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GEOTECHNICAL ENGINEERING
UNIT-I
INTRODUCTION AND INDEX PROPERTIES OF SOILS: Soil formation, clay mineralogy
and soil structure, moisture content, weight-volume relationships, relative density. Grain size
analysis, sieve analysis, principle of hydrometer method, consistency limits and indices, I.S.
classification of soils
UNIT-II
PERMEABILITY, EFFECTIVE STRESS AND SEEPAGE THROUGH SOILS : Capillary
rise, flow of water through soils, Darcy’s Law, permeability, factors affecting permeability,
laboratory & field tests for determination of coefficient of permeability, permeability of layered
soils;
Total, neutral and effective stress, upward and downward seepage through soils, quick sand
condition, flow nets: characteristics and uses.
UNIT-III
STRESS DISTRIBUTION IN SOILS AND COMPACTION: Boussinesq’s and Westergard’s
theories for point load, uniformly loaded circular and rectangular areas, pressure bulb, variation of
vertical stress under point load along vertical and horizontal plane, Newmark’s influence chart for
irregular areas.
Mechanism of compaction, factors affecting compaction, effects of compaction on soil properties,
field compaction equipment and compaction quality control.
UNIT-IV
CONSOLIDATION :Types of compressibility, immediate settlement, primary consolidation and
secondary consolidation, stress history of clay, e-p and e-log p curves, normally consolidated soil ,
over and under consolidated soil, pre-consolidation pressure and its determination, Terzaghi’s 1-D
consolidation theory, coefficient of consolidation square root time and logarithm of time fitting
methods, computation of total settlement and time rate of settlement.
UNIT-V
SHEAR STRENGTH OF SOILS: Importance of shear strength, Mohr and coulomb failure
theories, types of laboratory tests for strength parameters, strength tests based on drainage
conditions, strength envelops, shear strength of sands, dilatancy, critical void ratio, liquefaction,
shear strength of clays.
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UNIT-I
INTRODUCTION AND INDEX PROPERTIES OF SOILS

Introduction to Soil Mechanics:
The term "soil" can have different meanings, depending upon the field in which it is
considered.
To a geologist, it is the material in the relative thin zone of the Earth's surface within
which roots occur, and which are formed as the products of past surface processes. The
rest of the crust is grouped under the term "rock". To a pedologist, it is the substance
existing on the surface, which supports plant life.
To an engineer, it is a material that can be:
•
•
•
•

Built on: foundations of buildings, bridges.
Built in: basements, culverts, tunnels.
Built with: embankments, roads, dams.
Supported: retaining walls.

Soil Mechanics is a discipline of Civil Engineering involving the study of soil, its
behaviour and application as an engineering material. Soil Mechanics is the application
of laws of mechanics and hydraulics to engineering problems dealing with sediments and
other unconsolidated accumulations of solid particles, which are produced by the
mechanical and chemical disintegration of rocks, regardless of whether or not they
contain an admixture of organic constituents.
Soil consists of a multiphase aggregation of solid particles, water, and air. This
fundamental composition gives rise to unique engineering properties, and the description
of its mechanical behavior requires some of the most classic principles of engineering
mechanics.
Engineers are concerned with soil's mechanical properties: permeability, stiffness, and
strength. These depend primarily on the nature of the soil grains, the current stress, the
water content and unit weight.
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Formation of Soils
In the Earth's surface, rocks extend upto as much as 20 km depth. The major rock types
are categorized as igneous, sedimentary, and metamorphic.
•
•
•

Igneous rocks: formed from crystalline bodies of cooled magma.
Sedimentary rocks: formed from layers of cemented sediments.
Metamorphic rocks: formed by the alteration of existing rocks due to heat from
igneous intrusions or pressure due to crustal movement.

Soils are formed from materials that have resulted from the disintegration of rocks by
various processes of physical and chemical weathering. The nature and structure of a
given soil depends on the processes and conditions that formed it:
•
•
•
•

Breakdown of parent rock: weathering, decomposition, erosion.
Transportation to site of final deposition: gravity, flowing water, ice, wind.
Environment of final deposition: flood plain, river terrace, glacial moraine,
lacustrine or marine.
Subsequent conditions of loading and drainage: little or no surcharge, heavy
surcharge due to ice or overlying deposits, change from saline to freshwater,
leaching, contamination.

All soils originate, directly or indirectly, from different rock types.
Soil Types
Soils as they are found in different regions can be classified into two broad categories:
(1) Residualsoils
(2) Transported soils

Residual Soils
Residual soils are found at the same location where they have been formed. Generally,
the depth of residual soils varies from 5 to 20 m.
Transported Soils
Weathered rock materials can be moved from their original site to new locations by one
or more of the transportation agencies to form transported soils. Transported soils are
classified based on the mode of transportation and the final deposition environment.
(a) Soils that are carried and deposited by rivers are called alluvial deposits.
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(b) Soils that are deposited by flowing water or surface runoff while entering a lake are
called lacustrine deposits. Alternate layers are formed in different seasons depending on
flow rate.
(c) If the deposits are made by rivers in sea water, they are called marine deposits.
Marine deposits contain both particulate material brought from the shore as well as
organic remnants of marine life forms.
(d) Melting of a glacier causes the deposition of all the materials scoured by it leading to
formation of glacial deposits.
(e) Soil particles carried by wind and subsequently deposited are known as aeolian
deposits.

SOIL FORMATION AND SOIL TYPES
Soils are the fundamental resource supporting agriculture and forestry, as well as
contributing to the aesthetics of a green planet. They are also a base from which minerals
are extracted and to which solid wastes are disposed. In addition, soils act as a medium
and filter for collection and movement of water. By supporting plant growth, soil
becomes a major determinant of atmospheric composition and therefore earth's climate.
ORIGIN OF SOILS
Soils are formed by weathering of rocks due to mechanical disintegration or chemical
decomposition. When a rock surface gets exposed to atmosphere for an appreciable time,
it disintegrates or decomposes into small particles and thus the soils are formed.
FORMATION OF SOILS
Soils are formed either by (A) Physical Disintegration or (B) Chemical decomposition of
rocks.
A. PHYSICAL DISINTEGRATION
Physical disintegration or mechanical weathering of rocks occurs due to the
following physical processes:
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1. Temperature changes
Different minerals of rocks have different coefficients of thermal expansion.
Unequal expansion and contraction of these minerals occur due to temperature changes.
When the stresses induced due to such changes are repeated many times, the particles get
detached from the rocks and the soils are formed.

