and dryingland freezing and

thawing. The factors involved in creep are numerous and difficult to evaluate. ' '

'337
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8.2.2. Mass Slides

Mass slides refer to sudden outward movement of large earth mass which breaks away from
the main slope as relatively intact mass. The sliding mass usually moves on a failure surface
which in cross-section approximates a segment of circular arc.

8.2.3 Flow Slides

Flow slides occur when the soil in the slide area first changes from a reasonably firm to ah R
almost liquid condition and then flows outward and downward from its original position. Flow
slides occuring in clays are known as mud flows. In granular soils flow slides occur by process
known as liquefaction.

8.3 FACTOR OF SAFETY

This is an index of stability with respect to failure. In general terms this is expressed as,

- Resisting Forces
* Forces Causing Sliding

A slope on the verge of failure has a factor of safety of 1.0. The value of the factor of safety
of ordinary slopes may be in the range of 1.5 or 2. Generally, the factor of safety may be
expressed as, '

< T

where s = shear strength 2
T = shear stress developed along the failure surface



bq

s=c+3C tan ¢
T=c +0 tan¢
d : d

c+3d tan ¢

-_—
s ¢ +0tan¢
d d
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pr

= actual cohesion ™~ e e e s

actual friction
developed cohesion
developed friction

If ¢ = 0 (soft clay) the geneal equation becomes

C
FH=__
cd

(8.3)

Fy = the factor of safety with respect to cohesion or height

'F, = the factor of safety with respect to shear strength

8.4 METHODS OF ANALYSIS

In the analysis of the stability of slopes, distinction between infinite slope and simple slopes

“should be made.

L2

An infinite slope is an ideal case where the inclination is constant and stretches to unlimited

extent (Fig. 8.1a).

The soil strata may be varied, but for the purpose of analysis a

homogeneous soil is assumed.

A simple slope on the other hand has limited boundaries (Fig.8.1b). Since the analysis of the

two types of slopes varies to a certain extent, each will be treated separately.
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LZA ZZEY

(a) INFINITE SLOPE o 7 {b) SIMPLE SLOPE

Fig. 8.1 Types of slopes

8.4.1. Infinite Slope

The stability of 5166&5 in gériéféifis influenced by the presence of seepage'fOrce. Analysis for
both non-seepage and seepage case will be made hereunder.

Analysis with no Seepage Condition

Consider the equilibrium of the wedge of homogeneous soil of unit thickness shown in

Fig. 8.2. The thickness of soil down to the assumed failure plane is H. The forces on the two
sides of vertical section are considered equal and opposite and therefore are ignored in the :
analysis. ' '
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iy

Fig. 8.2 Infinite slope

Weight of the wedgé, W = ybH.1. On the bottom of the wedge, the weight, W, is balanced
by normal force, N, and shearing force, T. N= W cos i and T = W sin i. Dividing these
forces by the base of the wedge gives the normal stess, o, and shear stress, T.

—-_N
0= —
A

a=—2 - .1= b,

cos i cos i

. . 2. 2. ;
N = Wcos .1‘ _ Wcos’i _ ybHcos"i =yHco§% N (8.4)
b/cos i b/cos i b b
= T _ Wsini _Wsini cosi
b/cosi b/cosi b

_YHb sini cosi
b

T=YH sini cosi (8.5)
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The unit shearing stress may also be expressed interms of resistance required for equilibrium

T—cd+otan¢d

(8.6)
. c, + YH cos’i tano,

Equating the two values of ©

cq + YH cos? d-tan ¢ =-yH sin.i cos i
cg = YH sin i cos i - vH cos?i tan o4
= yH cos? i (tani - tan ¢4)

cos®i (tani-tang,) (8.7)

N

c,

YH |

{\——d- I=is a dimensionless ratio which Taylor (1937) called the stability number.

For any value of ¢, a realtiénship between the stability number and the slope angle i may be

plotted.* Such plots provide a convenient means for finiding c, at any depth H when i and ¢,
are given or assumed.

S shear strength
s

shear stress developed for equilibrium
<
F =S_.C° +C tan ¢
s T T
F o= c+ YH cos?i tan ()
k-3

- (8.8)
YH sini cos i
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/
WL (FLOW LINE)

'e

EQUIPOTENTIAL LINE

Y2 My hy

b
s

>

:

(b) FLOW PARALLEL TO THE SURFACE
9 ' .

" Fig. 8.3 Infinite slope with seepage
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Noting that sin i cos i = cos? i tan i

c+ YH cos?i tan ¢

F: =
vH cos?i tani
c tan
Fs = - + ¢ (8.9)
<’ YHcos?itani tani _ )

From Eq 8.4 it can be noticed that for cohesionless soil (c=0), the factor of safety of a slqpe
is independent of its height and the slope is stable as long as i <¢. If on the other hand ¢ =0,
the factor of safety varies inversely as the height of the slope.

Analysis with Seepage
a) Rapid-draw down condition

-From Fig. 8.3a, let the pore water pressure induced by seepage at the base of the element be
designated by u. Sl _

Wcosi _ Wcos?i

The normal total stress -0 = 7 o o

B

k . —-_ . . —~_ Wcos?i
The normal effective stress G=c-u. This may be writtenas, G.= —"
Inserting the known parameter in the above equation,
= .H. b 24 . L .
o= _y_b___c_o_s_l -u, which when simplified gives,
< G=vy.H.cos? i-u , (8.10) . .

W sin 1

The shear stress, 1= -l-T = n
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= Y .H. sin.i.bcos i
b
Which when simplified gives,
T =vY.H. sin i cos i (8.11)

Neglecting the effect of cohesion,

Ny

Fp -Otane _ [(vH.cos?i - u) tang]

8.1
s T Y.H.sini cosi ( 2a)
Further simplification gives,
F=1-—_ 4 - tano. (8.12b)
Y.H.cos?i tani
° b) Flow Parallel to the Surface
Referring to Fig. 8.3b. and from geometry
h . ' o
—= = cosiand AB = H cos i
AB
Hence, h, = H. cos? i
Sinceu = h,.y,, then
u = H. cos? i v, (8.13)
In prmcxple the structure of Eq (8.12b) remains unchanged. Insertmg
Eq. (8.13) into Eq (8.12b)
1-H cos?iy ‘
F,= w tane (8.14a)
Y.H.cos?i tani
Which when simplified gives,
Y,
F=1-Y« tanoe (8.14b)
= Y tani
Y -Y,
p=l v tané_Y, tane. (8.14c).
s \2 tani vy tani
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8.4.2 Simple Slope

Before going into the analysis of simple slopes, it is essential to know the type of simple slope

failures.

8.4.2.1 Types of Failure Surfaces

Generally failure surface are classified as shown in Fig. 8.4.

=

(a) Base Fallure . -

(b) Toe Ecllun.

(c) Slops Failure .

Fig. 8.4 Types of simple slope failures
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Base Failure

This type of failure occurs in relatively flat slopes. The critical circle as shown in Fig. 8.4(a)
has an appreciable curvature and dips into the base of the slope, and may pass outside the toe
of the slope. The base failure develops in soft clays and in soils with numerous soft seams.
3

Tt oe Failure

This kind of failure takes place in moderate slope (Fig.8.4b). The circle has less curvature and
usually passes through the toe. Such failures occur in soils having appreciable internal friction,

Slope Failure ' -
Slope failure occurs in appreciabiy steep slopes. This kind of failure is also called Jace failure
(Fig. 8.4 c). ‘ :

8.4.2.2 Location of Critical Slip Circle for Homogeneous Soils

There is not a fixed rule for locating the critical circle (failurevsufrface) in the analysis of slope
stability. There may be infinite number of possible failure circles. In cases where the critical
circle is likely to pass through the toe of the slope, the construction developed by Fellenius is
used for moderate slopes in a homogeneous material.. The first approximation of worst circle

is done by locating the center of rotation with the help of the table given in Fig. 8.5, which
leads to the location of the center of rotation of the critical circle. ' '

8.4.2.3 Methods of Calculations for Homogeneous Soils

An analysis c{ the stability of simple slopes consists of first determining the most severely
stressed internal surface known as the critical surface. The resultant of all forces acting on the
mass above the critical surface is determined. This resultant force is called the actuating force.
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Slope i ‘ o B
1on0.5 63°26' 38° 40°
lonl ) 450 350 37°
1on 1% 3347 - | 3 350
lon2 . ¥ _ 26034' 300 350
lon3 18%26' 30° 35°
lon$ _ 11°19° 30° 37°

o"d &

Location of center of
rotation of critical circle ™\

2™ trial circle

\lst

trial circle

Critical circle.

Fig. 8.5 Location of critical circle

Brdtriol circle
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Lo

The available resisting force which is made up of total cohesion on the critical surface; the
resultant.of all normal pressure acting across the surface on to the mass above; and all friction
that the normal pressure is capable of developing is computed. The sum of cohesion and
friction according to Coulomb's empirical law constitute the shearing strength of soil, which

finally is used to determine the safety factor as priviously indicated.

Ry

8.4.2.3.2 The Swedish Circle Method of Analysis

This is sometimes called the circular arc method or ¢ = 0 method of analysis.In this method,
failure surfaces are assumed to be of cylindrical shape and :thcy appear on Cross-sections as .
circular arcs. Several slip circles are drawn from different centers of rotation and by a process
of trial and error the slip circle giving the lowest factor of safety is found. The disturbing

moment about the center of rotation as shown in Fig. 8.6 = Wd.

SUnit ‘shearing resistance

Fig. 8.6 The Swedish circle method
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The resisting moment = R.s.L.b
The disturbing moment = w.d
where
s = average unit shearing strength
W = weight of sliding mass with depth b
b = depth perpendicular to surface (commonly taken as unity)
L = arc length

d = moment arm of sliding mass about the center of rotation”

As slippagé' is about to take place, the resisting moment equals to the disturbing moment. In
order to have a margin of safety, the resisting moment must be greater than the disturbing

moment.

Resisting Moment _ RsL ) (8.15)

Disturbing Moment wd

s

8.4.2.3.3 The Friction Circle Method

A circular rupture arc with radius R is assumed: A concentric circle having a radius R sin ¢
is constructed as shown in Fig. 8.7.a. At any point on the arc the direction of soil reaction is
inclined at angle ¢ to the radial direction at that point and is tangent to the inner circle. This

inner circle is called the friction circle.
Forces considered in this method of analysis, neglecting the neutral forces for the present are:

(a) the force Wthh acts vertically downward through the center of gravnty

<

~of the s6il'mass above the~ slip circle.

(b) the cohesion which acts along the arc, opposite to the dircetion of
probable motion (Fig.8.7b).

©) the soil reaction which acts at maximum obliquity and is tangent to the
inner circle (Fig. 8.7¢)
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Friction
Circle

T

{b) Cohesion

(e) Force Polygon.

(d) Summation

' Fig. 8.7 Friction circle method
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Consider L, to be the length of the trial arc and L, the length of the chord. The algebraic sum
of all cohesional forces along the arc is cq L,. If the small cohesion forces on small segments
of the arc are resolved into components normal and parallel to the chord, the parallel
components will be addi/'tive. The normal components, however, will cancel. Therefore, the

-

vector sum of all cohesive forces is ¢4 L.
<

To determine the line of action of ¢, L, = C, the sum of the moments of all the elementary
__cohesion forces acting along the arc must be equated to the moment of the resultant

cgl,R = c4lc.a

RL

a

L

c

and a=

This equation determines the line of action of the cohesion force. It acts parallel to the chord.

The ¢ - circle method applies to slopes which are just at .equilibrium. The stability analysis
by this method can be performed in two-ways.

¢))] Using a known cohesion of soil, ¢, the necessary angle of friction

required, ¢,, for maintaining equilibrium, is determined.

2) Using a known angle of friction of soil, ¢, the necessary amount of
cohesion, c,, for keeping equilibrium is determined. .

The effective weight of the soil mass, W, is completely known. The cohesive force, C, is
known in direction and line of action. The resultant soil reaction, P, must pass through the
intersection of the first two and is tangent to the friction circle. Hence, the line of action of

P is defermised as shown in Fig. 8.7d. -
A force triangle may now be drawn by first drawing the weight vector, W, and then drawing

lines parallel to known direction of C.and P. From the force triangle, the value of cohesive
force needed to maintain stability is obtained as,shown in Fig.8.7e.
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‘The total cohesive force divided by the length of the chord gives the unit cohesion, c¢,, required
to maintain equilibrium. The factor of safety with respect to cohcsx()n = é?éd-,'v\;liéfé cnsvthe

actual (,ohesm, strength of the soil.

8.4.2.3.4 Wedge Metbod (Culmann's Method)

Plane failure surface is assumed in this muh(»d of andlysls This Approdc,h “sometimes referred

to as classical approach is attributed to Cuhmmn

* Consider the equilibrium of the tudng,uldr wudy. lonmd by the assumed failure surface OB
inclined at dngle 0 shown in Fi 1g.8.8. The forees acting on the wedge AOB are us welght W

a cohesive force, C, and the resultant, R, of the normal and frictional forces.

Cohesive force, C = c,l., where ¢, = required unit cohesion.
= v (A.1) From Fig 8.8

- \,’HL 51n(1—‘0) .
sini

Applying the law of sines to_the equilibrium force polygon,

c 3 W

sin(@-q:d) sin (90 o)

1 sin (1-6)
—VHL— 1 7
c, L 2Y sini

sin (8-¢,) sin (90+4¢,)
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90+04

e - dg

Force Polygon

Fig. 8.8 The wedge method

Cy sin (6-9¢,) sin(i-8)L :
Ca . (8.16)

Y 2sin i cos¢,

To find the critical plane which gives the lowest factor of safety, the above eXpression is

differentiated with respect to 6 and set equal to zero..

dcdz<E vHL
' de 2sin 1 cos¢,

[cos (6-0,) sin (i-8) -sin(6-0,) cos ti-9)]=0

cos (6 - ¢4) sin (i - ©) = sin(® —.cbd)' cos (i - 86)
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‘ sin(6-¢.)
(l_ o . % , I.e tan(i-8)=tan(6-¢)
cos (i-8)- -cos(6-0,) d
It follows, g = %(i +0,) E (8.17)

The critical value of © representing failure surface is given by-%4 (i + ¢,)
Substituting the critical value of 6 in Eq. (8.16) yields the maximum stability number.

. | (1 +¢d) . g +¢d O
(_cg) g} 51n*7 H fq:d sin _1———2. . (8.18)
\ max o )

YH 2sinicos¢,

After simplification and rearrangment of terms

(8.19)

ch =l—cos(_i—q>d)

vH tlsinicoscpd

Equation 8.19 is stability number of plain failure surface for c- soil. If ¢ = 0, the equation

reduces to
.C l1-cosi
d =- —-=- . (8.20)
YH) . 4sini

When full cohesion is developed ¢, = ¢ and the critical height corresponding to this condition
is obtained from Equation 8.19.

-Ac — s =gy
” :

(erity

[ sinicos¢,)

1l-cos (i—cpd)

/

* For purely cohesive soil where ¢ = 0,

_4c
terie) — Y

(8.22)

sini
l-cosi
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Fig. 8.9 Stability chart according to Taylor (27)
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8.4.2.3.5 Stability Chart Method

A simple slope in homogeneous soil may be analyzed by slope stability charts devised by D.
Taylor (27) and presented in Fig. 8.9a. The special case of uniform slope in homogeneous soft

, clay having undrained shear resistance equal to ¢ can be solved analytically and the results are
presented by a dimensionless number, m, called stability number. The stai)ility number
depends on the angle of slope i and the depth factor n, as shown in Fig. 8.9b.

