
Introduction to Geotechnical 
Engineering



Geotechnical Engineering

 Geotechnical Engineering deals with the application of Civil
Engineering Technology to some aspects of earth.

 Geotechnical Commission of Swedish State Railways (1914-
1922) was the first to use the word Geotechnical in the sense
that we know it today: the combination of Civil Engineering
technology and Geology.

 Geotechnical Engineering deals with;
 Design of Foundation
 Stability of Slopes and Cuts
 Design of Earth Structures
 Design of Roads and Airfield etc



• Soil Mechanics is defined as the branch of engineering 
science which enables an engineer to know theoretically 
or experimentally the behavior of soil under the action of 
1. Loads (static or dynamic), 
2. Gravitational forces, 
3. Water and
4. Temperature. 

• According to Karl Terzaghi, Soil Mechanics is the 
applications of Laws of  Hydraulics and Mechanics to 
engineering problem dealing with sediments and other 
unconsolidated accumulations of solid particles produced 
by Mechanical and Chemical Disintegration of rocks.





 Soil Mechanics is the branch of science that deals with study of 
physical properties of soil and behavior of soil masses subjected 
to various types of forces. 

 Civil Engineer must study the properties of Soil, such as its 
origin, grain size distribution, ability to drain water, 
compressibility, shear strength, and load bearing capacity.

 Geotechnical Engineering is the sub discipline of Civil 
Engineering that involves applications of the principles of Soil 
Mechanics and Rock Mechanics to design of foundations, 
retaining structures and earth structures.
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Civil Engg.







 Karl Terzaghi has often been called the father of Soil 
Mechanics.

 Academically, he earned an under graduate degree in 
Mechanical Engineering.

 In 1925, he accepted lectureship at MIT.
 In 1939, he accepted professorship at Harvard University till 

his death.
 His recognition and formulation of the effective stress 

principle and its influence on settlement analysis, strength, 
permeability and erosion of soils was his most prominent 
contribution. But Terzaghi also pioneered a great range of 
methods and procedures for investigation, analysis, testing, 
instrumentation, and practice that defined much of the field 
we currently know as geotechnical engineering.



Unfortunately, soils are made by nature and not by man, 
and the product of nature are always complex... As soon 
as we pass from steel and concrete to earth, the 
omnipotence of theory ceases to exist. Natural soil is 
never uniform. Its properties changes from point to point 
while our knowledge of its properties are limited to those 
few spots of which the samples have been collected. In 
soil mechanics, the accuracy of computed results never 
exceeds that of crude estimate, and the principal 
function of theory consists in teaching us in what and 
how to observe in the field. (Karl Terzaghi)



Why we study Soil Mechanics?

 Virtually every structure is supported by soil or rock. 
Those that aren’t either fly, float or fall over.1

 Various reasons to study the properties of Soil:2

1. Foundation to support Structures and Embankments

2. Construction Material

3. Slopes and Landslides

4. Earth Retaining Structures

5. Special Problems

Ref. 1. Pg # 1. Geotechnical Engg. (Principles and Practices) by Donald P. Coduto. 2nd Ed.

2. Pg # 3 to 16 , Chap # 1. Soil Mechanics by T. William Lambe.



Why we study Soil Mechanics?

 Various reasons to study the properties of Soil:

1. Foundation to support Structures and Embankments
• Effects of static loading on soil mass

• Shear failure of the foundation soil 

• Settlement of structures

• Stability criteria (Solution)
• There should be no shear failure of the foundation soil.

• The settlement should remain within permissible limits. 

• Firm Soil -> Spread Footing (Spread Foundation)

• Soft Soil -> Pile Foundation (Vertical members transferring load of 
structure to ground i.e. rock)



Why we study Soil Mechanics?

 Various reasons to study the properties of Soil:

1. Foundation to support Structures and Embankments
• Effects of dynamic loading on soil mass

• For Design and construction of roads following must  be considered:

• Compaction Characteristics

• Moisture Variation 



Why we study Soil Mechanics?

 Various reasons to study the properties of Soil:

2. Construction Material
• Subgrade of highway pavement

• Land reclamation (Dubai Palm City)

• Earthen dam



Why we study Soil Mechanics?