2. Wedging action of ice
Water in the pores and minute cracks of rocks gets frozen in very cold climates.
As the volume of ice formed is more than that of water, expansion occurs. Rocks get
broken into pieces when large stresses develop in the cracks due to wedging action of the
ice formed.
3. Spreading of roots of plants
As the roots of trees and shrubs grow in the cracks and fissures of the rocks,
forces act on the rocks. The segments of the rock are forced apart and disintegration of
rocks occurs.
4. Abrasion
As water, wind and glaciers move over the surface of rock, abrasion and scouring
takes place. It results in the formation of soils.
Note: In all the processes of physical disintegration, there is no change in the chemical
composition. The soil formed has the properties of the parent rock. Coarse grained soils,
such as gravel and sand, are formed by the process of physical disintegration.
B. CHEMICAL DECOMPOSITION
When chemical decomposition or chemical weathering of rocks takes place,
original rock minerals are transformed into new minerals by chemical reactions. The soils
formed do not have the properties of the parent rock. The following chemical processes
generally occur in nature:
1. Hydration
In hydration, water combines with rock minerals and results in the formation of a
new chemical compound. The chemical reaction causes a change in volume and
decomposition of rock into small particles.
An example of hydration reaction that is taking place in soils is the hydrolysis of
SiO2
SiO2+ 2H2 O

Si(OH)4
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2. Carbonation
It is a type of chemical decomposition in which carbon dioxide in the atmosphere
combines with water to form carbonic acid. The carbonic acid reacts chemically with
rocks and causes their decomposition.
The example for this type of is, that is taking place in sedimentary rocks which
contain calcium carbonate.
3. Oxidation
Oxidation occurs when oxygen ions combine with minerals in rock. Oxidation
results in decomposition of rocks. Oxidation of rocks is somewhat similar to rusting of
steel.
4. Solution
Some of the rock minerals form a solution with water when they get dissolved in
water. Chemical reaction takes place in the solution and the soils are formed.
5. Hydrolysis
It is a chemical process in which water gets dissociated into H+ and OH- ions. The
hydrogen cations replace the metallic ions such as calcium, sodium and potassium in rock
minerals and soils are formed with a new chemical composition.
Note: Chemical decomposition of rocks result in the formation of clay minerals. The clay
minerals impart plastic properties of soils. Clayey soils are formed by chemical
decomposition.

TRANSPORTATION OF SOILS
The soils formed at a place may be transported to other places by agents of
transportation, such as water, ice, wind and gravity.
1. Water transported soils
Flowing water is one of the most important agents of transportation of soils. the
size of the soil particles carried by water depends upon the velocity. The swift water can
carry the particles of large size such as boulders and gravels. With a decrease in velocity,
the coarser particles get deposited. The finer particles are carried further downstream and
deposited when the velocity reduces. A delta is formed when the velocity slows down to
almost zero at the confluence with a receiving body of still water such as lake, a sea or an
ocean.
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All types of soils carried and deposited by water are known as alluvial deposits.
Deposits made in lakes are called lacustrine deposits. Marine deposits are formed when
the following water carries soils to ocean or sea.

2. Wind transported soils
Soil particles are transported by winds. the particle size of the soil depends on the
velocity of wind. The finer particles are carried far away from the place of the formation.
Soil deposits by wind are known as Aeolian deposits.
Large sand dunes are formed by winds. Sand dunes occur in arid regions and on
the lee ward side of the sea with sandy beaches.
Loess is a silt deposit made by wind. These deposits have low density and high
compressibility. The bearing capacity of such soils is very low. The permeability in
vertical direction is large.
3. Glacier- deposited soils
Glaciers are large masses of ice formed by the compaction of snow. As the
glaciers grow and move, they carry with them soils varying in size from fine grained to
huge boulders. Soils get mixed with ice and are transported far away from their original
position.

BASIC BEFINITIONS
A soil mass consists of solid particles which form a porous structure. The voids in the soil
mass may be filled with air, water or partly with water and partly with water. Soil is a
three phase system in general.
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VOLUMETRIC RELATIONSHIPS
Void Ratio
Void ratio is the volume of voids to the volume of solids. It is denoted by ‘e’
e=Vv/Vs
It is expressed as a decimal.
Porosity
It is defined as the ratio of volume of voids to the total volume. It is denoted by ‘n’
n=Vv/V
It is generally expressed as a percentage
1/n=V/Vv= (Vv+vs)/Vv
1/n= 1+ (1/e) = (1+e)/e
n=e/ (1+e)
(a)
1/e= (1/n)-1= (1-n)/n
e=n/ (1-n)
(b)
In equations (a) and (b), the porosity should be expressed as a ratio and not percentage.
Degree of saturation
The degree of saturation is the ratio of the volume of water to the volume of voids. It is
denoted by ‘S’.
S=Vw/Vv
The degree of saturation generally expressed as a percentage. It is equal to zero when the
soil is absolutely dry and 100% when the soil is fully saturated.
Percentage air voids
It is the ratio of volume of air to the total volume.

na= Va/V
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It is also expressed as a percentage.
Air content
Air content is defined as the ratio of the volume of air to the volume of voids
ac= Va/Vv
Also,
na=n ac
Water content
The water content (w) is defined as the ratio of the mass of water to the mass of soilids
w= Mw/Ms
It is also known as the moisture content (m). It is expressed as a percentage but used as a
decimal in computation.
VOLUME-MASS RELATIONSHIPS

1. BULK MASS DENSITY
The bulk mass density (ρ) is defined as the total mass (M) per unit volume (V)
ρ=M/V

2. DRY MASS DENSITY
The dry mass density (ρd) is defined as the mass of solids per unit total volume
ρd= Ms/V
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3. SATURATED MASS DENSITY
The saturated mass density (ρsat) is the bulk density of the soil when it is fully
saturated
ρsat= Msat/V
4. SUBMERGED MASS DENSITY
When the soil exists below water, it is in a submerged condition. The submerged
mass density (ρ') of the soil is defined as the submerged mass per unit total volume.
ρ'= Msub/V
5. MASS DENSITY OF SOLIDS
The mass density of solids (ρs) is equal to the ratio of the mass of solids to the
volume of solids
ρs=Ms/Vs
VOLUME-WEIGHT RELATIONSHIPS
1.
2.
3.
4.
5.