8.4.2.4 Calculation Method for Non-Homogeneous Soils

Several methods exist for analyzing the stability of slopes. Basiééluly all-the methods are based
on one of the following methods:

@) The method of slices: Here the equilibrium of an elemental slice is considered.

(ii) The wedge method: Instead of slice element, the equilibrium of a sliding
' wedge is considered '

.(dii))  The block method: In this method, the equilibrium of a bloé’:k, whose sliding
surface may consist of two or more f)lain surfaces, is
considered. \ ‘

In this book only the method of slices will be considered.

.8.4.2.4.1 Simplified Method of Slice

The approach of this method may be explained in reference to Fig.8. 10.A clrcxilaf failure arc
is assumed. A sector of unit thickness is divided into a number of vertical.'slices.

The forces considered to act along the slip plane of an individual slice of unit thickness are
shown in Fig 8.10. For simplicity, pore water pressure is assumed to be zero.
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C=cblL

Resisting Force
F=Ntan §

Fig. 8.10 Method of slices

The weight of each slice is represented by a vector drawn vertically through the center of
gravity of the area. This vector is then resolved into components normal and tangential to the
sliding surface. The normal component passes through the assumed center of rotation of sliding
mass and hence does not contribute to the tendency of.the slice to move. It has, however, great
importance in regard to the development of frictional resistance.

On the other hand, the tangentiai component of the weight does affect stability as it tends to
cause movement along the sliding surface. Tangential components of the weight of slice to the
right of centerof rotation constitute driving forces, but those to the left provide resistance. - -

In thé slices method, it is considered that both the resisting and driving forces act along the
failure surface. The factor of safety is, therefore, computed as the ratio of those forces rather
than of their moments.

F o= E cL+E N tan¢

. 3 (8.23)

r



where
>cL
¥N tan ¢

T,
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factor of safety

= summation of resistance due to cohesion

il

I

summation of resistance due to soil friction
summation of resistance due to tangential components of weight tending to
resist rotation.

. . . .3
. summation of tangential components tending to cause rotation.

N

For convenience, the slope shown in Fig. 8.10 is for homogeneous soil. -

The general procedure of stability analysis for layered soils is shown in Fig. 8.11.

%o &5

=

® V2. 920 €

Tiodsa €y

Fig. 8.11 Method of slices for layered soils

The values of ¢ and ¢ will not be the same for all slices. For example "ihﬂ‘Fig 8.11 for slice

and C=c;

Fig. 8.12 shows a slope through which there is'a steady-state seepage. The trial fialure surface
is AB and the soil above it 1s devided into a number of slices. For the n® shce the average
pore water pressure, u, actmg at the bottom of the slice can be evahiated from the average
pressure head h (which is a vertical dxstgmce from Eto F.) asu=y,h.
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nt* Slice

Top flow ! ine

Fig. 8.12 Method of slices for steady - seepage state -

The total force due to the pore water pressure at the bottom of the n” slice is uL. From Fig.

8.12b, N Wecosa, T, =Wsine, F= N sind

Since . I\_I'=N—uL, F=N tan ¢=(Wcosa=hy, L) tané

F = cL+Ntand¢ _ E cL+E (Wcosa-vy,) tan¢ : (8.24)
DD /5) DE Y Wsina o ,_
< X i

8.4.2.4.2 German Code DIN 4048 [8]

In this method, arbitrary trial arcs of circle are drawn (Fig. 8.13). From the relationships of
the moments of the resisting to overturning forces acting along the slip surface, the factor of
safety for the selected arc is determined. This procedure is repeated for arcs of circles until

a minimum factor of safety for the given slope is obtained. While mvesngatmg stability of a _
given slope, the following forces are to be considered. ’




A
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G(SURFACE Loap)

E\z m
N N

T —y oW ]
. W - - c"d("¢'
1 or CU'¢’U

SLIP SURFACE

(i) OWN WEIGHT
(i1) OWN WEIGHT and PORE WATER PRESSURE 1

(b) FORCE POLYGON

Fig. 8.13 Method of slices according to DIN 4048 [8]
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a. Forces acting inside or on the sliding element.
b. Weight of the sliding element.
c. Pore water pressure.

This is illustrated by considering an element as indicated in Fig.8.13. The specific forces

acting on the elements are:
!
= weight of the element
= cohesion ‘
= width of the element
=. reaction force with the following components: 7
= horinal force acting on the slip sifrface-~ -~ "=
= N. tan ¢ = frictional force

W= ZOo T AaaQ

element.
P

(Fig.8.14).

‘= E, - E, = earth pressure difference between the right and left side of the

w resultant of the pore water pressure acting on the sliding surface

Moment equations for different trial circles are determined. The slip surface in Which the ratio

of thq, resisting moment to the ovenuuﬁng moment is the minimum is taken. For the slope to

be safe, the factor of safety should not be less than 1.4.

In this meﬂlod, the width of the scale will be 1—2

The safety factor is then calculated using the general formula.

Y (c+T)r
° Y G.a

‘Or-using:the-expression of Kery— -~

< 2: T, ,.r

F_= -
$ Y G.r.sin6+y M

Where
G = weight of the individual slice
M = moment of force about O not included in G
T, = existing resisting tangential force acting on the slip surface.

(8.25)

(8.26)
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APPROXIMATE h IF FLOW NET

/' NOT AVAILABLE
SLIDING BODY WITH #, EXACT
| L

RAPID
DRAW DOWN

SN A

EQUIPOTENTIAL

e
e
-
L

LINE §
4%95 WATER 'PRESSURE u ACTING ON THE SLIDING SURFACE
(a) RAPID DRAW DOWN
/N ~ VLD
T v
< FLOW LINES
. _Z '
: ~ i’
\
v Vol > QUIPQTENTIAL
== \ - N\ LINES
/ \
noy \ \
/ : - \
h \

PORE WATER PRESSURE ACTING ON THE SLIDING SURFACE

(b)CONTINUOUS FLOW

Fig. 8.14 Determination of pore water pressure distribution on the sliding surface.
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sin@

... where. ..

n
number of the slice

t/b, normally n = 10

G*tc.b cotd~(u+Au)b
cosB-cotdp+sinb

G = weight of the individual slice.
u = pore water pressure determined from flow net.
AU = eXcess pore water pressure as a result of consolidation.
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8.5 EXAMPLES

E.8.1 The figure shown below indicates a cutting in a purely cohesive soil
(i.e. ¢-0). The unit weight of the soil is 20kN/m* and the average
cohesive strength is 30kP,. Calculate the factor of safety for the slip

circle shown.

[
6.5m
Y
SOLUTION
“Construction of the critical circle to scale
’ 68, - . 68 ‘ ,
_ Arc length AB = —Z (m.R) T (3.14) (13.5) =16.01m

, 180
R T — i e

Moment about 0 B o
Disturbing moment= W(6) = 34 (20) (6) = 4080 kN.m

Resistingmoment =aB = 30(‘16.01)"(13.5) = 6484.05kNm

_ 6484.05 _

——=1.59
g 4080 .
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{Let lcm= 2m
AOB = 68°
Area ABC =34m2

65m .

v L 13.5m
[

E.8.2 A 10m deep cuttixig has a slope of 1:1%, (thatis 1 vertical and 1% horizontal).
' The soil has a unit weight of 19 kN/m®, c=25 kP, and ¢=8&. Calculate the
factor of safety of the slip of circle. The center of rotation can be found by

means of the Table in Fig.8.5 which gives the folloWhg data:-

g Forslope-1: 1%, =320
B =35
‘ 1 =33.8° . ‘ |
N Usix_lg the data, construct a slip circle'to scale and. diyide it into 6 sections.
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Let 2m = lcm

[}
;?‘
B
|
|
|
7\ ~ i
"N |
: |
/ o @
, _ |
/I | @ |
<l In |
1 @ . ' l
G b ! I
A |
\ |
}
- »
Y T = 755.2kN
. X N'= 1855.9kN
AOC = 85°
R = 8.8 (2) = 17.6m
"a% ‘ ' 2 -
~ Length of Arc AC, L=-—2> R=-55 (3.14) (17.6) =26.10m
X 180 180 ‘ S L
S R S — Lo i TR e e e e
From table: o ) ot
Driving Force, T = 755.2kN - - s
L RGP, SoONA
Resisting Force = cL+4N %ncp = 25x26.10+1855.9 tan 8%
' = 652.6+260.8=913.4kN ot
. ' o
_ Resisting force _ 913.4 _
= = =1.21 g

s Driving force 755.2 p
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-
Silce | h b « |W=bhy, |T=Wsina |N=Wcosa
No.  |<m) (m) deg | kN KN kN

1 1.8 4 12 | 136.8 284 | 1338

2 4.7 4 2 | 3572 125 357

3 68 | 4 16 | 516.8 142.4 496.8

4. |78 4 30 | 592.8 296.4 | 569.8

5 54 | 4 47 | 4104 3001 - | 279.9

6 - 1.4 1.4 60 37.2 32.2 18.6

E.8.3 A cutting of depth 11m is to be made in soil of which the unit weight is .
18.4kN/m’ and the cohesion=40kN/m? There is a hard stratum under the clay
_at 13m below the ground surface. Assuming ¢=0 and allowing for a factor of
safety of 1.5, find the slope of the cutting. :

SOLUTION
Depth factor, n,= Depth to hard stratum
. Depth of cutting '
‘ . ’ =£ =1.2 ..
e L TR AT SR ¥
c o -
me_d-_¢ . 40 =0.134

v# F,yE 1.5(18.4)11 - "

From Fig 8.9, forn, =1.2andm = 0.134,
The slope of cutting = 22°
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E.8.4 Given
A slope with i = 45° | height 20m as shown below

Reqﬁired :
The factor of safety, Fs, of the proposed slope.

:\ L

h=20m
o= 19 kN m3
25 T = C=200kN/m? “
N . .
10m
N N N
ROCK
SOLUTION B
20+10 _ 30
SF—_—=_—=1.5
d }O 20

With n, = 1.5 and i = 45° one obtains from Fig. 89p .

m = 0.174 )

Fo=—2 - 200 3.0

* m.y.h 0.174(19) (20)

369

E.8.5 Given
Same as E8.4 but c'= 4t/m?, ¢'= 20°

Required 4
The factor of safety, F,, of the proposed slope.
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SOLUTION

Using the values of i and ¢' (i = 45° , q>"= 20°)
one obtains m = 0.06 from Fig. 8.9a

P = ——— = 40 =1.75

s m.y.h (0.06)(19)'(20)

E.8.6 Given
Soil parameters same as example E.8.5

Required
The safe slope of the embankment

SOLUTION

In this particular case the given soil parameters should be reduced by certain
safety coefficients. The reduction may be done according to prevailing codes.
In this example DIN 19700 [21] is used. ’

tanq)existing = tano®

F =1.3 (safety Factor for friction) =

[
tan Cb required tan (Dd
c 7
. st c
F_=1.5 (safety factor for cohesion) = —SXistind =
required cd

. For soils possessing friction and cohesion, the reduction factor for cohesion is

iven b =<
ven
g y 7

k=3

Hence, in this example,

/ 0
tand’ = tang _ tan20 —0.28
F, 1.3
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$"=15.64°

< 4

F. Tt
== 23 L5 gxn/m?

F, 1.3 3
m:":&:o,ogz

vh (19) (20)

- Using the value of ¢"=15.64° and m=0.092 ore reads from Fig.8.9a, i=48§°

E.8.7 Given _
" An embankment shown in the figure below is subjected to a rapid draw down.

Required
The safe slope of the embankment

LTI T s mowen

AN
v
h=20m C'z 40kN/m?
B °
RAPID DRRW DOWN ¢ = 20
\Y N PN
10m
= ~ = = 7 B
SOLUTION

FromE 8.6, ¢" = 15.64°, c" = 34.8 kN/m?
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Eventhough the charts prepared by Taylor and Fellenius do not consider the effect of seepage
and surcharge, one may use them provided the following corrections are made.
1) The effect of seepage may be considered by reducing the angle of internal

. Y
friction by —2
>

<
i) The acting distributed live load, g, may be converted into equivalent height

(ideal height) so that the overall height of the dam will be h_ =h+h =h+ 4

v

="~ Hence;” o ) -

- ho=zo+%ezo+1.05=21.05m

=0 Y2 (15.64)(1) =7.459
Y 19

m=_C - 34.8 -0.08
v.h, (19)(21.03)

Hence, with m = 0.087 and ¢" = 7.45° one obtains i = 27°

E.8.8 Given )
An embankment as shwon in Fig. E.8.4 below

Required
Facfor of safety of the embankment using DIN 4084

_ ZTw.r
s Y G.rsin6+ ) M

~ 2 SOLUTION

From Eq.(8.21) F

In this particular case T = G+c'b'COt?
¥ cosB.cotd+sin®

The results of the calculation are tabulated below
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8.6 EXERCISES

1 A cut is to be made at angle of 65° in a partially saturated clay with
c=24kN/m?, ¢ = 15° and y=18kN/m’. How deep can this cut be made before
the safety facior of 1.2 is reached?

2 The soil at a given site has the following properties:
c=24KN/m?, b=15°, y=20kN/m’. A cutting is to be made in this soil with
a slope of 30° to the horizontal and a depth of 16m. Find the factor of safety
of the slope against slip. Assume that friction and cohesion are mobilized to the

same proportion:

3 Refer to the figure shown below. A deep railway cut intersects the plane of
contact of two soil strata, the lower one of which is higly impervious and is
cohesive clay. The plane of contact makes an angle of 10° with the horizontal.
Given that the shearing strength between the two strata is ¢ = 10kP, and
¢=14°, determine the factor of safetsy against sliding. :

¥ =19 kN/m®
C = I0kPa
$= 14°

4.5m:

Clay
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~1

An embankment 23m high 12m wide at the top is constructed with a slope of
50°. The soil is partially saturated clay. The upper 15m. of soil has
c=96kN/m?, ¢ = 15, and y = 18kN/m. The remaining 8m. has
c=43kN/m’, $=12° and y=17kN/n?. Compute the safety factor. Use the
method of slices.

A vertical cut to be made in clay soil having y=17kN/m®, ¢c=36kN/m’ and
$=0. Find the maximum height for which the cut may temporarily be
unsupported.

Using the data of E 8.4, plot a curve showing factor F, versus the embankment
slope, i, for values of i ranging from 20° to 90°.

An embankment 10m high and carrying a surcharge of 50kN/m? is proposed for
a certain project. For determining the shear parameters of the soil, a triaxial.
test was carried out and the Mohr envelope gave shearing resistance of 273
kN/m? and 506 kN/in for effective normal stresses of 5002kN/m and
1000kN/m® respectively. If y = 19 kN/m, determine the safe slope of
embankment, A o
a. for'' no - seepage'' condition

b. fora' ' rapid drawdown' ' condition

Determine the safety factor of slopé of the earth dam given below, if c' = 20
kN/m’” and ¢' = 28° using the method of slices considering

a. rapid drawdown
b. steady flow



9. BEARING CAPACITY OF SOILS

9.1 General
The load of all structures has finally to be transmitted to the underlying soil by means of sotne
type of foundations which are designed in such a way that the stresses induced in the soil are
within the bearing capacity of soil. If the soil is overstressed, a shear failure may result
causing the soil to slide from underneath.

In general, foundation can be grouped as shallow toundatlons or deep foundatlons The
common types of shallow foundanons are spread and continuous footmgs raft etc. (Fig. 9.1).
Deep foundations include pile and pier foundations (Fig. 9.2). The main distinction between
the two major foundation systems is based on the relattonshlp between the w1dth B and
depth, Dy, of the foundation.