 Various reasons to study the properties of Soil:

3. Slopes and Landslides
• Major cause is the moisture variation resulting in;

• Reduction of shear strength 

• Increase of moisture

• Increase in unit weight

• Excavation of trenches for buildings require braced excavation.



Why we study Soil Mechanics?

Landslide of a 
parking area at the 

edge of a steep 
slope, mainly due to 
increase in moisture 

content.



Why we study Soil Mechanics?

 Various reasons to study the properties of Soil:

4. Earth Retaining Structures
• Earth retaining structure (e.g., Retaining walls)are constructed  to retains 

(holds back) any material (usually earth) and prevents it from sliding or 
eroding away.



Why we study Soil Mechanics?

 Various reasons to study the properties of Soil:

5. Special Problems
i. Effects of river water on soil mass

a) Scouring

Causes:

• Increased flow velocity due to obstruction

• Fineness of riverbed material

Stability criteria:

• The foundation of pier must be below the scour depth

ii. Land Erosion



Why we study Soil Mechanics?

 Various reasons to study the properties of Soil:

5. Special Problems
iii. Effects of frost action on soil mass

• Reduction Of Shear Strength

• Settlement Of Structure In Summer

• Lifting Up Of Structure In Winter

Causes:

• Heaving (due to formation of ice lenses)

• Increase of moisture due to thawing (MELTING)



Soil Descriptions

• Soil is an unconsolidated agglomerate of minerals
with or without organic matter found at or near the
surface of the earth crust, with which or upon which
civil engineers build their structures



WEATHERING OF ROCKS

 Weathering of Rocks
 Physical Weathering
 Chemical Weathering
 Rock Cycle





 Weathering is the process of breaking down rocks by 
physical and chemical process into smaller particles.1

 There are two main types of weathering processes:
 Physical (or mechanical) Weathering

 Chemical Weathering

 Biological weathering is caused by activities of living 
organisms - for example, the growth of roots or the 
burrowing of animals. Tree roots are probably the most 
occurring, but can often be by animals!



 Physical (or mechanical) Weathering is the 
disintegration of rocks into smaller particles through 
physical processes, including:

 The erosive action of water, ice and wind.
 Opening of cracks as a result of unloading due to 

erosion of overlying soil and rock.
 Loosening through the percolation and 

subsequent freezing (and expansion) of water.
 Thermal Expansion and contraction from day to 

day and season to season.
 Landslides and rockfalls.
 Abrasion from the downhill movement of nearby 

rock and soil.



Mechanical/Physical weathering

















 Chemical Weathering is the disintegration of rock through 
chemical reactions between the minerals in the rocks, 
water, and oxygen in the atmosphere.1

 An example of the chemical weathering orthoclase to form 
clay minerals, silica and soluble potassium carbonate 
follows:1

H2O + CO2  H2CO3  H+ + (HCO3)-

2K(AlSi3O8) + 2H+ + H2O    2K+ + 4SiO2 + Al2Si5(OH)4

Orthoclase Silica             Kaolinite

(Clay mineral)



Chemical Weathering

• Chemical weathering rate depends on

1. Temperature

2. Amount of surface area

3. Availability of water or natural acid

• Thus, rocks in tropical environment

experience most severe chemical
weathering.











All rock at or near Earth's surface is bei
ng modified by the processes of meta
morphism, melting,
crystallization, lithification and
weathering. These processes move
rock material through the states of met
amorphic rock, igneous
rock, sedimentary rock, melts and
sediment. The natural and
continuous cycling of rock 
materials through these states is
known as the Rock Cycle.1

Ref. 1. General Dictionary of Geology (Environmental Geographic Student Association (EGSA))





SOIL AND ITS TYPES

 What is Soil?