Bulk Unit Weight (γ)= W/V
Dry Unit Weight (γd) = Ws/V
Saturated Unit Weight (γsat) = Wsat/V
Submerged Unit Weight (γsub or γ') = Wsub/V
Unit Weight Of Soil Solids (γs) = Ws/Vs

SPECIFIC GRAVITY OF SOLIDS
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The specific gravity of soil particles (G) is defined as the ratio of the mass of a given
volume of solids to the mass of an equal volume of water at 4° C.
G = ρs/ρw
The mass density of water ρw at 4°C is 1gm/ml, 1000 kg/m3 or 1 Mg/m3
BASIC RELATIONSHIPS
Sl No

Relationship in mass density

Relationship in unit weight

1

n = e/(1+e)

n = e/(1+e)

2

e = n/(1-n)

e = n/(1-n)

3

na = n ac

na = n ac

4

ρ = (G+Se)ρw/(1+e)

γ= (G+Se) γ w/(1+e)

5

ρd = Gρw/(1+e)

γd = G γ w/(1+e)

6

ρsat = (G+e)ρw/(1+e)

γsat = (G+e) γ w/(1+e)

7

ρ' = (G-1)ρw/(1+e)

γ' = (G-1) γ w/(1+e)

8

e = wG/s

e = wG/s

9

ρd = ρ/(1+w)

γd = γ /(1+w)

10

ρd = (1-na)G ρw/(1+wG)

γd = (1-na)G γ w/(1+wG)
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WATER CONTENT DETERMINATION
The water content of the soil is an important parameter that controls its behaviour. It is a
quantitative measure of the wetness of the soil mass. The water content of the soil can be
determined by any one of the following methods
1. Oven drying method
2. Torsion balance method
3. Pycnometer method
4. Sand bath method
5. Alcohol method
6. Calcium carbide method
7. Radiation method

SPECIFIC GRAVITY DETERMINATION
The specific gravity of solid particles is determined in the laboratory using the following
methods
1. Density bottle method
2. Pycnometer method
3. Measuring flask method
4. Gas jar method
5. Shrinkage limit method

MEASUREMENT OF MASS DENSITY
The following methods are generally used for the determination of mass density
1. Water displacement method
2. Submerged mass density method
3. Core cutter method
4. Sand replacement method
5. Water Balloon method
6. Radiation method
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PARTICLE SIZE ANALYSIS
MECHANICAL ANALYSIS
The mechanical analysis, also known as particle size analysis, is a method of
separation of soils in to different fractions based on particle size. It expresses
quantitatively the proportions, by mass of various sizes of particles present in the soil. It
is shown graphically in a particle size distribution curve.
The mechanical analysis is done in two stages
1. Sieve analysis
2. Sedimentation analysis
SIEVE ANALYSISIS
This test is meant for coarse grained soils (particle size greater than 75 microns)
which can easily pass through a set of sieves. The sieves used are 80mm, 40mm, 20mm,
10mm, 4.75mm, 2mm, 1mm, 600μ, 425μ, 212μ, 150μ, 75μ. The selection of the required
number of sieves is done to obtain a good particle size distribution curve. The sieves are
stacked one over the other, with decreasing size from top to bottom. A lid or cover is
placed at the top and a pan, which has no opening, is placed at the bottom. Sieve analysis
includes dry sieve analysis and wet sieve analysis.

Fig: Set of IS Sieves
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Fig: Set of IS Sieves

Fig: Illustrates Sieve Analysis test procedure
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Fig: Illustrates Sieve Analysis test procedure
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Fig: Illustrates Sieve Analysis test procedure

SEDIMENTATION ANALYSIS
Sedimentation analysis is also known as wet analysis. it is used for particle size less than
75 microns. The analysis is based on Stoke’s law. it includes preparation of suspension
for the test. About 50g of soil is weighed and transferred to an evaporating dish. To have
proper dispersion of soil, 100ml of a dispersion solution is added to the soil. The soil is
washed into a 1000ml jar and enough water is added to make 1000ml suspension. it
include Pipette method and Hydrometer analysis.
Sedimentation analysis is also known as wet analysis. it is used for particle size less than
75 microns. The analysis is based on Stoke’s law. it includes preparation of suspension
for the test. About 50g of soil is weighed and transferred to an evaporating dish. To have
proper dispersion of soil, 100ml of a dispersion solution is added to the soil. The soil is
washed into a 1000ml jar and enough water is added to make 1000ml suspension. it
include Pipette method and Hydrometer analysis.

17

100

% Finer

80
60
40
20
0
0.0001

0.001

0.01

0.1

1

10

100

Particle size (mm)

Fig: Particle size distribution graph

100

% Finer

80
60
40
20
0
0.0001

0.001

0.01

0.1

1

Particle size (mm)

Fig: Grading curves of Well graded soil

18

10

100

COMBINED SIEVE AND SEDIMENTATION ANALYSIS
If the soil mass consists of both coarse grained and fine grained soils, a combined
analysis is done. The slurry of the soil is made as mentioned in the wet analysis. The
slurry is sieved through a 4.75mm IS sieve. The material retained on the sieve is oven
dried and coarse sieve analysis is done. The material retained on 75mm IS sieve is also
oven dried and the sieve analysis is done using the set of fine sieves. The suspension
passing through 75 micron sieve is mixed with a deflocculating agent and the hydrometer
test is performed on the suspension.
PARTICLE SIZE DISTRIBUTION CURVE
The particle size distribution curve also known as a gradation curve represents the
distribution of particles of different sizes in the soil mass. The percentage finer ‘N’ is
plotted as the ordinate and the particle size as abscissa. From the graph, the soil can be
classified as gap graded (skip graded), well graded and uniform soils.
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Fig: Illustrates Particle Size Distribution Curve
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RELATIVE DENSITY
The most important index aggregate property of a cohesionless soil is its relative
density (Dr), is also known as density index (ID). The relative density is defined as,
Dr = [(emax-e) / (emax-emin)] x 100
Where, emax = maximum void ratio of the soil in the loosest condition
emin = minimum void ratio of the soil in the densest condition
e = void ratio in the natural state

Fig: Volume reduction from compaction of granular soil
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PLASTICITY CHARACTERISTICS OF THE SOIL
PLASTICITY OF SOIL
The plasticity of the soil is its ability to undergo deformation without cracking or
fracturing. Plasticity of the soil is due to the presence of clay minerals.