If D; < B, the foundation system is referred to as shallow foundation. If on the other hand
D; > B, the foundation is referred to as deep foundation.

9.1.1 Ultimate Bearing Capacity

This is the ultimate resistance offered by a foundation material when subjected to loading.
When this ultimate resistance is fully fobilized the foundation matérial fails and the structure
sinks. The resulting pressure is known as ultimate bearing capacity designated by Qup-

9.1.2 Allowable Bearing Capacity

The allowable bearing capacity (sometimes referred as safe bearing capacity), q,, of a soil is
a loading intensity which provides an adequate safety factor against soil rupture and also
insures that settlement due static loadmg will not exceed the tolerable value

When determining safe bearing capacity, one should make certain that the loading intensity is
low enough not to cause excessive settlement of the structure. The amount of settlement that
can be tolerated varies greatly depending on the type of structure, its rigidity , flexibility and
its function.

377
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» Column . _ Masonry wall .
T
J | | 7

{\.

Isolated footing- Walil footing

Rectangular combined footing

Raft 6r mat foundation.

Fig. 9.1 Types of shallow foundations
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Bridge deck

Piles Retc.l\lining /
wa
\ T 3
< o oolo ol i —¥
A A B8 o : B
|
~ [ Cotlumn : 1
(o o O o n[ -
i | Piles 1
je a | -k e o oi
m Column
- — % ‘/"{A_io - Bridge
Soft soil | ollar deck
Loose soil
Retaining wall
H I Piles
Dense soil
Piles
1 | ] a Dense soil
Section A-A
Sectlon B-B
Piles under columns Piles undar retaining walls
@ Plan : @ Plan
/-———"PIOI’ /,-—-Pl.f
Soft soil / Soft soil

Hard or dense soil

Pler without base

Fig. 9.2 Types of deep foundations

Pier with base
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9.2 BEARING CAPACITY OF SHALLOW FOUNDATION

9.2.1 General

Under sufficiently heavy loads, the footing may sink into the ground as a result of shear
failure. When ithis occurs, a footing resting in predominantely dense granular material,
experience sho\ws that an inverted triangular prism soil having a base width equal to the width
of the footing is forced downward. As this prism moves, the soil at its sides is forced laterally
outward, and this lateral movement in turn causes the soil adjacent to the footing to buldge
upward. If the soil foundation bed is reasonably homogeneous and the foundation is is
symmetrically-loaded, the lateral movement and the tendency to buldge upward may occur
~ symmetrically on both sides as shown in Fig. 9.3a. If on the otter hand the soil is somewhat
non- homogeneous or the load somewhat eccentric, shear failure will occur on one side only

causing the foundation to tip as it settles (Fig. 9.3b)

Soil heave

PAR.

e e — —_——

Soil flow™ Soil flow

~—

(a) Symmetrical shear failur.

0

(b) Unsymmetrical shear failure.

Fig. 9.3 Foundation settlement due to shear failure
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9.2.2 Failure Zones Below Smooth Base: Footing Loaded at Ground Level

Consider a surface footing shown in Fig. 9.4. When the soil is overloaded, the material in zone
I is forced downward, displacing materials in zones II and III. The material in zone III
develops passive resistance. Zone I is referred to as active Rankine zone and zone III as
passive Rankine zone. Zone II is called zone of radial shear.

Fig. 9.4 Failure zones below smooth base footing loaded at ground level.

9.2.3 Failure Zones Below Rough Base: Footing Loaded at Ground Level

In the case of rough footing base, the soil in zone I cannot expand laterally because of friction
and adhesion between the base of the footing and the soil. The soil essentially remains in
elastic state and acts as part of the footing. Zones III and II are the same as the previous one
(Fig. 9.5).
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e B ]

e
|
V
-
=l

Fig. 9.5 Failure zones below rough base footihg.

9.2.4 Ultimate Bearing Cépacity of Shallow Foundation
9.2.4.1 Analytical Methods

Most methods of analysis are based on the assumption of zones of plastic equilibrium in the
soil supporting the footing.

1)
TN

-~ : \
9.2.4. 1 A Prandtl's Method

- ‘ .. . - PO
______;/_____. U

Prandtl 's method [20] presents the ultimate bearing capacity of loaded area with width B.
Prandtl assumes the existence of three zones after failure is reached (Fig. 9.6). Zone I is the
active Rankine zone, with the failure plane makeing an angle of 45 + /2 with the horizontal.

. It moves downward as a unit. All radial planes through points A and B are failure planes.
The curved boundary is a logarithmic spiral. In zone III (which is the passive Rankine zone)
the failure planes make an angle of 45 - ¢/2 with the horizontal . They move upward and
outward as a unit.
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.- relation. is given.

L b |
1 1
AHHIHIT%Q"
4500, 45ebry 45-b1, 7 as-¢s2

Fig. 9.6 Prandtl's method

The section is symmetrical up to point of failure, with an equal chance of failure occuring on
both sides. On the basis of the assumption that the shearing strength of any soil may be
generally be expressed by the well known Coulomb's equation T = ¢ + o tan ¢, Prandtl's
expression for the ultimate bearing ‘éapacity of any soil is given by

K entan ® -1 (9.1)
[ |

qul't = P

tane

In the above expression, for ¢ = 0, the value of q,, = 0. In order to avoid this discrei)ancy
and taking into account the strength caused by the overburden pressure the following corrected

= C 1 ;\ ntange _ .
Qure [m * EYB‘/K';](KQG 1) (9.2)

Because of their compressibility, soils do not show close agreement with Prandil's hypothesis -
which was originally set up for metals.
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9.2.4.1.2 Terzaghi's Mmethod

Terzaghi [29] considers two states of failure as shown in Fig.9.7

LOADING STRESS G

4]

AN
AN
\
\
\ . GENERAL SHEAR FAILURE
N - - TYPICAL FOR DENSE OR
n o N STIFF SOILS - -
- )
z \
3 \
o 11
2 \
u N LOCAL SHEAR FAILURE TYPICAL
\ FOR LOOSE OR SOFT SOILS
\

Fig. 9.7 State of failure

Accordingly be gave equations for general shear failure which are valid for curve I, and equations
for local shear failure which are valid for cyrve II. \

Theoretical methods for predicting the ultimate bearing capacity of soils are generaily based on the
general shear failure case. Factors that determine the ultimate bearing capacity are size and shape
of the foundation element, the depth of the foundation element beneath the ground surface and the
nature: of -the-soil-in-which:it rests. -~ oo o 0 e

P
<

The general form of bearing capacity equation for ¢ - ¢ soil can be developed as follows.
Consider the ultimate load, Q,,, on a rough continuous footing of width B shown in Fig. 9.8.

’

Equilibrium of the footing —rt_:quires

Qull = 2Pp-l- 2Ca Sin¢ C(9-3)
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e B e

Quit,

B ¢ : ' n

f >

385

J Surcharge effect
¥Ds Syt
: TLHHHHHWHH.HHH ¢
. - ) \b
L—_ B _—__. ,’ 35-072 : 45-ty,
. . Ca :.
. Ca
.
¢ 4
- P, p
Fig. 9.8 Terzaghi's bearing capacity theory
From Fig 9.8, ad = ndc. =< B
N 2cos¢o @ cos o
Where ' _
C, = cohesive force
C = unit cohesion
c . ’
Qult=2Pp + 2[E cosq>] _s:an>=2Pp + B.ctang; (?.4a)

P, is made up of:

(a) P', passive earth force due to weight of wedge a-d e- f. This-is-computed by

distance from d.

(b) P, passive earth force due to cohesive force only. This is computed on the

assumption that y = 0, D; = 0. It acts at the middle of ad and bd

©) P, passive earth force due to surcharge. It is computed by considering

== considering the stability-of -the-wedge-and-assuming-¢-=-0 s Dy=0sItacts-at-1/3—

y = 0, ¢ = 0. It acts at the middle of ad and bd. Therefore, Eq.(9.4) becomes,
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1L
Quie =2(P’p + P+ P ¥ EBc ,unq))

since,

A

1
0,4 = BN, » 24BN, <1, D)

27, . _
+ —— + C Tan
> o

2P, 2P,
Que “B 75 "
Let 2bc tand
Le ——= + ¢ tan
e’ B
2P, | N XB
B T2
— .2qu.;_< e e s
B NP
Hence,
- Qult s H -
Qe = and (for strip footing) A = B.1

_ 1 :
qu“—cNC+ EYBNY v, Dqu

(9.4b)

(9.6)

Terzaghi's equations establish ultimate bearing value as a function of resistance due to three

factors, namely, cohesion, internal friction and surcharge effect.

The general expression for ultimate bearing capacity for general shear failure condition is

given by, Que = Ki Nec + K, v2 NB + Ny v, Df
Where : '
c = Unit cohesion
Y, = Effective unit weight of soil below footing grade -
Y, ¢ = Effective unit weight of soil above footing grade
B = Width of footing
D, = Depth of footing

K,.K, = Coefficients dependent on the type of footing
For continuous footing, K, = 1.0 and K, = 0.5
K, =13andK, =04

For square footing ,

For round footing,

K, = 1.3andK, = 0.3

(9.7)
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N, Ny, N = bearing capacity factors (Fig 9.9)

. — . o -
s o N I .‘!{ ANk }/
M e S e SRR (A el
30 h?l\ ™~ N\ Z P
e - X'\\\\'-\\--- -
20° | \ \\\ .
10° - \\. .
ﬁ“

Fig. 9.9 Bearing capacity factors according to Terzaghi

The equation for the local shear failure condition assumes the same form as the Eq.(9.7.)
However, the values of ¢ and ¢ should be reduced as follows: ]

——— ¢t =2/3cand tan ¢"=2/3 tan ¢." The corresponding bearing capacity factors-aré-designated
by N'., N' and N (Fig 9.9). For cohesive clay soils where ¢ = 0, from Fig> 9.9, N.= 5.7
and N, = 1.0
Que = 5.7K;c + vi.D¢ (9.8)

) If on the other hand D; = 0, ~

Que = 5.7 Kyc = 5.7c¢ i (9.9)
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Eq. (9.9) indicates that the ultimate bearing capacity of clay soil varies directly with cohesion
and is independent of footing width and soil weight.

For cohesionless sand where ¢ = 0 the ultimate bearing capacity is expressed as,

Gue = Ko V2 Ny B + Ny vy Dy (9.10)

Fora footingcon' the surface of cohesionless soil, the ultimate bearing capacity will be,

Que = K, Y2 N, B (9.11)
Equation (9.7) represents that the uYtirnate bearing capacity of c-¢ soil is a function of”
cohesion, soil density or unit weight, friction angle as reflected by bearing capacity factors and
also the width of the footing. It should be noted that the presence of water table around a
footing reduces its bearing capa{city. For a fully submerged footing bouyant unit weights must
be used for y, and y,. If the water table is at a distance B below the base of the foéting, it is
considered as h'aving no effect. When the water table is at the base of the footing, only vy,
will be replaced by with bouyant unit weight, y,. For intermediate position of the water table,
the unit weight must be adjusted by interpolation.

The allowable bearing capacity is determined from the ultimate bearing capacity using the
following relationship:

9= (9.12)

. = Safety factor (usually taken as 2 or 3.)

The formulae for continuous, square and circular footings derived by Terzaghi are applicable
for axially loaded conditions. One may however use the formulae for estimating the bearing
capacity for eccentric loads. The formulae are not applicable for inclined loads. One should
also observe that Terzaghi does not give bearing capacity formula for rectangular footings.

9.2.4.1{3 German code - DIN 4017 [5]

N -

The German code is based on the failure surface of Prandtl, with some modifications. The

analytical method given by the DIN 4017 is strictly valid for uniform soils. If the soil consists
of different layers, a graphical method should be used.
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9.2.%.1.3.1 Bearing Capacity of Footings Subjected to Centric Vertical Loads (Fig. 9.10)

>
WALL ’
‘ .CENTRIC VERTICAL LOAD
o FLOOR
- T
// i
1 1, |
|
)
L=8B

Fig. 9.10 Bearing capacity calculation for centric vertical loads according to DIN 4017

" Equation for the bearing capacity is given as follows

Qult=B.L.q,=B.L (c.N..s. + Y;.D¢.Ng.S.+Y,.B.N, s,) : (9.13)
Where

Q,, = failure load (kN)

Qu = ultimate bearing capacity (kN/m?)

B = width of foundation B <L or diameter of circular foundation (m)

L = length of foundation (m)

D, = minimum depth either below the original ground or below the basement

floor (m)
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¢ = cohesion (kN/m?, )
N.,N,,N, = bearing capacity coefficients, that depend on the friction angie ¢, to account for
cdhésfon, depth and width of-foundation respectively. (Table 9.1) N
sc,sq,s, = shape factors to account for cohesion, depth and width, respectively (Table 9.2),
Y1 = unit weight above the foundations level (kN/m®)
Y, = un}—t weight below the foundations level (kN/m?)

Q Qult
2 F
s
F, =72 - B

Table 9.1 Values of bearing capacity coefficients

¢ N, N, N,
deg - - -
0 5.0 1.0 0

5 65 1.5 ‘ 0

10 85 . 2.5 0.5

15 : 11.0 4.0 1.0
20 15.0 6.5 2.0
22.5 17.5 8.0 3.0
25 205 10.5 4.5
27.5 25.0 140 7.0
30~ 30.0 . 180 10.0
32.5 37.0 25.0 15.0
35 460 33.0 23.0
s | g 46.0 340
T 40 75.0 64.0 T 53.0
42.5 99.0 92.0 ~ 83.0
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Table 9.2 Values of shape factors

Type of footing . . Shape factors
>
Se Sq $y
d=0 $ =0
Continuous Footing 1.0 1.0 1.0 1.0
(strip)
s N -1 0.2B Bsin¢ " 3B
Rectangular Footing “ﬁ‘ i F i+ L 1-0. I
. .
Square/Circular Footing SNt 2 1+sin ¢ 0.7
N -1
q

9.2.4.1.3 Bearing Capacity of footing Subjected to Eccentric Loads \/

This code is valid for eccentric and inclined loadings with rectanigular dimensions which are
often used in retaining walls, quays, bridge abutments and towers.

The bearing capacity is calculated as eccentrically loaded foundatior with the dimension L'
and B'. -

where
L'=1L-2e and
B' =B -2e3

s R
Noting that e; and g are the distances of the resultant force from the central axis of the
foundation in the direction of L and B respectively, the equation of the bearing capacity is
expressed as, - '

Vi=L.B.qu : ' ' . © o 9.18)
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4

Pp = PASSIVE RESISTANCE

Ry = ECCENTRIC AND INCLINED LOAD
R = RESULTANT OF B AND R,

RN P

I ¥, t //,
~H " 1
‘\5
T 9,C AovE THE

FOUNDATION LEVEL
TAKEN CARE BY B,

FAILURE SURFACE
© 7T TTFUNCTION OF §, AND §

L B' ’ M
| I REAL AREA L
M
¢ = —2
=
2 '
- | R
- I EFFECTIVE AREA L o=e-2e
- 4+ bd (HYPOTHETICAL) B' = B-2e,
™)
- \\
é t\

. ~ . c
Fig. 9.11 Bearing capacity calculation for eccentric and inclined loads according to DIN

4017 [6]
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B represents always the smaller side of the hypothetical dimension and by inclined loading
the horizontal component H should always be parallel to B'. '

Que = C.Ne.dg 8'c+ v1.De.Ny ig.8'+ v, .B'.N,.i,.8",. (9.15)
where
V; = vertical component of the critical load (kN)
g, = average ultimate bearing capacity acting under the hypothetical
dimension (kN/m?) ’
A' =L'B' = hypothetical (effective) area (m>?) i
L' = hypothetical length (m) '
B' = hypothetical width (m)
c = cohesion (kN/m?)
D, = foundation depth (m). If the base of the foundation is
inclined to increase sliding resistance, the depth D, taken will be from the
deepest point. ' ’
N, N, N, = bearing capacity coefficients
i,y = inclination coefficients
S'c, 8'g, 8', =shape factors depending B! /L'corresponding to the factors according to
Table 9.2 . ’
Y, = unit weight above the foundation level (kN/m’)
¥,  =unit weight below the foundation level (kN/m”)

Inclination Coefficients

Generally the inclination coefficients depend on tan O, and the direction of horizontal force
(Fig 9.11) '

Horizontal Force Parallel to B*

i) For the case @, =0, c, #0

i, =1

.H

U

i,20.5+0.5 {1-—
al.c

During the dimensioning of the foundation, for a given load, the parameter A' must be
selected so that the following condition is statisfied.