 Formation of Soil

 Types of Soil
 Geological Consideration

 Engineering Consideration



What is Soil? (Definitions)

 Soil is defined as the weathered and fragmented outer 
layer (crust) of the earth’s terrestrial surface.1

• The term Soil, according to engineering point of view, is 
defined as the material by means of which and upon 
which engineers builds their structures.2

• For engineering purpose Soil is defined as the 
uncemented aggregate of mineral grains and decayed 
organic material (solid particle) with liquid and gas in the 
empty spaces between the solid particles.3

Ref. 1. Pg # 3. Introduction to Env. Soil Physics by Daniel Hillel (Elsevier Academic Press)
2. Pg # 2. Soil Mechanics for Transprtation  Engg. by Prof. Shaukat Ali Khan
3. Pg # 1. Principles of Geotechnical Engg. By Braja M. Das. 5th Ed. (CENGAGE Learning)





Formation of Soil

 Soil is generally formed by disintegration and decomposition 
(weathering) of rocks through the action of physical (or mechanical) 
and chemical agents which break them into smaller and smaller 
particles.



Different stages of 
weathering of rocks and 
formation of soil.



Types of Soil

 Soil types, based on geological and engineering view 
points, are separately discussed below: 

1. Geological consideration:

Geologist classify soil into two major categories: residual 
soils and transported soil

i. Residual Soils:

When the rock weathering is faster than the transport process 
induced by water, wind and gravity, much of the soil remains in 
place. It is known as residual soil.



Types of Soil

1. Geological consideration:
ii. Transported Soil:

i. Glacial Soil: This type of soil is developed, transported and deposited 
by the actions of glaciers. These deposits consists of rocks fragments, 
boulders, gravels, sand, silt and clay in various proportions (i.e., a 
heterogeneous mixture of all sizes of particles).

ii. Alluvial Soil: This type of soil (also known as fluvial soil or alluvium) is 
transported and deposited to their present position by streams and 
rivers. 

Coarser or 
Heavier 
Particles

Higher 
Reaches

Fine 
Particles

Lower 
Reaches



Types of Soil

1. Geological consideration:
ii. Transported Soil:

iii. Aeolian Soil: The soil transported by geological agent ‘wind’ and 
subsequently deposited is known as wind blown soil or Aeolian Soil.

iv. Colluvial Soil: A colluvial soil is one transported downslope by gravity. 
There are two types of downslope movement – slow (creep – mm/yr) 
and rapid (e.g., landslide)

v. Lacustrine and Marine Soil:

i. Lacustrine Soil is deposited beneath the lakes.

ii. Marine Soil is also deposited underwater i.e., in the Ocean.



Types of Soil

2. Engineering consideration:



Types of Soil

2. Engineering consideration (MIT):
i. Clay: ( < .002mm)

– In moist condition, clay becomes sticky and can be rolled into threads.

– High dry strength, low erosion, low permeability, good workability and 
compaction under moist condition. Also susceptible to shrinkage and swelling.

ii. Silt: (.002mm <  Size < .06mm)
– High capillarity, no plasticity and very low dry strength

– It possesses properties of both clay and sand.

iii. Sand: (.06mm <  Size < 2mm)
– Particle shape varies from rounded to angular

– No plasticity, considerable frictional resistance, high permeability and low 
capillarity

– Abundant quantities of sand are available in deserts and riverbeds





Types of Soil

2. Engineering consideration (MIT):
iv. Gravels: (2mm <  Size < 60mm)

– They form a good foundation material.

– The gravels produced by crushing of rocks are angular in shape while those 
taken from riverbeds are sub-rounded to rounded.

v. Cobbles and Boulder:
– Particles larger than gravels are commonly known as cobbles and boulders.

– Cobbles generally range in size 60mm t0 200mm.

– The materials larger than 200mm is designated as boulders.











Principle Soil Types

On basis of genesis, colour, composition and location, soil 
types in India are:

• Alluvial Soil

• Red and yellow Soil

• Laterite Soil

• Saline Soil

• Forest Soil

• Black Soil

• Arid Soil

• Peaty Soil



Classification of types of Soil in India:

• On the basis of USDA soil 
taxonomy, the types of Soil in India 
are:

• Inceptisols – covers 39% area in 
India

• Entisols – covers 28% area in India
• Alfisols – 13 % area in the country
• Vertisols – 8% area in India
• Aridisols 0.4% area of the soils in 