Fig: Shows Plastic limit test apparatus
CONSISTENCY LIMITS
The consistency of a fine grained soil is the physical state in which it exists. it is
used to denote the degree of firmness of the soil. Consistency of the soil is indicated by
the terms soft, firm or hard. The water content at which the soil changes from one state to
another is known as Consistency limits or Atterberg’s limits.
Plasticity Index = Liquid Limit – Plastic Limit
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Low plasticity

w = < 35%

Intermediate plasticity

w = 35 - 50%

High plasticity

w = 50 - 70%

Very high plasticity

w = 70 - 90%

Extremely high plasticity

w = > 90%

L

L

L

L

L

LIQUID LIMIT
The water content at which the soil changes from the liquid state to the plastic
state is known as the liquid limit (LL, Wl)

Fig: Shows Liquid limit test apparatus
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UNIT-II
PERMEABILITY, EFFECTIVE STRESS AND SEEPAGE THROUGH
SOILS
PERMEABILITY OF SOILS:
The property of soil which permits flow of water through it is called the
permeability. Permeability is a very important property of soil. It will affect the
settlement of buildings, yield of wells, seepage through and below the earth structures. It
controls the hydraulic ability of soil masses.
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DARCY'S LAW
The flow of free water through soil is governed y Darcy's law. In 1856, Darcy
demonstrated experimentally that, for homogeneous soils, the velocity f flow is given by,
v=ki
where,
k= coefficient of permeability
i= hydraulic gradient
the above equation is known as Darcy's law. The discharge 'q' is obtained by
multiplying the velocity f flow by the total cross sectional area of the soil (A) normal to
the direction of flow. Thus
q=va= kiA
the coefficient of permeability is defined as the velocity of flow which would
occur under unit hydraulic gradient. It has the dimensions of velocity. It is measured in
mm/sec. cm/sec, m/sec or m/day.

DETERMINATION OF COEFFICIENT OF PERMEABILITY
LABORATORY METHODS
1.
Constant head permeability test
2.
Variable head permeability test
FIELD METHODS
1.
Pumping out tests
2.
Pumping in tests
INDIRECT METHODS
1.
Computation from the particle size or its specific surface
2.
computation from the consolidation test data
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CAPILLARITY-PERMEABILITY TEST
CONSTANT HEAD PERMEABILITY TEST
k= qL/Ah
where,
q = discharge (water collected by time0
L = length of specimen
A = area of cross section
h = head causing flow
VARIABLE HEAD PERMEABILITY TEST
k = 2.303 aL/At [log (h1 / h2)]
where,
a = area of cross section of stand pipe
L = length of soil sample
A = area of cross section of soil sample
t = time
h1 = initial head
h2 = final head
FACTORS AFFECTING PERMEABILITY OF SOILS
1.
Particle size
2.
Structure of soil mass
3.
Shape of particles
4.
Void ratio
5.
Properties of water
6.
Degree of saturation
7.
Adsorbed water
8.
Impurities in water
PERMEABILITY OF STRATIFIED SOIL DEPOSITS
(a) Flow parallel to plane of stratification
kh = (kh ) 1 x H1 + (kh ) 2 x H2 + ......+ (kh) n x Hn
H1 + H2 +. ......... + Hn

(b) Flow normal to the plane of stratification
kv = H1 + H2 +.......................... Hn
H1 + H2 + …......+Hn
(kv)1 ( kv)2
25

(kv)n

Fig: Illustrates coefficient of permeability(K)
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Fig: Illustrates coefficient of permeability(K) ranges.
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EFFECTIVE STESS PRINCIPLE
(1)
DEFINITION OF EFFECTIVE STRESS
Let us consider a prism of soil with cross sectional area A.
The weight P of the soil prism is given by
P = Unit weight of soil x h x A
Where 'h' is the height of the prism and 'A' is the cross sectional area of the prism
(2)
IMPORTANCE OF EFFECTIVE STRESS
The effective stress controls the engineering properties of the soils. Compression and
shear strength of the soil depends on effective stress.
Total stress = effective stress + pore water pressure
Effective stress = Total stress- pore water pressure
Pore water pressure= Unit weight of water x h
Pore water pressure is also known as neutral pressure or neutral stress
1.

EFFECT OF WATER TABLE FLUCTUATIONS ON EFFECTIVE STRESS

Soil above the water table is assumed as wet and soil below the water table is saturated.
The total stress is obtained by multiplying unit weight of each layer with its unit weight.
Effective stress is obtained by subtracting the pore water pressure from the total stress.
2.
3.
4.

EFFECTIVE STRESS IN A SOIL MASS UNDER HYDROSTATIC
CONDITIONS
INCREASE IN EFFECTIVE STRESSES DUE TO SURCHARGE
EFFECTIVE STRESSES IN SOILS SATURATED BY CAPILLARY ACTION

SEEPAGE PRESSURE
As the water flows through the soil, it exerts a force on the soil. The force acts in
the direction of flow in the case of isotropic soils. The force is known as the drag force or
seepage force. The pressure induced in the soil is termed as seepage pressure.
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UNIT-III
STRESS DISTRIBUTION
SOIL STRESS CAUSED BY EXTERNAL LOAD:
External Load Types
– Point Load
– Line Load
– Uniform Load

Stresses in soil from surface loads
The stresses within a semi-infinite, homogeneous, isotropic mass, with a linear stressstrain relationship, due to a point load on the surface, were determined by Boussinesq in
1885.
• The stresses due to surface loads distributed over a particular area can be obtained
by integration from the point load solutions.
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•

The stresses at a point due to more than one surface load are obtained by
superposition.
In practice, loads are not usually applied directly on the surface but the results for surface
loading can be applied conservatively in problems concerning loads at a shallow depth.