£ <1 ' (9.16)
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ii) For-the case ¢ = 0; ¢ # 0 -

0.7H,
1,= T
v,+A’. c.coto
where <
H; = F,. H (horizontal critical load)
V, = F,. V (Vertical critical load)
3
H
i =1- £
) ' veralc.cote|
1-31
i=1- ki
< 79 N -1
q
iii) For the case ¢ #0; ¢ =0 .
i, = (1-0.7 tan 3,)°

i,= (1- tan &,)3
B Horizontal Force Parallel to L'

i) For the case ¢, = 0; ¢, # 0
ig=1

. Hf
1.=0.5+0.51-
R al.c,

<
ii) For the case ¢ #0; ¢, # 0

H

1 :i :l—_—f—
g v V,+a’. c.coto
. ) 1-1

i=1- 2 for L/B>2

¢ T N -1

(9.17)

(9.20)

(9.22)

(2.23)

(9.24)
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(iii) For the case (;S #0rc=0 o L
i, =1, = 1 - tan J, (9.25)

9.2.4.1.4 Approximate Methods for Determining Bearing Cépacity of Pugely Cohesive
Soils (¢ = 0) : ’

In reality soil without frictional resistance does not exist. However, a case ¢ = 0 may arise

when laoding is applied suddenly..

Ultimate Bearing Capacity by the Method of Slip Circle =~

The expression of ultimate bearing capacity by this rheth_od is derived in reference to
Fig. 9.12.

q
IRREERER!

0,

|
|
|
lrzb
|
|
|

Fig. 9.12 Method of slip circle

Taking moment about 0

Driving moment, M_=(b) (q) (-12—3

Resisting moment, M, = (b m ¢) b = n c b2
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ror equilibrium condition,

qu = 1 c b?, it follows that g = 2n ¢
dqe = (2)(3.14) c = 6.28¢ (9.26)
ve soi ” "
Fellenius method of circular failure surfaces shown in Fig. 9.13 may be used to determine the

ultimate bearing capacity of -hithy cohesive soils. The expression for long (continuous)
footing on highly cohesive soil is derived in reference to Fig.9.13.

23.2 q
A D TTTTT

b —

Fig. 9.13 Fellenius method, -

L

oy Lo =20 r/
Where .
L. = length of the arc

The cohesive force = 2 rc
Taking moment about 0

b
sina

Resisting moment, M, = 2 oc %, noting that b = rsin cand r =
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Driving moment, M,=qg. b[ g]

For equilibrium condition, resisting moment = driving moment.
Nothing that b =.r sin ¢ and r = b/sin o

2 2 2
..q_g.—_z.ca b = 2ach
2 sina sin?a

S pr

(9.27)

For minimum value of o,

dl_® |-p
da| sin?a ,

sina.l-2sind.cosa.a_,

sin‘a

Simplifying the above, one obtains _
' sin?a = 2 sin «. cos a. «
Dividing by sin o

‘ sin a = 2 cos a. «

Further simplification gives )

tan @« = 2 o (9.28)

Solving Eq. (9.27) with tangent series yields the value of & = 0.37 T = 66.8°

Inserting the value of o in Eq. (9.27) yields.
(4) (c) (0.37m) _. ¢
sin?66.8

ult

c (9.29)

SR

Fellenius method is extended to footings founded below the ground (Fig.9.14). Wilson found
that for depth 1.5"times the breadth, the expression of ultimate bearing capacity for long
footing below the surface of highly cohesive soil is expressed as -

d. -
g,y = 5.5¢ (1+0.38 ) : (9.30)
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Fig. 9.14 Fellenius method for footing below ground surface

Skempton' s Work ,
Skempton developed an equation for ultimate bearing capacity of cohesive soil for ¢ = 0
condition. His equation for a footing of width B and depth D, may be written as follows:
Qu =Cc N, + ¥. D¢ o N l

—  The value of N, -can be ‘obtained fromi Table 9.3, ~——————- -
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Table 9.3 Bearing capacity _coefficients according to Skempton [23]

N,
—%: Circle or Square Strip
N,, N, 5
0 6.2 ‘ 5.14
0.25 6.7 5.6
0.5 7.1 5.9
0.75 7.4 6.2
1.0 17 6.4
1.5 8.1 _ 6.8
2.0 8.4 a 7.0
2.5 8.6 7.2
3.0 8.8 7.4
4.0 9.0 o 7.5
> 4.0 9.0 7.5

N, = {1+0.2

_For intermediate 's'hapes, the values of N, for a rectangle, length L, breadth B, may be
obtained from that for a strip, N, by the relation

B

} No

=
9=0

\

~

JI LTI I T T]
8 -l
—-
For intermediate shapes, the values of N for a
T T T rectangle , length L, breadth amaxb’c "6\b)tcln¢d

from that for a strip, Ngg by the’relation

Ner = (1402 £ ) Ngg:
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9.2.4.2 Graphical Methdﬁ for Determining Ultimate Bearing Capacity of Homogeneous
Soils

The bearing capacity of a homogencoﬁs soil may also be determined graphically. In general,
the equilibrium of a rigid element bounded by active and passive wedges using Prandtl's failure
criterion is considered. From the equilibrium equation the component of the ultimate load is
determined. Then through vectorial addition, the magnitude of the ultimate load is finally
obtained. The above general procedure may be illustrated by considering the case shown in
Fig. 9.15. The rigid wedge BGC - which is in a state of equilibrium - is bounded by the active
wedge ABG and the passive wedge BCD. The forces acting on this wedge are:

(i) Cohesion forces C,, C,and C, which are known in magnitude and direction.. T

(ii) Q,-which is the component of G,-inclined at angle of ¢ from the normal and acting on
the plane GB.

(iii) Q, - which is.the component of the ultimate load P-having a line of action
shown in the figure. The magnitude of this force is unknown.

(iv) Reaction force Q, with a line of action that passes through B. This force is inclined
. at an angle ¢ with the normal. Its magnitude is also unknown.

(v) G, - the weight of the wedge - acting at the centroid of the wedge.

(vi) Q, and Q, - which are the components of the known forces G; and G,
respectively - acting as indicated in the figure.
From equilibrium, the summation of the moments of the above forces about point B should be
zero. Hence,

E:Mé,f,,Qp,g,afQll-,;af];:gz- 3;7Q3:837Q4+834=Cp.a.=0 (9.31)
< ,, : .

From Eq. (9.31) the magnitude of Q, is determined. Since Qyisa comporient of the ultimate
load P, its magnitude should easily be determined from the force triangle indiéated in the
figure. Using the procedure outlined above, the ultimate load may be determined for the
different loading conditions shown in Fig 9.16 and 9.17. For the case of Fig. 9.17, the
magnitude of 6 should first be determined from Fig. 9.18. A
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9.2.4.3 Ultimate Bearing Capacity of Stratified Soils

The bearing capacity formulae given above are strictly valid for homogeneous soils or for a
two-layered soil system in which the first layer is located at or above the foundation level and

. the second layer covering the whole of the rupture line. 5

If the ground consists of numerous layers, the bearing capacity of the ground could only be
determined approximately. Here again, a rupture line consisting of logarithmic spirai and
straight lines is assumed. Two methods are available for the analysis depending upon the
difference between the mean value of the angle of internal frlctlon cl) of the whole layer and

" that of the angle of internal friction ¢ of each layer.

These methods are

(i) Method of DIN 4017 {5] .

(ii) Method of Schulize [21]

9.2.4.3.1 Method of DIN 4017

In this method one assumes an initial angle of internal friction, ¢,, or take the value of the

angle of internal friction, ¢,, of the first layer under the foundation. One then establishes the
rupture line. From the rupture line one calculates the weighted average values of the angle of
internal friction, ¢,, and that_ of the cohesion, c,. If the difference between the initial ¢, and
that of ¢, is bigger than 3%, one alters the magnitude of the angle of internal friction, which
would consequently give a different rupture line and repeats the calculation until the difference
" between the altered ¢ and calculated ¢, is less than 3%. An illustrative example to elucidate

' this method has been worked out - (E9. .6 and E9. ?) "It should be noted that:thls Tethod is

permissible only if the difference between the mean value of the angle of mternal friction of
the whole layer ¢, and the respective value of the angle of internal friction of each layer is not
greater than 5°. If the deviation is greater than 3, one may use a semi-graphical method as
proposed by Schultze.
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9.2.4.3.2 Method of Schultze

Here also the Prandtl's failure criterion is used. However, the actual value of the friction angle
of each layer is considered. This results in a broken rupture line, which is then approximated
by continuous line (Fig. 9.19) . One then considers the variation of the vertical stress along the
rupture line. This is determined using the equation of Jambu [21]

3

0, =y z.cos’ 6, - : ; 9.32)
where '
¥y = unit weight of soil (for convenience assumed to be=1) z; = depth of the

rupture line at point i
6, ~ = tangent’angle at point i
As is evident from Fig. 9.19, the loads from the superstructure are converted to an equivalent
ideal heights, h,=0,/y and h,=0,/y. This would give a jump in the vertical stress distribution.

However, for practical purposes, the distribution is approximated to give a smooth curve as
indicated in the figure. The weighted average shear parameter are then calculated from the

following.
o.t.tano.
ang’ | = E . 100 - (9.33)
;o E Ciei (9 34)

Hernce, by inserting the values of ¢, and ¢, into the available bearing capacity formulae for
-homogeneous soils, one is in a position to determine approximately the bearing capacity of a
layered system. '

©9.24.4 Allowable Bearing Capacity From Settlement Consideration

9.2.4.4.1 General

Besides satisfying shear failure requirement, the design of foundation must ensure that the
footing must not settle more than a specified amount. As a general rule, every footing settles
under an applied load. Settlement would be inconsequential if all footings settle the same
amount. However, due to the variation in.,the nature of the strata, sizes of the footings, and
unit pressure below the base of the footings, differential settiements of footings result. ~ )
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Load per unit area

7 durt, Quit
1 .
o |
f. | I | /Tangent
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§ Loose or
I B — E soft soil
"
/Dense or
stiff soil

(a) ‘ (b)

Fig. 9.20 Generalized load settlement curve

To determine the allowable bearing pressure corresponding to the permissible settlement,
loading tests must sometimes be carried out. This is especially necessary for footing on sand
and fissured clays. ' . -

~“When a loadéis‘applied to a'shalloW'—fOOting of depth Dy and width B, the footing settles: The
relation between the average load per unit area and settlement is as shown in Fig. 9.20.

'As can be seen from Fig 9.20b, an increase in the load causes an increase in the settlement
almost proportional upto a certain point. On further loading, the rate of settlement increases
suddenly. The abscissa, g, of the tangent to'the lower steep portion of the curve is the
ultimate load which the soil can carry before failure. This load divided by the area of the
footing gives the ultimate bearing capacity of the soil. Fig. 9.20b shows also the load
settlement curve for a loose or fairly soft soil.
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The point of failure or ultimate bearing capacity is not well defined. In such cases, the ultimate
bearing capacity may be taken to correspond to a point where the settlement curve becomes
fairly steep and approaches a straight line.

v

9.2.4.4.2 Plate-Loading Test 3

This is a semi-direct method is appropriately used for estimating the bearing capacity of
homogeneous non-cohesive soils in the field. It consists essentially of applying load increments
to a modet footing (plates of standard size) shown in Fig. 9.21a and measuring the amount of
settlement caused by the applied load. The load test is carried out to the point of failure or up
to a load 1% times-the design load. ~The data of the load test are presented as a curve of
settlement versus beariﬁg pressure for the test plate as shown in Fig. 9.21. From the plate-
loading test, the bearing capacity of non-cohesive soils is determined from settlement
consideration [30]. The maximum permissible settlement, S;, of a footing of width B; under
the same intensity of loading is given by '

2B, '
S.= S[ ) (9.35)
B +B

= settlement of a plate in cm.
S; = settlement of a footing in cm.
B, = width of a plate in cm.

B; = width of a footing in cm.
Using the value, S,, computed from Eq.(9.35), the loading intensity under the footing can be
read from load-settlement curve The settlement of footmg in clay is normally determined .

"~ from prmmples ‘of consolidation. However, for reIanvely dry condition one may use a

plate-load test. The approximate settlement of footing of width B can be determined using the

following expression.

s.=5 _£ (9.36)



410 SOIL MECHANICS

P__q_——_l——_—_ﬂ%—m | Loaded pla.?form
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(@) Plate loading setup

Bearing pressure, q

Settiement , Sp

(b)) Settlement versus bearing pressure.

Fig. 9.21 Plate loading test
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In using the results of plate-loading test care must be exercised lest serious errors might be
committed. Consider the situation shown in Fig 9.22. ’ )

From Fig. 9.22 it can be observed that the significant stress transmitted by the test plate
wholly lies in the firmer material. Under the full size footing, however, the stress would be
transmitted to the softer material. Hence, the test plate reveals the strength character of the
firmer material and thus indicates a high bearing capacity. The stress influence of the actual
footing of the same stress intensity penetrates to a softer material causing deformation which

consequently leads to excessive settlement.

From the above example the danger that may result can be seen, if one relies wholly on the
result of the plate - loading test, which shows no significant settiément for the situation
considred. It can in short be said that plate-loading test data must be carefully examined and
interpreted before their application in the design of foundations.

9.3 ULTIMATE BEARING CAPACITY OF DEEP FOUNDATIONS &

Ve
/
i

9.3.1 General

The most common types of deep foundations are piles and drilled piers. Both systems of
foundation are used to transfer loads to firmer soils located at a greater depth when the surface
soils are not capable of supporting the applied loads. Piles can be of reinforced concrete or
steel section. The most common in this country is reinforced concrete piles which are
cast-in-place.

Depending on the kind of support they obtain, piles can be classified as end bearing and
friction piles. End bearing piles obtain support from bearing on the bottom end of the pile,
while friction ;;iAieAs gyet the Vné'céisAs;afyi resistance from friction aldng“thé surrfﬁcéraf t'h’éﬁpiles
(Fig. 9.23).

Loads are generally transmitted to piles through reinforced concrete pile caps. For the
evaluation of the capacity of the foundation system, both individual and group action of piles
are considered. The capacity of the individual piles can be estimated by

(a) static formulae (b) dynamic formulae

(c) sounding tests (d)pile loading tests, and (e) building codes.
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Fig. 9.22 Stress influence of test plate and footing
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Fig. 9.23 Classification of piles

In this text only the pile loading test is discussed briefly. This is becau‘se the pile loading test
has proved to be the most reliable method of estimating the capacity of individual piles. The

reader is referred to other texts for the different methods of determining pile capacity. ,

>

9.3.2 Pile load test

The arrangement of pile load test is shown in Fig.9.24a. Loads are applied in increments to
a test pile and the resulting settlement under each increment is noted. The loading is continued
until failure or up to 1 % times the design load. '

- Instead of the dead load, reaction piles can sometimes be used (Fig 9.24b). The results of the
pile load test is presented as load versus settlement curve shown in Fig. 9.24c.

Relatively firm
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Fig. 9.24 Pile load test
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9.3 EXAMPLES

E. 9.1

Determine the safe bearing capacity of sand having ¢ = 36° and effective unit
weight 18kN/m’ for the following cases:
(a) 1m wide strip footing

(b) Im x 1m square footing

(c) circular footing of 1m diameter

X'y

SOLUTION

consider D', = 1m and no problem of water table rising.
Take F, = 3

Use Terzaghi ‘s theory

For ¢ = 36°, N, = 47, N, = 43

(a) Strip footing T e
Qu1:=K2Y2BN, + v;,Dr Ny

q= FL (Kzv:BNy+y; De No)=%5[0.5 (18) (1) (43)+18(1) (27)]

S

= 4111 kN/m?
(b) Square footing

W]+

g,==[0.4(18) (1) (43) +18 (1) (47)] = 385.2kN/m?

(c) Circular footing

1

vqa= (0.3) (18) (1) (43) +18(1) (4) =359.4kN/m?

wl

A square column footing Tests-1.5m. below the ground surface:~ The total load
transmitted by the footing is 2000kN. The water table is located at the base of
the footing. Assuming a saturated unit weight of sand as 24k13/m3 and angle
of internal friction of 33°, find. a suitable size footing for the above condition.
Take F, = 3.
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SOLUTION

Qur = KieN + Koy, Ny B + v, D¢ N
K, =13,K,=04
For sand c=0
Y, = Ym"Yw = 24 10 = 14kN/m’
= 24kN/m®
c,For ¢ =33° N, =32, N, = 32
Since B is not known, the problem is solved by trail and' error.
Assume B = 1.5m.
qu = (0.4) (14) (32) (1.5) + 24 (1.5) (32) -
= 268.8 + 1152 = 1420.8 KN/m*

g 1420.8
q,- ;13:_ s =473.6kN/m

Allowable Load = q,.A = 473.6(1. 5)2—1065 6kN < 2000kN '
The assumed size is not good
Assume B = 2m. .
Ay = (0.4)(14)(32)(2) + (24)(1.5) 32
= 358.4 + 1152 = 1510. 4kN/m*- .

q. = &30'4 =503.47kN/m?

a

1

Allowable load = 503.47(2%) = 2013.87kN >2000kN
Hence, use footing 2m x 2m '

- E: 9.3 Given a foundation shown below. It is required to determined the allowable~

“bearing capacity for a vertical load with eccentricity in both dlrectnom N

.

SOLUTION

The bearing capacity will be determmed accordmg to Eq ©. 15)
L'=L-2 =8- 2(1)—8 2—60m

B =B-2¢ =3-2(0.5=3-1=2.0m

Vi=L.B.o
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'2 00 _IGWL 22227

Fig. E.9.1

(2

o, =1.0m ¥, = 1I9kN/m®

€, =0.5m - Jp= 9 kN/m®
$ = 32.50
cso0

EFFECTIVE AREA:

ACTUAL AREA

Que = C.Ne.dc.s'oty;:iDe . Nouigs o+ v, .BL.N,.i, s,

Forc =0, <b = 32 5%and 6 = H,; = 0, the values of the coefﬁments should
be calculated, The results are tabulated below T

= i ;

- . . . 7 7 !,
N, N, N, i i i s S s |

o |25 |15 |- 1|1 - 1.18 | 0.9 j

Inserting the above values into the equation
Que = 19(2) (25) (1) (1.18)+(9) (2) (15) (1) (0.9)=1364 kN/m?
Vf LI' Bl'qult

= (6) (2(1364) = 16368.0 kN
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E.9.4

i

The allowable bearing capacity will be found by dividing the ultimate value by
a factor of safety. Taking a factor of safety, F, =2 . .. . _

<’ )
A foundation similar to E.9.3 is given. However, the load, whose magnitude
is given, acts at the center of the foundation with an inclination of 7.5° as shown
below. It is required to determined the available factor of safety of the

foundation.
SOLUTION

The procedure is similar to E.9.3

Since e, = e; = 0.

L' L = 8.0m

B' = B= 3.0m

Resolving the given force into horizontal and vertical components,

H =P sin &, = 8000 sin 7.5° = 1044.2 kN

V = P cos 8, = 8000 cos 7.5° = 7931.6 kN

The_inclination‘ coefficients should be calculated using EQ(9.20)and Eq(9.21).

iq (1 - 0.7 tan &,)°
= (1 - 0.7 tan 7.5)3 = 0.75
i, = (1 -1.0 tan &,)°

= (1- 1.0 tan 7.5)% = 0.65
Calculation of shape coefficients gives
sq = 1.20,s, = 0.89
Inserting the coefficients into the bearing capacity equation,
Quie = Y1-De.Ng.ig.s'4+ yz‘.B'NV. i,.s’',

= 19)(2) (255 0) (0.75) (1.20)+(9){3) {15.0) (0.65) (0:89)

= 1089.3kN/m,
Ve = L.B.que=(8) (3) (1089.3)=26143.2kN
v .
g oo Veo26143.2 5

s vV 7931.6

o
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E.S.6.

“(ii) Trerative calculation ‘of the soil parameters”
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The loading of E9.4 with eccentricities as in E9.3 is given. It is required to
determined the factor of safety of the foundation. -~~~ -~ -~ -

SOLUTION 5

L' = 6.m, i, = 0.75, s, = 1.18
B =2.0m,i, = 0.65, s, = 0.9 » 5
Quie= Yi-D; Ng. iq. SIq + v,. B. N\,.th‘S/v .

= (19)(2)(25)(0.75)(1.18)+(9)(2)(15.0)(0.65)(0.90)

= 998.8 kN/m?
Ve = L'. B'. que = (6)(2)(998.8) = 11985.6 kN
Ve 11985.6

The loading and soil profile as in the Fig. E.9.2 below are given. (This example
is taken from Din 4017 [5].
It is required to determine the bearing capacity of the foundation.

SOLUTION

(i) Existing loads .

Given vertical load, P, = 6575.00 kN '

The weight of foundation = (43(5)(1.00)(24)= 480.0 kN -
Bouyant force = - (4)(5)(10)(2-1.60) = -80.0 kN

Total load, P = 6975.0 kN

30+25+22.5
3

Mean value of ¢, = =25.8°

The difference between the mean value ¢, and the respective values for each
layer is less than 5°. Hence calculation using this method is permissible.
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a) First iteration o
&mwm¢¢=m%MHmﬁMHMmWMﬁmG®EQ%)

® 30 -
=45-8=-45-2"_3 :
B 2 2

K a=45+%?=6w

Hence, o = 90Q°

ro=+ sina
sin (90-30)

=—1———£—————sin60=4.00m
sin (90-30)

= 1.Oe(arc w tan ¢o)
= 4.6(90‘"/180'”30) - 991m
The distance of the EP, (Fig E9.2b) = 2.r, cos B
(2)9.91) (cos 30)
_ 17.16m
The depth of the rupture line; max d; = 1, cos ¢p.e®cOumd
h = 4(cos 30)e(60.7/180.tan 30)

' = 6.34m
Hence, the location of the deepeét point of the rupture line is max d +d =
6.34 + 2.00 = 8.34 m below the ground surface.

It

For simplifying the calculation, part of the rupture line, which is a’logarithmic
~co.-spiral,.is approximated by sets of straightlines as shown in the figﬁfe. The
¢ angle w of the logarithmic spiral is subdivided into three equal parts. The whole
of the rupture line now consists of series of straight lines from P, to Pq.

Finally, the points at which the rupture line cuts the horizontal soil layers, S,,.

S3» Sy and S, are determined. It should be noted that these points may also be
determined graphically. '
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Taking P, as refrence point for a coordinate system in x and z, the coordinate
of the point at which the rupture line cuts the horizontal soil layers are as
follows:

$3, (0.87, 1.50)
S, (18.56, 1.50)
S4, (1.73, 3.00)
S, (15.96, 3.00)

Ayt

From these data, one may determine the following lengths
L=1,+L =173 +3.00 =4.73m
=1, +1, =173 +3.00 =4.73m

=16.12m '

Total length ,1,, = 25.58 m
With these lengths, the first iteration for the welghted average angle of internal
friction will be obtained. )

1,. tan ¢,+1, tan ¢,t1,. tan ¢,

3
13+14+15

tanq>m1-

(4.73) (tan30) + (4.73) (tan25) +(16.12) (tan22.5)
25.58

This gives ¢, = 24.42° -
---The-deviation from the initial value of <b° = 30°

ol oS A R
R

30-24.42°

= =18.6%
17 30

Since this deviation is greater than 3%, it would be necessary to carry another
iteration with the following angle of internal friction.

24.42+30

=27.21°
2

¢, =

K




422  SOIL MECHANICS

b) Second iteration

One repeats basically the same calculations, except that the angle of internal
friction will be 27.21°. The length of the rupture line will be found to be

<

1, =4.64m-_
l, =4.64m
s =13.49m

The weighted average angle of internal friction would be

tane_ = (4.64) (tan30) +(4.64) (tan25) + (13.‘49) (tan 22.5)

22.7
From this it follows that ¢,, = 24.61°
o, < 2Ta21-24.6% o0
27.21 ‘

Since the deviation is greater than 3%, another iteration is necessary.

27.21+24.61
2

=25.91°

¢, =
¢) Third iteration

The calculation of the third iteration gives the weighted average angle of
internal friction as ¢, = 24.70

A= 25:91-24.70 . , , ‘
3 25.91 htem man ot lomi

P

" Here again, since A, is greater than 3% it is necessary to perform another
iteration.

25.91+24.70
2

¢, = = 25.31°
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d) Fourth iteration

- The calculations of the fourth iteration gave ¢,, = 24.74°
with a deviation of 2.22% which is smaller than 3%. Hence, further iteration
is nbt necessary.

For calcuialing the bearing capacity one may use

Ty

25.31 + 24.74
2

9, = =25.0°

(iii) Bearing capacity calculation
Analogous to the first iteration, the lengths of the rupture line are calculated
with the ‘angle of internal friction of ¢,.

1, = 4.57m
1, = 4.57m
1, = 15.62m

a) Weighted mean cohesion
The weighted mean cohesion ¢ would be

c = (lc; + lycy + 1sCs)/leoe
- (4.57) (0.00) +(4.57)(5.00) +(15.62) (2.00)
' 24.76 v
= 2.19 kN/m? , o

b) Weighted unit weights
(i) Under the foundation level

The weighted unit weight will be determined from the areas A,, A, ,and A, as
__indicated in Figure E93b. . . .
A, = 23.13 @ A, = 15.62m, 2 o
A, = 18.17 m? ' "
A, = Ay + A, + A, = 56.92 m?
Weighted unit weight v = (R;.v3; + Ay, + Ag.ys)Atot.

(23.31))11.00) +(18.17) (12.00) +(15.62) (10.02)
56.92

11.05 kN/m?
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(ii) Above the foundation level

(0.50) (18.00)+(1.10)(18.50)+(0.40) (11.00) -~
2.00

16.88 kN/m?
<) Bearing capacity

With the calculated values of ¢, c, v, and y the bearing capacity may now be
calculated using the bearing capacity formula of DIN 4017.

For ¢ = 25°,

N, = 10.7

. N, = 20.8

N, = 4.5
The shape factors are

Sq= 1.34

S. = 1.37

S, = 0.76

Y

Hence, introducing these values into the general equation

Qu = B.L(c. N.. S. + v, DN, §; + v,. B. N, S))

Q. =(5.00)(4.00)[(2.22)(20.8)(1.37)+(16.88)(2.00) (10.69)(1.34)
+ (11.05)(4.00)(4.52)(0.76)] = 13967 kN

p oo Qe 13697,

The changes of the rupture line in accordance with the various iterations are
shown in'Fig. E.9.2.
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0.00
o J=18.0 KN/ m* 0.50
o Jm3
" =18.5 kN/m
o & o |1.60_
w}:s'o«’
Y35 1.0 kN/m3
C5= 0.0 kN/m2
3.50
c 25
L 2120 kN/m3 3
Gq =5.0kN/m2 3.00 i
@y = 22.5°
LY Y 10.0 kN/md
o Cyx 2.0kN/m2
"Z 7.75
R z

(a) Loading and soil profile

o B
_{\4/7/% = = &
. W\\/\( @

|.iteration
2.1teration
3. iteration
4. iteration

(c) Changes of the rupture lines corresponding to the noi;mon

Fig. E.9.2 Bearing capacity calculation according to DIN 4017
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E9.7 The loading and soil profile as indicated in Fig. E.9.3 are given (This example
is taken from DIN 4017 [6]).
It is required to determine the bearing capacity of the foundation.

SOLUTION:

() Existing loads
C‘a) Vertical loads

Given vertical load, P, = 4230.00 kN

Weight of foundation= (4) (5) (1) (24) = 480.00kN
L - Bouyant force = - (4).(5) (10) (2-1.6) = -80.00kN
Total vertical load, P, = 4630.00 kN i

b) Horizontal loads
H, = 450.00 kN
H, = 300.00 kN

Y

c) Moment loads

o) Existing » o ,
M, = 1865.00 kN.m -
M, = -857.50 kN.m

B) From horizontal loading

M, = 450.00 kN.m

M, = -300.00 kN.m

Total moment, M, ... = 2315.00 kN.m
M, o= -1157.50 kN.m

d) Eccentricities

. e e L .My:tof_ 223152000

& = = 02’5‘0 U
x P 4630.00
é
M

o = Meoe _ _1157.50 _ ..

¥ P 4630.00
b' =b - 2e, = 4.00 - (2)(0.50) = 3.00 m
a' =a - 2e, = 5.00 - (2)(0.25) = 4.50 m
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(i1) Irerative calculation of the soil parameters

Mean value of ¢, = 30'0+253'0+22'5 =25.8°

The difference between the mean value ¢, and the respective ¢ - values for each
layer is less than 5°. Hence, calculation is permissible. Within the framework
of this example, calculations are carried out for a slip surface in the x- direction.
It is in this direction that the moment and horizontal load have maximum values.

The calculation in the y - direction may be carried out analogous to the x -
direction. '

P 4630.00

5 =5.55°
s

A a) First iteration
As in the previous example, start with ¢, = 30° and determine the rupture
line (Fig. E.9.4b).

B=45—&=45-£=30' T e T
2 2
One may determine the magnitude of the angle 6 from a formula as given in
DIN 4017 or from Fig. 9.18. ‘
Accordingly,

. cosd 1/cc:szé' “cos’¢ + cos?d _- cos?
tand = 2 s 2 ¢
g (sin¢) (cos¢) + (sind') (cosd',) +sind’ '/_cos?a’s—cosz

for0< &<

where >
H £ ’ . ‘.
8 = _——f _; and ¢ = angle of internal friction.

s v, + c.cot¢'

In this particular example, ¢ = 0, hence 8 =9.55°
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Inserting the values of ¢ = 30° and 8, = 5.55° into the above equation.