Vertical Stress Increase with Depth:
• Allowable settlement, usually set by building codes, may control the allowable
bearing capacity
• The vertical stress increase with depth must be determined to calculate the amount
of settlement that a foundation may undergo
•
• In 1885, Boussinesq developed a mathematical relationship for vertical stress
increase with depth inside a homogenous, elastic and isotropic material from point
loads as follows:
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Stress due to a Circular Load:
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Stress Isobar (or Pressure bulb)
• Stress contour or a line which connects all points below the ground surface at which
the vertical pressure is the same.
• Pressure at points inside the bulb is greater than that at a point on the surface of the
bulb; and pressures at points outside the bulb are smaller than that value.
• Any number of stress isobars can be drawn for any applied load.
• A system of isobars indicates the decrease in stress intensity from the inner to outer
ones.
• Isobars are Leminscate curves
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Newmark’s Influence Chart
• The Newmark’s Influence Chart method consists of concentric circles drawn to
scale, each square contributes a fraction of the stress
• In most charts each square contributes 1/200 (or 0.005) units of stress (influence
value, IV)
• Follow the 5 steps to determine the stress increase:
1. Determine the depth, z, where you wish to calculate the stress increase
2. Adopt a scale of z=AB
3. Draw the footing to scale and place the point of interest over the center of
the chart
4. Count the number of elements that fall inside the footing, N
5. Calculate the stress increase as:
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Westergaard' s Theory of stress distribution:
•

Westergaard developed a solution to determine distribution of stress due to point
load in soils composed of thin layer of granular material that partially prevent
lateral deformation of the soil.

Westergaard' s Theory of stress distribution:
Assumptions:
(1) The soil is elastic and semi-infinite.
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(2) Soil is composed of numerous closely spaced horizontal layers of negligible
thickness of an infinite rigid material.
(3) The rigid material permits only the downward deformation of mass in which
horizontal deformation is zero.
WESTERGAARD METHOD

Point Load

z =

P

1

2 3/ 2
z 2 

1+ 2 r  
z

 



a=

1− 2
2 − 2
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BOUSSINESQ VS WESTERGAARD
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COMPACTION OF SOILS
Compaction means pressing of soil particles close to each other by mechanical methods.
Air during compaction is expelled from the void space in the soil mass and therefore the
mass density is increased. Compaction is done to improve the engineering properties of
the soil. Compaction of soil is required for the construction of earth dams, canal
embankments, highways, runways and many other structures.

STANDARD PROCTOR TEST
To assess the amount of compaction and water content required in the field, compaction
tests are done on the same soil in the laboratory. The test provide a relationship between
the water content and the dry density. The water content at which the maximum dry
density is attained is obtained from the relationship provided by the tests. Proctor used a
standard mould of 4 inches internal diameter and an effective height of 4.6 inches with a
capacity of 1/30 cubic foot. The mould had a detachable base plate and a removable
collar of 2 inches height at its top. The soil is compacted in the mould in 3 layers, each
layer was given 25 blows of 5.5 pounds rammer filling through a height of 12 inches.IS:
2720 part VII recommends essentially the same specification as in Standard Proctor test,
some minor modifications. The mould recommended is of 100mm diameter, 127.3 mm
height and 1000ml capacity. The rammer recommended is of 2.6 kg mass with a free drop
of 310mm and a face diameter of 50mm. The soil is compacted in three layers. The
mould is fixed to the detachable base plate. The collar is of 60mm height.
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Procedure
About 3kg of air dried soil is taken for the test. It is mixed with 8% water content and
filled in the mould in three layers and giving 25 blows to each layer. The volume of the
mould and mass of the compacted soil is taken. The bulk density is calculated from the
observations. A representative sample is placed in the oven for determination of water
content. The dry density id found out from the bulk density and water content. The same
procedure is repeated by increasing the water content.
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Compaction curve

Water content

A compaction curve is plotted between the water content as abscissa and the
corresponding dry density as ordinate. It is observed that the dry density initially
increases with an increase in water content till the maximum density is attained. With
further increase in water content the dry density decreases. The water content
corresponding to maximum dry density is known as the optimum water content (O.W.C)
or the optimum moisture content (O.M.C).
At water content more than the optimum, the additional water reduces the dry density as
it occupies the space that might have been occupied by the solid particles.
For given water content, theoretical maximum density is obtained corresponding to the
condition when there are no air voids (degree of saturation is 100%). The theoretical
maximum density is also known as saturated dry density. The line indicating theoretical
maximum density can be plotted along with the compaction curve. It is known as the zero
air void line.
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MODIFIED PROCTOR TEST
The modified Proctor test was developed to represent heavier compaction than that in the
standard Proctor test. The test is used to simulate field conditions where heavy rollers are
used. The test was standardized by American association of State Highway Officials and
is, therefore also known as modified AASHO test.
In this, the mould used is same as that in the Std Proctor test. However, the
rammer used is much heavier and has a greater drop than that in the Std Proctor test. Its
mass is 4.89 kg and the free drop is 450mm. The soil is compacted in five equal layers,
each layer is given 25 blows. The compactive effort in modified Proctor test is 4.56 times
greater than in the Std Proctor test. The rest of the procedure is same

FACTORS AFFECTING COMPACTION
Water Content
At low water content, the soil is stiff and offers more resistance to compaction. As the
water content is increased, the soil particles get lubricated. The soil mass becomes more
workable and the particles have closer packing. The dry density of the soil increases with
an increase in the water content till the O.M.C is reached.
Amount of compaction
The increase in compactive effort will increase the dry density at lower water content to a
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certain extent.
1.
Type of soil
The dry density achieved depends upon the type of soil. The O.M.C and dry density for
different soils are different
2.
Method of compaction
The dry density achieved depends on the method of compaction
EFFECT OF COMPACTION ON PROPERTIES OF SOILS
1. Soil Structure
2. Soils compacted at water content less than the optimum generally has a
flocculated structure.
3. Soils compacted at water content more than the optimum usually has a dispersed
structure.
4. Permeability
5. The permeability of a soil depends upon the size of voids.
6. The permeability of a soil decreases with an increase in water content on the dry
side of optimum water content.
7. Swelling
8. Pore water pressure
9. Shrinkage
10. Compressibility
11. Stress-strain relationship
12. Shear strength
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METHODS OF COMPACTION USED IN THE FIELD
Several methods are used in the field for compaction of soils. The choice of method will
depend upon the soil type, the maximum dry density required and economic
consideration. The commonly used methods are
1. Tampers
2. Rollers
The compaction depends upon the following factors
1. Contact pressure
2. Number of passes
3. Layer thickness
4. Speed of roller
Types of rollers
1. Smooth-wheel rollers
2. Pneumatic tyred rollers
3. Sheep foot rollers
Vibratory compactors
COMPACTION CONTROL
Compaction control is done by measuring the dry density and the water content of
compacted soil in the field
1.
Dry density:
The dry density is measured by core cutter method and sand replacement method
2.
Water content:
For the measurement of water content, oven drying method, sand bath method, calcium
carbide method etc are used. Proctor needle is also used for this.
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UNIT- IV

COMPRESSIBILITY AND CONSOLIDATION OF SOILS
When a soil mass is subjected to a compressive force, its volume decreases. The
property of the soil due to which a decrease in volume occurs under compressive force is
known as the compressibility of soil.