(c0s5.55)y/cos? 5.55-cos? 30 + cos? 5.55-cos? 30
tane =

(sin30) (cos30) + (sin5.55) (cos5.55) +sin5.55 (cos?5.55-cos230)"

= 1.264

From Fig. 9.18 for ¢ = 30° and &, = 5.55° one also obtains 6
Sinces = o - B

W =06+ B = 51.65 + 30 = 81.65°

From the rule of sines

51.65°

b’ I,
sin (90-¢) sin®

b/
ryS——————=5ind
sin (90 -¢)

- (3.00) (sin51.65)
(sin(90-30)

=2.71lm

r; = fo . [e3© wktan ‘50)]
= 6.18 m
Distance of E P, (Fig. E.9.3)

2.r, cos B
2{(6.18) (cos 30)=10.71m

The depth of the-rupture line, max d,=r, cos o elare @ tane
= 2.71 cos 30 e [(51.64) (n/180) (tan 30)]=3 .95m

Hence, the location of the deepest point of the rupture line is

max d, +d = 3.95 + 2 = 5.95m below the ground surface. For simplifying
the calculation, part of the rupture line, which is a logarithmic spirale, is
approximated by-sets-of straight lines:as-shown-in-the figure.

The angle  of the logarithmic spirale is subdivided into three equal parts. The
whole of the rupture line now consists of series of straight lines from p; to p;.
Finally the points at which the rupture line cuts the horizontal soil layers s,,, S;,,
S and S,, are determined. It should be noted that these points may be also
determined graphically.
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Taking P, as a reference point for a coordinate system in x and z, the coordinate
of the points at which the rupture line cuts the horizontal soil layers are as
follows: ‘
S; (1.18,1.50)

Sy, (11.11,1.50)

Sa (2.61,3.00)

S, (8.51,3.00) _ ‘

" From these data one may determine the following lengths:
1, = 1, +1,, = 1.91 +3.00 = 4.91m

1, = 1, +1,, = 2.08 +3.00 = 5.08m

l; = 6.27m '

Total length, 1, = 16:27m

With these lengths, the first iteration for the weighted average ‘angle of internal

friction will be obtained

13 tan¢, + l,1 tano, + l5 tang¢,
13+l4_+15 )

tan¢, , =

(4.91) (tan30) + (5.08) (tan25) + (6.27) (tan22.5)
- 16.27

This gives ¢, = 25.62° .
- The deviation from; the initial value of ¢, = 30°

a = 30°25.62 140y =14.57%
1 30
Since this deviation is greater than 3%, it would be necessary to carry another
iteration with the following angle of internal friction:

_q;l = 25.62 * 39 °:00 = 27 .:810, St ﬂi::_;;_:: T It
2

b) Second-iteration

One repeats basically the same calculatio’né, -except that the angle of internal

friction will be 27.81°. The length of the rupture line will be found to be:

1, = 4.85m :

1, = 5.2%m
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ls = 4.63m
Total length 1, = 14.77
The weighted average angle of internal friction would be:

- (4.85) (tan30) +(5.29) (tan25) +(4.63) (tan22.5)
tane,, = 14.77

This gives ¢,,-= 25.94°
' 27.81-25.94

B, = =————_22:77 (100) = 6.73%
27.81 .

Here again, since A, is greater than 3% it is necessary to perform another
iteration. ’ :

27.81 + 25,94
2

=26.87% s

o, = -

¢) Third iteration

The result of the third iteration is $n3 = 26.08. In this case the deviation from
the preceding values is 2.9% which is less than 3%. Hence further iteration is
not necessary,

For calculating the bearing capacity one may use

o, = 26:87+26.08

2 : _ ]

(iii) Bearing capacity calculation
Analogous to the first iteration, the lengths of the rupture line are calculated for

»

¢ = 26.48°
1, = 4.83m
1, = 5.46m
1ls = 3.68m

leot =13.97m

a) Weighted mean cohesion
- The-weighted-mean‘cohesion ¢ ‘would-ber——— -

|
1N

¢ = (lj.cstl,.ctls.cy) /Lo

= 4.83)(0.00) + (5.48) (5.00) + (3.68) (2.00)

= 2
13.91 2.48kN/m
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b) Weighted unit M;eights

- Under the foundation level - . . . _
The weighted unit weight will be determined from the areas A,, A‘, and A, as
indicated in Fig. E.9.3b.
A, =14.79w* A, = 9.03m°
Ay, = 0.97m® Ay = 24.80m?
Weighted unit weight Y = (A;.v3 + Ay.Ye + Rs.Vs) /Aol

(14.79) (11.00) + (9.03).(12) + (0.97) (10)
24.80 '

= 11.32 kN/m’

... Above the foundation level e

. (0.50)(18.00) + (1.10)(18.50) + (0.40) (11.00)
1 . 2.00

= 16.87kN/m?3

With the calculated value of , c, v, and y, the bearing capacity may now be
calculated using the bearing capacity formula of DIN 4017.
For ¢= 26.48° . Ny =12.48

N. = 23.04 N, = 5.72
The shape factors are

§,=1.29 s, =1.32

s, = 0.80 -
The inclination coeficients are .

ig = 0.81 i, = 0.79

i, = 0.73 )

Hence introducing these values into the general equation
Que = L' B' (¢ NeiS'c + viDeNgigS'y
+ y,B'N, i, 8y V) ‘
=(4.50) (3.00){(2.48) (23. 05) (1 32) (0.79) .
+ (16 .88) (2.00) (12.48) (1.30) .81
+(11.33) (3.00) (5.72) (0.80) (0.74)1 ' i
= 8341.0kN._ .. .. ..

q

s~ TP  2630.0

The changes of the rupture lme m accordance with the various 1terat10n are
shown in the Fig. E.9.3.

o : . L ..f.‘..._fa'_‘ AP
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AN ko 67,180 N/m” 0.50
> 7 3P, -
x 74
> AT =10.3 l"/ll’
I e 1.0
i -
2 / / .30
. L—-— 8:4.0 Yy !0 lN/lns!
Rk 2 =10 7r—‘- Y Cy* 0.0 kN/m 350
e 1 Slec @ rese
Z,:l_.o.m * 12.0 KN/nP
' Gg * 3.0 AN/m? 8.00
° N
[ ] —lA
5 YN X L. gy 22,00
c 3
My s * 10.0 lN(m
. a7 Cyr 2OXN/mE
- 7.78
R z
(@) Loading and soll profile
1 B 1 ' 1
1

D¢

P I

max dg

1.1teration
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3. iteration

)

( ¢) Changes of the rupture lines corresponding 1o the Iiteratn

Fig. E.9.3 Bearing capécity calculation according t DIN 4017
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9.5 EXERCISES

1 A strip foundation is 4m wide and rests in a sand at a depth of 1.5m below the
ground surface. Using a factor of safety of 2.5, determine the allowable
bearing capacity, if the unit weight of sand is 19kN/m? and anglé of internal
friction is 30°. :

2 A strip footing 1.5m. wide is to be constructed at a depth of 4m in a purely
cohesive soil having c=138kN/m’ and y = 17.6kN/m’. Estimate the ultimate
bearing capacity from theories of Terzaghi and Skempton.

3 The size of an isolated foofing is to be 1.3 by 1.5m,
Calculate the depth at which the footing Eh‘op?ifplaced to take a load of
2000kN: The soil is sandy having ){]=‘ 30°. Use F, = 3.
' 9 NS T A
a '
4 A strip footing is to be laid at a depth of 2m below the ground surface in a

saturated clay. Unconfined compression test run on the soil samples taken from
_the construction site gave an average compressive strength of 108kN/m?. The
unit weight of the soil is 17.6kN/m®. What is the ultimate bearing capacity?

5 A columan has a footing 2.5m by 2.5m and 0.75m. th{ck. The footing is
founded at a depth of 3m in a clay having a shear strength of S0kN/m? and a
unit weight of 21kN/m”.

Determine th¢ safe load that the footing can take.
- USC Fs=§_‘ angunit Y@ghi _Qf,:,CO*nQr,e.te. E_24kN/m3. I e e o= e e s

%
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6 Compute the bearing capacity of a square footing 2mx2m on a dense sand with

¢'= 35° vy, = 20.0 kN/m?’, if the depth of foundation 0, 1, 1.5, 2, and 3m is,
respectively. - '

a. According to Terzaghi's Formula

b. According to DIN 4017

<

Discuss the result.

7 A footing is to be placed at a depth of 1.5m on a homogeneous clay layer with
= 19.0 kN/m® vy ‘
¢’ = 20 kN/m?
o = 15°.
The water level is located at a depth of 1.00m below the ground surface.

- a) Determine the maximum centric load if a strip footing with B=3.0m
is used. Check your results graphically.

b) Determine the maximum centric load that the footing can sustain if
it is 3m x 3m.

c) If the dimension of the footing is changed to 1.5 x 6m, would there
be a change on the magnitude of the maximum load?

8 A footing 3m x 4m supporting an inclined load of 1200kN with 6, = 15°% is to
be placed at a depth of 2.0m below the ground surface. The ground consists of
normally consolidated clay with e = 1.08, w = 40%,
G,=2.70, ¢'= 25 and ¢'= 40kN/m’. The ground water is at the level of the
footing. Determine the available safety factor.

"9 A rectangular footing with a side ratio L/B = 1.5 is to sustain an axial load of”
800 kN and moments M; =800kN.m, My = 600 kN.m _in the direction of L
and B resepectively about both axes. The footing is to be placed 2.0m below
the ground surface. If the foundation soil is silty clay with ¢’ = 20°,
¢'= 20 kN/m? and y,=18 kN/m’, determine the appropriate dimension of the
footing using a factor of safety of 2.
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If in E 9.6, P = 5000kN, H, = 500kN and H, = 300kN, determine the
bearing capacity of the foundation.

Compare the result of problem 9.10 with that of the method of Schultze.

P



10 EXPANSIVE SOILS

10.1 GENERAL

Expansive soils are clay soils with high plasticity. As the name of the soils suggests, these
soils are known for their peculiar nature of expanding or shrinking when exposed to moisture
changes. Commonly, they are known as black clays or in some regions as "black cotton"
soils. The nalc'he black cotton came from the fact that the soils are found favourable in some

regions for growing cotton.

In dry state, the soils exhibit a high bearing capacity which is gradually lost with increase in

moisture content. If prevented from swelling following exposure to moisture, the soils exert -
high swelling pressure. The pressure build-up is usually responsible for cracking of buildings, .

distortion of pavement surfaces and damage to other structures.

On drying the soils crack very badly. In some cases the cracks are seen to extend to as deep
as 1.5m. Excavated vertical banks in these soils stand so long as the moisture content does not
change. Excessive drying makes the soils to crumble along crack lines and fall into excavated

area.

10.2 ORIGIN OF EXPANSIVE SOILS

The parent materials associated with expansive soils are either basic igneous rocks or
sedimentary rocks. In basic igneous rocks, they are formed by decomposition of feldspar and
pyroxene and in sedimentary rocks, they are constituents of the rock itself.

Parent materials of expansive soils

| Basic igneous rocks” 7 ;'Séiiirﬁéhtiar’}frf)éks’

@

Basalts Marls and limestones
Dolerite sills and dykes Shales
Gabros and Norites

436
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* . Black clay

LN

Fig. 10.1 Distribution of expansive soils in Africa
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10.3 DISTRIBUTION OF EXPANSIVE SOILS

Expansive soils are widespread in the African continent (Fig.10.1), occuring in South Africa,
Ethiopia, Kenya, Mozambique, Morocco, Ghana, Negeria etc. . In other parts of the world
cases of expanslve soils have been widely reported in U.S.A, Australla, Canada, India, Spain,
Israel, Turkeys Argentma Venezuala etc.

10.4 MINERALOGY OF EXPANSIVE CLAY SOILS

Expansive soils have a very high cléy content.” There are thrée common types of ¢lay minerals. .

They are in increasing order of their expansiveness.
Kaolinite - low degree of expansiveness
Illite - moderate degree of expansiveness
Montmorillonite - very high of expansiveness

10.4.1 Kaolinite

Kaolinite has a structural unit made up of alumina sheets joined to silica sheet and is
symbolized as indicated in Fig.( 10.2a). Kaolinite consists of many such layers stacked one on
top of the other as shown in Fig. 10.2(b)

The bond that exists between laS/ers is tight and hence it is difficult to separate the layers. As
a result Kaolinite is relatively stable and water is unable to penetrate between the layers.
Consequently Kaolinite shows little swelling on wetting.

10.4.2 Tilite

Illite has a basic structure similar to that of montmorillonite (F1g 10. 2a) However, the basic °
illite ﬁﬁlts are bonded together by potassium ions which are non- exchangeable (Fig. 10.2b). -
because of thls the illite units are reasonably stable and so that mineral swells much less than |

montmorrillonite.

From the above it follows that montmorillonite is the most active clay mineral that imparts
swelling characteristic to clays.



(a) Eiementary Structure -

=

(b) Particie Structure

Kaolinite Illite

—

L: Si = Silica Sheet

Fig. 10.2 Symbolic structure of clay minerals

Potassium
ions
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Water
Layers
Montmortllionite

Al = Alumina Sheet
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10.4.3 Montmorillonite
Montmorillonite is the most common of all the clay minerals and is well known for its swelling
properties. Its basic structure consists of an alumina sheet sandwitched between two silica
sheets and is symbohcally represented as shown in Fig.10.2a.

The basic mortmorillonite units are stacked one on top of the other, but the bond between the »
individual units is relatively weak so that water is easily able to penetrate between the sheets
and cause their separation and hence swelling (Fig.10.2b).

Montmorillonite is extremely active*and its act1v1ty decreases as the adsorbed cation exchanges
in the following order:

_Sodium (most active), lithium, potassium, calcium, magnesium-and hydroxyl (most stable). -
As the result of exchange of adsorbed cation of montmorillonite by those listed above, its
activity is reduced. Making use of this fact, lime, cement and gypsum are used to stabilize
montmorillonitic soils (expansive soils) in the process of which the active sodium ions are
replaced by less active calcium ions.

10.5" IDENTIFICATION AND CLASSIFICATION OF EXPANSIVE
SOILS

10.5.1 Identification of Expansive Soils
The common methods of identification of expansive soils consist of the following.

10.5.1.1. X-ray Diffractidn, Differential Thermal Analysis and Electronmicroscope
Resolution.

These methods are usually employed for minerological examination. As they involve a high bk
investment cost in eqmpment they are used for 1mportant research pro_;ects

10.5.1.2. Index Property Tests

These are the most commonly applied methods in all soil testing laboratories and consists of:
a) Grain size analysis b) Consistency tests c) Free swell d) Vertical swell under a
small load (1 psi) in a consolidometer ring.
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Results of these tests which are crucial in identifying the expansive soils are percentage of clay

fraction smaller than 2 microns, liquid limit, plastic limit, shrinkage limit and free swell
(Table 10.1). : i

10.5.1.2.1.- Activity (Colloidal Activity)
>
A = - -[25] . (10.1)
C = per cent of clay fraction finer than 2 micron
A = activity '
10.5.1.2.2-. Free swell of Clay Particles - - -

This test is carried out by first pouring 10 c.c of air dried soil passing sieve No. 40(0.42mm)
into a 100 c.c. graduated cylinder. Then distilled water is added into the graduated cylinder
up to 100 c.c. calibration mark. The cylinder with its contents is set aside until the soil
particles settle. Periodic readings of the change in soil volume is taken until the specimen
attains maximum swelling. This usually takes 2 to 3 days. The swelled volume is then
computed using the following relationship.