The water is squeezed out of the clay over a long time (due to low permeability of
the clay).

The compression of soil can occur due to:
1.
Compression of solid particles and water in the voids
2.
Compression and expulsion of air in the voids
3.
Expulsion of water in the voids
The compression of saturated soil under a steady static pressure is known as
consolidation. It is entirely due to expulsion of water from the voids
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INITIAL, PRIMARY AND SECONDARY CONSOLIDATION
Initial Consolidation:
When a load is applied to a partially saturated soil, a decrease in volume occurs
due to expulsion and compression of air in the voids. A small decrease in volume occurs
due to compression of solid particles. The reduction in volume of the soil just after the
application of the load is known as initial consolidation or initial compression. For
saturated soils, the initial consolidation is mainly due to compression of solid particles.
Primary Consolidation
After initial consolidation, further reduction in volume occurs due to expulsion of
water from the voids. When a saturated soil is subjected to a pressure, initially all the
applied pressure is taken up by water as an excess pore water pressure. A hydraulic
gradient will develop and the water starts flowing out and a decrease in volume occurs.
This reduction in volume is called as the primary consolidation of soil
Secondary Consolidation
The reduction in volume continues at a very slow rate even after the excess
hydrostatic pressure developed by the applied pressure is fully dissipated and the primary
consolidation is complete. The additional reduction in the volume is called as the
secondary consolidation.
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Fig: Shows Diaphragm piezometer

47

UNIT-V
SHEARING STRENGTH OF SOILS
Shear strength may be defined as the resistance to shearing stresses and a consequent
tendency for shear deformation.
Soil derives its shearing strength from the following
1. resistance due to interlocking of particles
2. frictional resistance between the individual soil grains
3. adhesion between soil particles or cohesion
Necessity of studying Shear Strength of soils:
• Soil failure usually occurs in the form of “shearing” along internal surface within
the soil. Shear Strength
• Thus, structural strength is primarily a function of shear strength.
• The strength of a material is the greatest stress it can sustain.
• The safety of any geotechnical structure is dependent on the strength of the soil.
• If the soil fails, the structure founded on it can collapse
Thus shear strength is “The capacity of a material to resist the internal and external
forces which slide past each other”
Significance of Shear Strength :
➢ Engineers must understand the nature of shearing resistance in order to analyze soil
stability problems such as;
• Bearing capacity
• Slope stability
• Lateral earth pressure on earth-retaining structure

Fig: Shear Failure under Foundation Load
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Fig. Shear Failure
At failure, shear stress along the failure surface reaches the shear Thus shear strength
of soil is “The capacity of a soil to resist the internal and external forces which slide past
each other”
Shear Strength in Soils :
• The shear strength of a soil is its resistance to shearing stresses.
• It is a measure of the soil resistance to deformation by continuous displacement of its
individual soil particles.
• Shear strength in soils depends primarily on interactions between particles.
• Shear failure occurs when the stresses between the particles are such that they slide or
roll past each other

Components of shear strength of soils
Soil derives its shear strength from two sources: –
➢ Cohesion between particles (stress independent component)
➢ Cementation between sand grains.
➢ Electrostatic attraction between clay particles – Frictional resistance and interlocking
between particles (stress dependent component)
Cohesion: Cohesion (C), is a measure of the forces that cement particles of soils
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Internal Friction: Internal Friction angle (f), is the measure of the shear strength of soils
due to friction.
Factors Influencing Shear Strength: The shearing strength, is affected by:
➢ Soil composition: mineralogy, grain size and grain size distribution, shape of
particles, pore fluid type and content, ions on grain and in pore fluid.
➢ Initial state: State can be describe by terms such as: loose, dense, overconsolidated,
normally consolidated, stiff, soft, etc.
➢ Structure: Refers to the arrangement of particles within the soil mass; the manner in
which the particles are packed or distributed. Features such as layers, voids, pockets,
cementation, etc, are part of the structure.
Mohr Circle of Stresses
In soil testing, cylindrical samples are commonly used in which radial and axial stresses
act on principal planes. The vertical plane is usually the minor principal plane whereas
the horizontal plane is the major principal plane. The radial stress (σr) is the minor
principal stress (σ3), and the axial stress (σa) is the major principal stress (σ1).

To visualise the normal and shear stresses acting on any plane within the soil sample, a
graphical representation of stresses called the Mohr circle is obtained by plotting the
principal stresses. The sign convention in the construction is to consider compressive
stresses as positive and angles measured counter-clockwise also positive.
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Draw a line inclined at angle θ with the horizontal through the pole of the Mohr circle so
as to intersect the circle. The coordinates of the point of intersection are the normal and
shear stresses acting on the plane, which is inclined at angle θ within the soil sample.

Normal stress

Shear stress
The plane inclined at an angle of to the horizontal has acting on it the maximum
shear stress equal to

, and the normal stress on this plane is equal to

.

The plane with the maximum ratio of shear stress to normal stress is inclined at an angle
of
to the horizontal, where a is the slope of the line tangent to the Mohr circle
and passing through the origin.
When the soil sample has failed, the shear stress on the failure plane defines the shear
strength of the soil. Thus, it is necessary to identify the failure plane. Is it the plane on
which the maximum shear stress acts, or is it the plane where the ratio of shear stresses to
normal stress is the maximum?
For the present, it can be assumed that a failure plane exists and it is possible to apply
principal stresses and measure them in the laboratory by conducting a triaxial test. Then,
the Mohr circle of stress at failure for the sample can be drawn using the known values of
the principal stresses.
If data from several tests, carried out on different samples upto failure is available, a
series of Mohr circles can be plotted. It is convenient to show only the upper half of the
Mohr circle. A line tangential to the Mohr circles can be drawn, and is called the MohrCoulomb failure envelope.
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If the stress condition for any other soil sample is represented by a Mohr circle that lies
below the failure envelope, every plane within the sample experiences a shear stress
which is smaller than the shear strength of the sample. Thus, the point of tangency of the
envelope to the Mohr circle at failure gives a clue to the determination of the inclination
of the failure plane. The orientation of the failure plane can be finally determined by the
pole method.

The Mohr-Coulomb failure criterion can be written as the equation for the line that
represents the failure envelope. The general equation is

Where = shear stress on the failure plane
c = apparent cohesion
= normal stress on the failure plane
f = angle of internal friction
The failure criterion can be expressed in terms of the relationship between the principal
stresses. From the geometry of the Mohr circle,

Rearranging,

where
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MOHR’S CIRCLE
Otto Mohr, a German scientist deviced a graphical method for the determination of
stresses on a plane inclined to the major principal planes. The graphical construction is
known as Mohr’s circle. In this method, the origin O is selected and the normal stresses
are plotted along the horizontal axis and the shear stresses on the vertical axis.

Minor
princip
al plane

O

D

P
σ3

C

H

F

Major
principal
plane

(σ 1+ σ3)/2

σ1

To construct a Mohr circle, first mark major and minor principal stresses on X axis. Mark
the centre point of that as C. A circle is drawn with c as centre and CF as radius. Each
point on the circle gives the stresses σ and τ on a particular plane. The point E is known
as the pole of the circle.
1. Mohr’s circle can be drawn for stress system with principal planes inclined to coordinate axes
2. Stress system with vertical and horizontal planes are not the principal planes
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MOHR-COULOMB THEORY

τ
Failure envelope

σ

The soil is a particulate material. The shear failure in soils is by slippage of particles due
to shear stresses. According to Mohr, the failure is caused by a critical combination of
normal and shear stresses. The soil fails when the shear stress on the failure plane at
failure is a unique function of the normal stress acting on that plane. Since the shear
stress of the failure plane is defined as the shear strength (s) the equation for that can be
written as
S= f (σ)
The Mohr theory is concerned with the shear stress at failure plane at failure. A plot can
be made between the shear stresses and the normal stress at failure. The curve defined by
this is known as the failure envelope.
The shear strength of a soil at a point on a particular plane was expressed by Coulomb as
a linear function of the normal stress on that plane as,
S= C + σ tan φ
In this C is equal to the intercept on Y axis and phi is the angle which the envelope make
with X axis.
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DIFFERENT TYPES OF SHEAR TESTS AND DRAINAGE CONDITIONS
The following tests are used to measure the shear strength of the soil
1. Direct shear test
2. Triaxial compression test
3. Unconfined compression test
4. Vane shear test
Depending upon the drainage conditions, there are three types of tests
• Unconsolidated-Undrained condition
• Consolidated - Undrained condition
• Consolidated-Drained condition
DIRECT SHEAR TEST
Apparatus:
The test is conducted in a soil specimen in a shear box which is split in to two halves
along the horizontal plane at its middle. The size of the shear box is 60 x 60 x 50 mm. the
box is divided horizontally such that the dividing plane passes through the centre. The
two halves are held together by locking pins the box is also provided with gripper plates
plain or perforated according to the testing conditions

Test Procedure:
A soil specimen of size 60 x 60 x 25 mm is taken. It is placed in the direct shear box and
compacted. The upper grid plate, porous stone and pressure pad is placed on the
specimen. Normal load and shear load is be applied till failure
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Presentation of results:
•
•
•

Stress – strain curve
Failure envelope
Mohr’s circle

Merits:
1.
2.
3.
4.

the sample preparation is easy
as the thickness of the sample is very less, the drainage is quick
it is ideally suited for conducting drained tests on cohesionless soils
the apparatus is relatively cheap

Demerits:
1.
2.
3.
4.
5.
6.

the stress conditions are known only at failure
the stress distribution on the failure plane is not uniform
the area of shear gradually decreases as the test progresses
the orientation of the failure plane is fixed
control of drainage conditions is very difficult
measurement of pore water pressure is not possible

Tests on sands and gravels can be performed quickly, and are usually performed dry as it
is found that water does not significantly affect the drained strength. For clays, the rate of
shearing must be chosen to prevent excess pore pressures building up.
As a vertical normal load is applied to the sample, shear stress is gradually applied
horizontally, by causing the two halves of the box to move relative to each other. The
shear load is measured together with the corresponding shear displacement. The change
of thickness of the sample is also measured.
A number of samples of the soil are tested each under different vertical loads and the
value of shear stress at failure is plotted against the normal stress for each test. Provided
there is no excess pore water pressure in the soil, the total and effective stresses will be
identical. From the stresses at failure, the failure envelope can be obtained.
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TRIAXIAL COMPRESSION TEST

The triaxial test is carried out in a cell on a cylindrical soil sample having a length to
diameter ratio of 2. The usual sizes are 76 mm x 38 mm and 100 mm x 50 mm. Three
principal stresses are applied to the soil sample, out of which two are applied water
pressure inside the confining cell and are equal. The third principal stress is applied by a
loading ram through the top of the cell and is different to the other two principal stresses.
A typical triaxial cell is shown.

The soil sample is placed inside a rubber sheath which is sealed to a top cap and bottom
pedestal by rubber O-rings. For tests with pore pressure measurement, porous discs are
placed at the bottom, and sometimes at the top of the specimen. Filter paper drains may
be provided around the outside of the specimen in order to speed up the consolidation
process. Pore pressure generated inside the specimen during testing can be measured by
means of pressure transducers.
➢ It is used for the determination of shear characteristics of all types of soils under
different drainage conditions. In this a cylindrical specimen is stressed under
conditions of axial symmetry. In the first stage of the test, the specimen is
subjected to an all round confining pressure on the sides, top and bottom.
➢ This stage is known as the consolidation stage. In the second stage of the test
called shearing stage, an additional axial stress called deviator stress is applied on
the top of the specimen through a ram. Thus the total stress in the axial direction
at the time of shearing is equal to the confining stress plus the deviator stress.
➢ The vertical sides of the specimen are principal planes. The confining pressure is
the minor principal stress. The sum of the confining stress and deviator stress is
the major principal stress.
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➢ Triaxial apparatus consists of a circular base with a central pedestal. The
specimen is placed on the pedestal. The pedestal has one or two holes which are
used in the drainage function or pore pressure measurement.
➢ A triaxial cell is placed to the base plate. It is a Perspex cylinder. There are three
tie rods which support the cell. A central ram is there for applying axial stress. An
air release valve and an oil release valve are attached to the cell. The apparatus
also have special features like,
•
•
•

Mercury control system.
Pore water pressure measurement device.
Volume changes measure.

Triaxial test on cohesive soil
CU, UU and CD tests can be conducted on soil specimen. The specimen is placed in the
pedestal inside a rubber membrane. The confining pressure and axial pressure is applied
till failure.
Triaxial test on cohesion less soil
The procedure is same as that in the cohesive soil only the sample preparation is
different. A metal former, a membrane and a funnel are used for the sample preparation.
Merits
1.
2.
3.
4.
5.
6.