I

Free swell (in per cent) (10.2)

where
V; = initial volume
V; = final volume

Il

Table 10.1 Indicative properties of Ethiopian expansive soils

"Clay content smaller than (2 microns) or 0.002mm | 50-80%
Liquid limit 80 - 120%
Plasticity limit 55-90%
Shrinkage limit '10-16%
Free swell 90 -23%
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10.5.1.2.3 Swell Potential

Swell potential is expressed as the percentage of swell of laterally confined sample which has

_ been soaked under a surchange of 1 psi. Seed, Woodward and lundgreen [22 ] established the

following relanonshlp for sample compacted following AASHO compaction test to maximum

density and optimum moisture content and allowed to swell in consolidometer under a
surcharge of 1 psi.

S = 60K(Ip)""“ (10.3)

where ’

S

K

swell potential
3.6 x 10 (and is constant).

Relation between swelling potential of clays and plasticity index is indicated in Table 10.2.

Table 10.2 Swelling potential

Swelling Potential Plasticity index
: Low 0-15
Medium ' 10-35
High 20-55
Very high 55 and above

10.5.2 Classification Methods of Expansive Clays

There are a number of classification systems. The following are some of the common
methods.

B
<

10.5.2.1 Skempton's Method [25]

Skempton classifies clays according to their activities. Following his classification, three |

degrees of colloidal activity have been established as indicated in Table 10.3. i
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Table 10.3 Degrees of colloidal activity

Degree of activity Activity
Inactive clay : < 0.75
Normal clay 0.75-1.25 3
Active clay > 1.25

Following this classification, montmorillonitic clay (expansive clay) is defined as active, illitic
clay as normal and kaolinitic clay as inactive. The above classification method is also
presented in a form of chart called activity chart Fig. 10.3. Based on this classification, the |
expansive soils found in and around Addis Ababa fall'way above activity 1. o

- / |

)
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.é\? . .
70 & )
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50 1/ O
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40 v 'LG‘\*‘”

30

PLASTICITY INDEX (%)

20

o} 10 20 30 40 50 60 70 80 S0 100

CLAY FRACTION (% £2 u)

Fig. 10.3 Activity chart (After A.A.B. Williams, 1957-58) .
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10.5.2.2. U.S.B.R. Classification Method

This method was developed by Holtz and Gibbs [12] to establish degree of expansion based on
simultaneous consideration of shrinkage limit (w,), plasticity index (I,), percent smaller than
0.001mm (1p), free swell (FS) and percent swell under a pressure of 1 psi. The relationship
between degree of swell and indicative clay propertles as established by Holtz and Gibbs are
presented in Fable 10.4.

Table 10.4 Relationships between degree of swell and clay properties [12]

Degree of Swell in » " ,‘ - o Per cent R
expansion oedometer under | w, % Ip % 1 smaller than | FS %
or swell a pressure of 1p
1.0psi.(%)
Very high >30 <10 >32 >27 >100
High : 20-30 6-12 23-45 18-37 > 100
Medium 10-20 8-18 12-34 12-27 50-100
Low <10 1 >13 <20 <17 <50

10.5.2.3 Activity Method (Seed's Classification Method) [22]

Seed et al [22] classify clayey soil according to its swelling potential defined as the per cent
vertical swell under a pressure of 1 psi of a laterally confined sample compacted following
AASHO compaction method to maximum density and optimum moisture content. Seed et al
established the following expression. )

S = Ke* . (10.4)
WhEre - o e e s = oo

S =Swelling potentlal in percent

C = percentage of colloids smaller than 2u

X = a constant depending on the clay type and equal to 3.44 for clays tested.

K = a factor depending on the type of clay minerals, calculated from the intercept of
.straight line relating log S to log C
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From the relationship between K and activity, A, it was possible to develop for the clays tested
the following relationships.

K

(3.6 x 10°5)Aa2-4 (10.5)
S = (3.6 x 10°5)A2-44 (34 ' (10.6)

The major disadvantage of Seed 's work is that it was done on clays prepared in the laboratory
by mixing percentages of different clay minerals. The general expression for

I

A= 2|
. I
For natural soils, A= cp where n=5
-n
(3.6x1075%) (I )2-44¢3-44
Hence, S = £ . (10.7)

(C_n)2.44

From the above equation a classification chart shown in Fig. 10.4 was developed.

‘Seed et al [22] give the re]ationsﬁip between the.degree of swell and swelling potential as

indicated in Table 10.5

Table 10.5 Relationship between degree of swell and swelling potential [22]

“ |7 Degree of swell—| - Swelling potential %-——}->———
Low 0 -15
Medium 1.5-50
High 5-25
Very high S >25 .
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Fig. 10.4 Clissification chart for swelling potential [22] .

10.5.2.4 Unified Soil Classification Method

This classification method is based on the plasticity chart. Normally, expansive soils found in
and around Addis Ababa are located above the A-line in the region of high plasticity as shown

in Big. 10.5.
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Fig. 10.5 Plasticity chart

10.6"SWELLING POTENTIAL AND SWELLING PRESSURE

R
— —~ et

The term swelling potential is generally used to indicate the amount of vertical swell (expressed
as per cent of initial sample thickness) obtained under a particular surcharge (usually 1psi).
In short it can be referred. to as vertical strain under a surcharge that the sample undergoes
following exposure to water as shown in Fig. 10.6b. )
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S = —6—)’ (100) - (10.8)
P h
where
Sp = swelling potential in per cent
d, = amount of vertical swell
<h =

= intial height

I . - . . - : Surcharge-

HUUUHULIIY -

- _Potous stone ' P = Swelling Pressure

- T

Porous stone

-

(a) ' (&) - o  (e)

a) Initial ¢ondition . b) Maximum swelling ¢) Final condition

. . Fig. 10.6.Diagramatic ;déscription'of swelling pressure and swelling potential
: <

The swelling pressure is defined as the vertical pressure requiréd to prevent volume cha?nge of
laterally confined sample when it is allowed to take in water as indicated in Fig. 10.6.
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The relationship between percent - swell and pressure can be expressed by a curve shown in

Fig: 10.7. Such a curve is very useful in the prediction of stress-deformation behaviour of

20

Sample ____B.i.1

Ty

N

N\
N
NS

(o] 50 100 150 200 - 250
Surcharge pressure (KR)

)

E xpansién (%)

1 - -

Fig 10.7 Load expansion curve of a clay sample with given initial moisture content. [18]

10.6.2 Factors Affecting Swelling Potential

Plastic clays are capable of large volume changes. The volume changes that take place can be
either expansion or shrinkage. This is primarily governed by initial moisture content and
change in moisture conditions. Swelling is usually accompanied by wettlng of soil which
initially was dry.Shrinkage, on the othier-hand, is associated with drylng of soil which initially
was quite wet.

The'magnitude of swelling and/or swelling pressure is governed
by the following factors:
a) Amount and type of clay in the soil
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b) Placement conditions which involve initial water content, initial density and
confining pressure
¢) Time allowed for swelling

The influences of the placement conditions on the magnitudes of swell and swelling pressures
are as illustrated’ in Fig.10.8 and that of time allowed for swelling in Fig. 10.9.

“CTT = R,

.22 / wy [~ A%
Shmplo — q.l.l /
20 190
W, ﬁ_l%
3 © ®
18 a 170 j
-~ il w
@
&6 7 3 150 - 7
z . 1]
g /| H /
? 14 @ 130 |—
z i [ o
5 © 4 .
S e - LY /
. |
/ 5 /
10 4 o 90 /
8 // 70 /
6 4 50 2
.02 104 1.06 108 1O 12 L4 L6 L8 120 102 104 106 108 L0 L2 L4
INITIAL DRY DENSITY (t/m3) INITIAL DRY DENSITY (t/m3)

Fig. 10.8 Influence of density on percent swell and swelling pressure [18].
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From the above figures it may be noticed that

(a) for a given dry density percent expansion decreases with increase in initial

moisture content (Fig. 10.7)
"~ (b) for a given initial moisture content the swelling pressure increases with increase
in dry density (Fig. 10.8). Percent expansion aiso increases with increase in
~‘d§y density for a given initial moisture content (Fig. 10.8).

(©) percent expansion decreases with increase in confining pressure for a given
initial moisture content and density (Fig. 10.7). )

(@ for full expansion time is necessary (fig. 10.9). The same thing is true for
swelling pressure. '

10.6.3. Laboratory Testing Methods for Determining Swelling
Potential

10.6.3.1 General

The available techniques for quantitative measurement of expansive soils can be categorized
into three groups. Namely, oedometer tests, soil suction tests and empirical methdology.
Among these techniques the oedometer tests are capable of simulating some of the factors
which affect the swelling characteristics of expansive soils. It should be noted, however, that
the oedmeter tests have limitation. The oedometer tests consider moisture as well as volume
change in one dimension only. In the in-situ, the above changes 'take place in three directions.
For simplicity, however, the oedometer testing techniques have become popular and are
extensively used. Therefore, this method is discussed. In the section to follow some of the
methods which use the oedometer will be reviewed.

10.6.3.2 Different Pressure Method

~In-this-method-several-identical samples (three-or more)-are-loaded with-different 1oads close
to expected swelling pressure. The samples are set aside to consolidate in the dry state. When
equilibrium is reached, then they are submerged in water and the subsequent swell is recorded.
The samples are again left until they reach equilibrium and the swellmg practically ceases. The
vertical movement are plotted against applied pressure as shown in Fig. 10.10. The pressure®
corresponding to zero volume change is taken as the swelling pressure.
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The different pressure method has the same sequence with regard to loading wetting events as

in the field. That is, the loads are firstly applied to unsaturated soil and the soil undergoes

compression under these loads. Then, after a period of time, the soil comes in contact with
the source of water and an upward movement starts.

N

—
~ End points of submersion
tests
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o
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<
a Os =Swaeliing
ﬁ pressure
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Fig. 10 10 Determination of swelling potential by different pressure method

The data obtained by this method can provide much information useful for design such al\
swelling pressure correspéndmg to zero volume change, the vertical movement that is to be.
expected under the loads imposed by the structure and the loads that could be applied t¢:
develop a certain swelling within a tolerable limit.
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10.6.3.3 Swell-Consolidation Method (Free Swell Method)

In this method an undisturbed sample is allowed to absorb water under a load of 1 psi (7kN/m?)

and is put aside to fully expand and reach equilibrium. Then it is consolidated by increasing

the applied pressure in intervals following the conventional consolidation test procedure. The
load increment i continued until the sample reaches its initial volume (zero volume change).
The load corresponding to zero volume change is taken as swelling pressure. Fig.10.11 shows
the stress-strain relationship for this test.

Maximum Expansion
—
E3
-3 Consolidation curve
7]
-
= /
x
W Swelling under-
I~ light pressure
Us | =Swelling
. o . pressure
& APPLIED PRESSURE
5 \
4 ,
ul
g
=
o
e

Fig. 10.11 Determination of swelling potential by swelling consolidation method

This method is quite popular and many investigators have used this method to establish a
relationship between swell and applied pressure and to eval}late swelling pressure. The most
serious draw back of this method is that it does not represent the mormal sequence of
load-submersion. In the field the soil is first subjected to the structural load and then swell
later following exposure to moisture but not vice versa. This method also yields a higher

swelling pressure than ether method. The higher swelllng pressure is attributed to the great

energy required to expel the absorbed water.
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10.6.3.4 Double Oedometer Method

This method was proposed by Jenmngs and nght and has been used by many mvestlgators
to study the swell—pressure relanonshxp of an expansive soil.

Nyt

- —~Wet compression curve

Dry compression curve

VOID. RATIO

G
Lo6

Fig. 10.12 Determination of swelling pressure by double oedométer method

' Thls method is based on sub_]ectmg two 1dentlcal samples t0 consohdatlon test The ﬁrst

sample is consolidated at its natural moisture content while the second sample i is first-allowed
to absorb water and swell under light load followed by consolidation. For the two samples the
applied pressures are plotted against vertical strain (or void ratio) on the same diagram. The
pressure corresponding to the intersection point of the two curves is taken as the swelling

pressure as shown in Fig. 10.12.
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This method usually gives a relatively high swelling pressure. This is due to the fact that the

pressure taken as the swelling pressure is not that required to bring the sample to its initial

volume, but to its volume after being compressed in the dry state to a pressure equal to the
‘ swelling pressure.

10.6.3.5 Constant Volume Method

The specimen in the constant volume method is allowed to absorb water without any increase
in volume by increasing the applied pressure as the test proceeds until the sample reaches
equilibrium (Fig. 10.13). The test can be carried out usmg oedometer, where more foad is

added to keep the volume of the sample constant while the sample absorbs water. The same

test can also be run using a rigid proving ring. The swelling pressure can be determined by
plotting the applied pressure against change in volume as shown in Fig 10.13. This method
does not represent the in-situ condition where the applied load, after the structure is in service,
does not change with time. When the swelling process occurs, a constant pressure acts rather
than different pressure which increase with time to a counter act the swelling process.

Information such as the amount of heave which could be expected under application of a certain.

load or the load which could be applied to limit the heavé within tolerable limit cannot be
furnished by this method. The method needs uninterupted monitoring for a long period. .
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Fig. 10.13 Determination of swelling pressure by the constant volume me&xod




10.6.3.6 Comparison of the Different Testing Methods
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The swelling pressure value of identical specimens determined by various testing method are

presented by Rabba 1975 as indicated below.

Swelling Pressure

Constant volume

Method
KN/m,
Different Pressure 1800
Swell-consolidation 2200
Double Oedometer 3400

1900

3
;
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i1 IMPROVING SOIL CONDITIONS AND PROPERTIES

1.1 SOIL STABILIZATION

11.1.1 General

The soils availcable for construction often do not meet the requirements for construction. - The

process by which the properties of the soil are improved so as to meet the construction
requirement is called stabilization. In its broadest sense, soil stabilization may also be defined

as the method used to change one or more properties of soil so as to improve the desired

performance of the soil. Soil stabilization may be broadly classified as follows

Soil stabilization

Mechanical stabilization

Compaction

Excavation and

replacement

Mixing of
different soil

Chemical stabilization

Lime

stabilization

Cement

stabilization

Asphalt

| stabilization |

458
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11.1.2 Compaction

Compaction is the process whereby soil is mechanically compressed through a reduction in the
air voids. In other words, it is a process of i increasing soil unit weight (density) by forcing the
solid matter of the soil into a tighter state and reducing the air voids.

The purpose of compaction is to produce soil having physical properties appioprlatc for a
particular project. For example, good compaction'is needed in road construction for building
of embankments, improvement of subgrades and building of sub-bases. Compaction reduces
settlements of the fill in embankment; reduces percolation of water through the fill and also

1

increases shearing resistances.

Compaction is measured quantitatively in terms of dry density. The increase in dry density of
soil is a function of the moisture content of the soil and the amount of compaction (compactive
effort). ‘

11.1.2.1 Role of Moistu‘re in Compaction

For a given compactive effort the dry density (dry unit weight) will vary with the water content
as shown in Fig. 11.1. The water content at which the dry density is a maximum is termed as
optimum water content. The behavior of soil at different water content is explained as follows.

When the water content is low, the soil is stiff and difficult to compress, thus low dry density
and high air contents are obtained. As the moisture content is increased, the water acts as
lubricant causing the soil to soften and become more workable. This results in the closer
packing (higher dry density) of the soil grains and lower air contents. If more water is added
to the soil, however, a stage is reached when water tends to keep the particles appart (pore
pressure is set up) and prevent any appreciable increase in air content.~ The total voids continue

to increase-with-the moisture content and hence-the dry density of the soil falls-———

To the right of the peak of the dry density versus water content curve showri"’in Fig. 11.11is
curve relating dry density with moisture content for soil containing no air voids.

This curve represents an upper bound for dry density (dry unit weight) and is drawn using the
following equation which is derived from Eq. (2.15 and Eq. (2.20).

G G

= s = s
Ya 1+eY" (@G,) \E&
t—_

(11.1)

S
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Fig. 11.1 Compaction curve.

11.1.2.2 Compaction Effort

Increasing amounts of compaction, that is the energy applied per unit weight of soil, results

in'an increase in the maximum dry density and a decrease in the optimum moisture content as

shown in Fig. 11.2. If light compaction is used, more water will be needed to overcome the
resistance of the soil grains to packing. In using heavy compaction, however, the soil grains
can be forced over each other with less water and the amount of water occupying the pore
spaces can be kept at minimum. This latter case-results in a denser packing. It can, therefore,
be concluded that the greater the compactive effort, the higher the maximum dry density and
the lower the optimum moisture content.



IMPROVING SOIL CONDITIONS AND PROPERTIES 461

25+

Zero qir voids curve
High effort
Te——

Low effort

Dry unit weight, 84 - KN /m3

|
10 20 30
Water content, W %

Fig. 11.2 Compaction curve for different compactive effort

11.1,2.3  Laboratory Compaction Tests

. 11.1.2.3.1 General

Standard compaction tests were developed by Proctor in 1933 and is widely used to determine
the optimum moisture content and thie maximum dry density under normal compactions. Two

" the modified Proctor (modified AASHO compaction test).”

_types of compaction tests are in use today. They are the standard Proctor compaction test and

>

The épparatus used in both tests consists of cylindrical mold having a capacity of 1/30 cubic
feet (945x10¢ m®) with an internal diameter of 4 inches (10 cm) and a height of 4.6 inches
(11.5cm). A detachable collar is attached to the mold on top. The mold itself is bolted to a

base plate at the bottom as'shown in Fig. 11.3.




462 SOIL MECHANICS

Z é,Collor
7
g{ 7
/ %
7 -§ / . Mould
5 -
Z /
\/ . KN
Z 4" (10 cT ) /J—FB
MININN RIS AN

Base “plate

Fig. 11.3 Standard Proctor mold

The compaction tests are de51gned to simulate the density of soils compacted by field methods.
For most applications such as retaining wall backfill, highway fills and earth dams the standard
Proctor test is adequate compaction. For heavier load applications such as airport and highway
bqse courses, the modified Proctor teét is used. .

11.1.2.3.2 Standard Proctor Test

The soil to be tested is thoroughly mixed with measured quaﬁtity of water and is then filled in
the mold in three layers of approximately equal thicknéss. Each layer is compacted by 25
"blows of a standard rammer weighing 5.5 pounds (25N) which is allowed to drop freely from
a height of 12 inches (0.3m) at each blow. After c_ompag:i»ion of three layers, the soil is
trimmed to the top of the mold. The mold with its content is removed from the base plate
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and weighed. Moisture content determination is made on a sample of soil and the dry density
is then calculated as follows: ' ‘
Weight of empty mold = W,
Weight of the mold and the compacted soil = W,
Moismi‘e content of the compacted soil
determined by drying a sample in the oven = o

Volume of the mold =

Moist unit weight, Y. : = _2 = 1
i i 7 i . Ywet
Dry unit weight (dry density), Ya = =

The above procedure is repeated at several increasing moisture contents and a compaction cure
as shown in Fig. 11. 4 is obtamed The co-ordinates of the peak give the maximum dry density
and the optimum moisture content. At a glven moxsture content, the max1mum possible
compaction would be obtained when the air is completely expelled and the soil is fully
saturated. In practice this is not possible to attain. A certain amount of air will remain
entrapped within the water as minute bubbles and will not be expelled by any amount of
compactlon It is only then possible to express the dry density of a soil with a given moisture
content at a particular saturation ratio as expressed by Eq.(11.1). As may be noticed from Fig.

11.4 for a constant w, Y, increases as S increa'ses attaining a maximum at full saturation, i.e.
S =100%. ‘

11.1.2.3. Modified Proctor Test

“ In this test the same procedure as-described ‘in section 11.1.2.3.2, ’is’followed, but’ the
compaction is carried out by blows of 10 pounds (45N) rammer dropped frgm a height of
18inches (0.46m) on each § layers The number of blows per layer is the ‘same as standard
Proctor test. i

11.1.2.4 Field Compaction

: i | ‘ .
Compaction in the field is carried out by different methods using such machiheries as mmpeﬁ.
smooth drum roller, pneumatic-tired roller, sheepfoot roller, vibratory roller efc. The
compacted dry density to be attained is spec:ﬁed dependmg on the type of eqmpment to
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Fig. 11.4 Compaction curves resulting from standard Proctor and modified Proctor tests

w

be used on the basis of laboratory standard Proctor or modified AASHO tests. As it is difficult
to maintain strict control of compaction in the field, _the spec1ﬁcat10ns usually requu'e

~ attainment of 90% t0 95% of the dry density obtained in the laboratory.

The type of compaction methods to be adopted in the field depends on the kind o} soil to be -
compacted. Cohesionless soils are effectively compacted by imparting vibrations. Rolhng for -
such type of soils is least effective. For silty soxls of low plasticity, pneumat&c tyred rollers
are preferred. Plastic soils of moderate cohesnon and cohesive clay sonls are best compacted
by sheepfoot rollets ‘ :

f
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11.1.2.5 Field Control of Compaction

" 11.1.2.5.1 Density Control

Undisturbed soil sample is obtained by pushing a thin walled cutter 10cm in dlameter and 12.5
cm hlgh into the compacted soil layer. The cutter is weighed with its contents and the moisture
content of the soil is found by the usual procedure. Using the moisture content thus obtained,
the dry density. is determined and comparcd with the dry density obtained in the laboratory
standard test.

For gravelly soil, the sand cone method is used. “The method consists of digging a hole 10 to
15 cm in diameter and 15cm deep. The soil obtained from the hole is weighed and tested for
moisture content. The volume of the hole is measured by filling it with loose dry sand that
falls from a fixed height through a cone-shaped stand. An alternate method of measuring the
hole volume is to line it with a thin rubber (rubber balloon method) and fill it with water (For
detailed procedure consult ASTM)

11.1.2.5.2 Penetration Control -

This is doneé by means of a penetrometer. During the laboratory compaction testing a
penetrometer reading can be obtained for the material in the Proctor_mold after each test. A
correlation between penetration resistance, dry density and moisture content can be established
(Fig. 11.5) to serve as calibration curve.

The penetrometer can later be used to test the material as it is compacted in the field. The
penetration resistance values as obtained in-the-field are compared with-those obtained in the

~laboratory to determine the acceptance of the compaction work. ‘Penetrometer 4s used in most

°

soil compaction control cases excepting in stony soils.
11.1.3 Excavation and Replacement
Excavation and replacement is sometimes used where a problematic soil layer is of small

thickness and is located close to the ground surface. In such cases, it would be economical to
remove the soil and replace it with well graded soil that can be compacted to a dense state.

|
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<
"11.1.4 Mixing of Different Soils

s

Mixing of different soils is usually undertaken when the natural soil at the construction site is

either too coarse or too fine to be compacted to a dense structure to serve as subase in highway

construction or floor foundation for building construction. In such a case the natural soil is

excavated to sufficient depth and then blended with selected soils brought from elsewhere. The.
mixed soil is laid in layers and compacted following the given specification.
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11.1.5. Lime Stabilization

In general, lime stabilization improve the strength, stiffness and durability of fine grained soils.
Adding lime to soil produces lower maximum density and a higher optimum moisture content.
It has a pronounced stabilizing effect on expansive soil. It lowers the plasticity index and
greatly reduces shrink-swell characteristic of expénsive soil. Such an action sof lime takes
places quite rapidly and requires 2 to 3 per cent lime. The slow action of lime which is due
to pozzolanic activity requires sufficient time (weeks) and quantity of lime and results in
increase in strength. It has been found that there is an optimum lime content up to which
strength increases and beyond which strength decreases. This calls for special care in the

, design of lime treated soil. S

11.1.6 Cement Stabilization

Portland cement and soil mixed at the proper moisture content is used to stabilize soils in
special situation. The main use has been to stabilize soil bases under concrete pavement for
highways and airfields. Soil cement mixtures are also used to protect dams against erosion by
waves and as cores for some small earth dams.

There are a number of factors which affect the strength and durability 6f soil-cement. Some
of these are soil type, cement content, aging, curing condition, compaction condition etc.
Almost any inorganic soil that can be pulverized effectively can be stabilized with cement. A
well graded soil is most suitable for cement stabilization. Stabilization of low plasticity and
sandy soils usually require 5 to 14% cement by volume.

The strength of‘soil cement increases with curing period. During the initial stage of curing,
the soil-cement must be kept moist, otherwise fine cracks may develop in soil cement. The
“——" “time elapsed between mixing and compai:tioﬁ or in other words 7a>g>ing'has' rjégéii‘veférffectr on
density, strength and durability of soil cement. The détri.mental effect of agiﬂg on strength and
durability can be minimized, if compaction moisture content is kept above the optimum
moisture -content as obtained from Proctor compabtion test. In this regard it has been
recommended (for expected delay of 2 to 6 hours between mixing and compaction) to use 2 to
4% moisture content above the optimum for such soils as silty loams, silty clays and sandy
loams. The compaction moisfure content for fine.—grained soils is suggested to be 3 to 4%

above the optimum moisture content even if delay is not expected.
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11.1.7 Asphalt Stabilization

Bituminous materials are employed in various consistencies to improve the geotechnical
properties of soils. When mixed with cohesive soils, bituminous materials improve the bearing
capacity and soil strength by water-proofing the soil and preventing high moisture content.
Bituminous materlals act as a cementing agent when added to sand and produce a strong
coherent mass The amount of bitumen added range from 4 to 7% for cohesive material and
from 4 to 10% for sandy material. Bitumen stabilized soils are used as base course in road

construction.

11.2 INJECTION AND GROUTING

Grouting is widely used to control ground water flow. It is also used to increase soil strength
and prevent settlement. Grouting consists of injecting under pressure cement shurry or
chemicals or bentonite into a soil to improve its properties or control ground water flows. It
is effectively applied into a soil only if the soil is sufficiently pervious to permit the easy
passage of solution or if it contains cracks which require filling. Grout may therefore be
designed to penetrate through the void system of the soil mass or to displace soil and improve

the properties by densifyirg a loose soil. Methods of applying grouts into the soil vary. In

one method a casing is driven and injection is made under pressure as the casing is withdrawn.
In another method a grout hole is drilled to a depth at which grout is required and the grout
is forced into the soil as soon as the drill is withdrawn. Another method requires the casing
to be perforated and left permanently there. Displacement grouting (consisting of Portland
cement and sand slurry) is used to displace soil and compact the surrounding material about
a central core of grout. Injection of lime sometime used to produce lenses in the soil that will
block the flow of water and reduce compressibility and expansion properties of the soil.

Injectlon and groutmg techmques of stabxhzmg soils are generally found to be expensxve when
*5'compared to,other methods and hence are used only in special situations.

11.3 DYNAMIC STABILIZATION

Dynamic stabilization techniques are often used to stabilize cohesionless soils. The most
common methods of dynamic stabilization are vibroflotation, blasting and compaction piles.
Each of these techniques is briefly described.
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11.3.1 Vibroflotation

The vibroflot is cylindrical tube provided with water jets at top and bottom. It is equipped with
eccentric weight which develops horizontal vibratory motion. The vibroflot is sunk into the
ground with the help of the lower jets and then raised in small stages, in the course of which
the surrounding soil is compacted by the vibration process. The enlarged hole, made by the
vibroflot is filled with suitable granular material ;md is compacted by the _jet’action. This
method is very effective for increasing the density of a loose sand deposit for depth up to 30m.

The spacing of compaction probes should be on grid of about 2m. In soft cohesive soils and
organic soils the vibroflotation method has been used with a gravel as a backfill material. The
resulting densified granular material column called stone‘ column effectlvély—ré'mforces softer
soils and acts as a bearing pile for foundations. The stone columns furnish drainage channels

for moisture in the soil and accelerate consolidations.

11.3.2. Blasting

Explosive charges buried at a greater depth are very effective in producing deep densification
.of granular ‘materials- when-detonated at intervals. -The holes-of-explosive charges-can be
patterned in grids of suitable size. This technique is'used in areas where surrounding structures

are located at far enough distance to prevent damage.

11.3.3 Compaction Piles

+ Compaction piles are commonly used to densify a loose deposit of sand. In this method pipe
piles provided with caps are driven to the desired depth. ' As they are extracted the holes are
backﬁlled with granular materials. Both the process of driving the pile and the dlsplacement
of soil due to the pile produce densification of surrounding sandy materlal > :

11.4 PRECOMPRESSION

Percompression involves preloading the soil to produce settlement before the start of
construction work. The preload is usually in the form of an earth fill which is kept in place
long enough to produce the required settlement. In order to check when sufficient settlement

e inih e g - e

—— -
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 Careful consideration must be given to the stability of the foundafion's—()il under preload prior

to the use of this technique in improving the foundation soij.

11.5 DRAINAGE
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Example 11-1

The following data were obtained from Proctor compaction test on a soil )

(%) 9.6 |11 125 |14 16 18 19.5
Yo KN/m?) | 18 19 196 [2045 |21 205 5]20.1

specific gravity of soil grains is 2.6 Determine the maximum dry density and optimum
moisture content for the soil. Plot the zero air curve and 85% saturation curve. ’
Ywec 18

= lwet o 16.42KN/m*
Y, TG LR 006 T e e

The same calculation is carried out for each moisture content.

- . ,
Y, = . (2.6) (10)  _ _26 _ - 50 g1KN/m®
1+—0£ 1+(0.096)2.6 1.2496 .
—
Keeping S = 1, for each moisture content Y, is determined.
With S = 0.85, Y, is computed for each moisture content.
(%) 96 | 11 12.5 14 |16 18 19.5
v (KN/my) 16.42 | 17.12 | 17.42 | 17.94 | 18.10 | 17.37 16.82

v, for S=100%KN/m?) | 20.81+| 20.22 | 19.62 | 19.06 | 18.36 17.71 | 17.25
v, for S=85%(KN/m*) | 20.09 { 19.46 | 18.81 | 18.20 | 17.46 | 16.76 | 16.29

o 1z 1a & 8 20

¥4 nox® 19:1 KN/m3
optimum & 315.7.%
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1.6 EXERCISES

1 The Following are the results of Proctor compaction test on a given soil sample

Wt. of mold + wetsoil in N .| 33.2 34,38 37.78 37.76 36.88
Moisture antént (%) 5.18 8.45 14.95 16.83 19.70

If the weight of the mold is 17.86N and volume 940 c.c., determine_the
maximum dry density and optimum moisture content.

2 Ihl a Prbctor compaction test the maximum dry density was found to be
18KN/m® and optimum moisture content 15.2%. If the specific gravity of soil
grains is 2.65, calculate the degree of saturation and void ratio at maximum dry
density.

3 From Proctor compaction test ﬁxe dry maximum density of soil was found to be
17.5KN/m® and optimum moisture content 14.5%. The specific gravity of soil.
grains was 2.6. Find the degree of saturation and percentage of air voids at the
optimum condition. ’
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