There is complete control over the drainage conditions
Pore pressure changes and volumetric changes can be measured directly
The stress distribution in the failure plane is uniform
The specimen is free to fail on the weakest plane
The state of stress at all intermediate stages up to failure is known
The test is suitable for accurate research work

Demerits
1. The apparatus is elaborate, costly and bulky
2. The drained test takes a longer period as compared with that in a direct shear test
3. The strain condition in the specimen are not uniform
4. It is not possible to find out the cross sectional area of the specimen accurately
under large strains
5. The test simulates only axi symmetric problems
6. The consolidation of the specimen in the test is isotropic whereas in the field,
consolidation is generally anisotropic.
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Computation of various parameters
1. Post consolidation dimensions
V0 = Lo X (π/4. Do2)
Do = [Vo/(π/4 X Lo)]1/2
2. Cross sectional area during shearing stage
A= Ao/(1-ξ1)
3. Stresses
Deviator stress=P/A
Principal stresses
σ 1 = σ 3 + (σ 1 – σ 3)
4. Compressive strength
The deviator stress at failure is known as the compressive strength of soil
Presentation of results of triaxial test
• Stress-strain curves
• Mohr envelopes in terms of total stress and effective stress

UU Test

All Mohr circles for UU test plotted in terms of total stresses have the same diameter.
The failure envelope is a horizontal straight line and hence
It can be represented by the equation:
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CU & CD Tests:

For tests involving drainage in the first stage, when Mohr circles are plotted in terms of
total stresses, the diameter increases with the confining pressure. The resulting failure
envelope is an inclined line with an intercept on the vertical axis.
It is also observed that CCU ≠ CCD and

CU

≠

CD

It can be stated that for identical soil samples tested under different triaxial conditions of
UU, CU and CD tests, the failure envelope is not unique.
Effective Stress Parameters
If the same triaxial test results of UU, CU and CD tests are plotted in terms of effective
stresses taking into consideration the measured pore water pressures, it is observed that
all the Mohr circles at failure are tangent to the same failure envelope, indicating that
shear strength is a unique function of the effective stress on the failure plane.
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This failure envelope is the shear strength envelope which may then be written as

Where c' =
cohesion
intercept
in
terms
f' = angle of shearing resistance in terms of effective stress

of

If
is the effective stress acting on the rupture plane at failure,
the same plane and is therefore the shear strength.

effective

stress

is the shear stress on

The relationship between the effective stresses on the failure plane is

UNCONFINED COMPRESSION TEST
The unconfined compression test is a special form of triaxial test in which the confining
pressure is zero. The test can be conducted only on clayey soils which can stand without
confinement. There are two types of UCC machines machine with a spring and machine
with a proving ring
A compressive force is applied to the specimen till failure. The compressive load can be
measured using a proving ring.

Fig. Unconfined Compressive Strength Test
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Presentation of results
In this test the minor principal stress is zero. The major principal stress is equal to the
deviator stress. The Mohr circle can be drawn for stress conditions at failure.
Merits
1. The test is convenient, simple and quick
2. It is ideally suited for measuring the unconsolidated undrained shear strength of
intact saturated clays
3. The sensitivity of the soil can be easily determined
Demerits
1. The test cannot be conducted on fissured clays
2. The test may be misleading for soils of which the angle of shearing resistance is
not zero.

VANE SHEAR TEST
The undrained strength of soft clays can be determined in a laboratory by vane shear test.
The test can also be conducted in the field on the soil at the bottom of bore hole. The
apparatus consists of a vertical steel rod having four thin stainless steel blades or vanes
fixed at its bottom end. Height of the vane should be equal to twice the diameter. For
conducting test in a laboratory, a specimen of dia 38mm and height 75mm is prepared
and fixed to the base of the apparatus. The vane is slowly lowered in to the specimen till
the top of the vane is at a depth of 10 to 20 mm below the top of the specimen. The
readings of the strain indicator and torque indicator are taken
Shear strength S= T/[π(D2H1/2 + D3/12)]
Where T =Torque applied
D = Diameter of vane
H1= Height of vane
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Fig. Laboratory Vane Shear Test
Merits
1. The test is simple and quick
2. It is ideally suited for determination of the in-situ undrained shear strength of non
fissured, fully saturated clay
3. The test can be conveniently used to determine the sensitivity of the soil
Demerits
1. The test cannot be conducted on the fissured clay or the clay containing silt or
sand laminations
2. The test does not give accurate results when the failure envelope is not horizontal.

Stress- Strain Behavior of Sands
Sands are usually sheared under drained conditions as they have relatively higher
permeability. This behaviour can be investigated in direct shear or triaxial tests. The two
most important parameters governing their behaviour are the relative density (ID) and
the magnitude of the effective stress (σ’). The relative density is usually defined in
percentage as
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where emax and emin are the maximum and minimum void ratios that can be determined
from standard tests in the laboratory, and e is the current void ratio. This expression can
be re-written in terms of dry density as

where γdmax and γdmin are the maximum and minimum dry densities, and γd is the current
dry density. Sand is generally referred to as dense if ID > 65% and loose if < 35%.
The influence of relative density on the behaviour of saturated sand can be seen from the
plots of CD tests performed at the same effective confining stress. There would be no
induced pore water pressures existing in the samples.

For the dense sand sample, the deviator stress reaches a peak at a low value of axial strain
and then drops down, whereas for the loose sand sample, the deviator stress builds up
gradually with axial strain. The behaviour of the medium sample is in between. The
following observations can be made:
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• All samples approach the same ultimate conditions of shear stress and void ratio,
irrespective of the initial density. The denser sample attains higher peak angle of shearing
resistance in between.
• Initially dense samples expand or dilate when sheared and initially loose samples
compress.

Example 1: A UU test is carried out on a saturated normally consolidated clay sample at
a confining pressure of 3 kg/cm2.The deviator stress at failure is 1 kg/cm2.
(a) Determine its total stress strength parameters.
(b) If another identical sample is tested at a confining pressure of 4 kg/cm2, what will be
the vertical axial stress at failure?
Sol.

From the plot, note that

UU =

0 and

UU tests on identical samples yield the same failure deviator stress
confining pressures. Therefore, the vertical axial stress at failure,
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at all