India
• Ultisols – 2% area in India
• Mollisols – 0.4% area in India



ALLUVIAL SOILS:

ALLUVIAL soil are formed when a river

gradually loses its carrying capacity with decreasing velocity by slowing

down and does not have sufficient power to keep the large particles

of soil then these particles settle to the riverbed. Further decrease in

velocity causes smaller particles to settle. As

the river becomes slow and sluggish it holds only the extremely fine

particles in suspension. These particles are deposited finally at the

mouth of the river, where they form DELTAS of fine-grained soil. This is

the most important and widespread category. It covers 40% of the land

area. In fact the entire Northern Plains are made up of these soils. They

have been brought down and deposited by three great Himalayan rivers

Sutlej, Ganga and Brahmaputra and their tributaries. Through a narrow

corridor in Rajasthan they extend into the plains of Gujarat. They are

common in eastern coastal plains and in the deltas of Mahanadi,

Godavari, Krishna and cauveri.



REGUR SOILS: 

A rich soil consisting of a mixture

of sand and clay and decaying organic materials.

These soils are black in colour and are also known

as black soils. Since, they are ideal for growing

cotton, they are also called cotton soils, in addition

to their normal nomenclature of regur soils. These

soils are most typical of the Deccan trap (Basalt)

region spread over north-west Deccan plateau and

are made up of lava flows. They cover the plateaus

of Mahrashtra, Saurashtra, Malwa and southern

Madhya Pradesh and extends eastwards in the

south along the Godavari and Krishna Valleys.



 RED SOILS:
The ancient crystalline and metamorphic

rocks on weathering have given rise to the red soils.
The red color is due to the wide diffusion of iron. They
are generally poor in nitrogen, phosphorus and humus.
These soils are poorer in lime, potash, iron oxide and
phosphorus than the regur soils. The clay fraction of
red soils is rich in Kaolinite. Red soils are also found
under forest vegetation. Red and yellow soils are also
seen side by side. The yellow color is due to the high
degree of hydration of the ferric oxide in them than that
in the red soils. The soils comprise vast areas of Tamil
nadu, Karnataka, south eastern Maharashtra, Madhya
Pradesh, orissa and Chhotanagpur. In the north it
includes the Santhal Paraganas in Bihar, the Birbhum
district of West Bengal, the Mirzapur, Jhansi and
hamirpur district of uttar Pradesh



 LATERITE SOILS:

The laterite soils is the result of intense 

leaching owing to heavy tropical rains. They are found along 

the edge of plateau in the east covering small parts of Tamil 

Nadu, and Orissa and a small part of Chhotanagpur in the 

north and Meghalaya in the north-east

 Desert soils:

Desert soils tend to be low in organic matter,

and high in alkaline and salts. These soils are mostly sandy

to loamy fine sand with brown to yellow brown colour,

contains large amounts of soluable salt and lime with ph

ranging 8.0 to 8.5 nitrogen content is low. The presence of

phosphates and nitrates make the desert soil fertail. They

are distributed in Haryana, Punjab, rajasthan.



State name Types of soils present % of area Floura  and fauna

1.Andhra pradesh 1. Red sandy soils
2. Mixed red and

black soil
3. Alluvial soils
4. Desert soils
5. Black soils

70%
10%

8%
10%
2%

dry deciduous mixed type forests

trees like sandlewood redsander

etc there are 1500 species

belonging to 176 families

tiger panther spotted deer

monkey mangoose wild dogs

deers etc

2.Arunachal 
pradesh

1. Glacier soils
2. Red loamy soils
3. Alluvial soils

20%
75%
5%

Mainly consists of tropical and sub

tropical dry and moist broad leaf

forests, himalayan subtropical

broad leaf forests and species of

oak, deodar, pine, fir etc..
It is a well known habitat to a variety
of animals. There are around 1200
bird and 359 animal species in the
state such as western tragopan, snow
leapord etc..



Uses of Soil

 As a supporting material to bear the loads of
structures resting on earth

 As a raw constructional material for construction of
earth structures (Dams, levees, roads)

 As a processed material (Burnt bricks, concrete mix
etc.)

 In Pottery (Kaolinite)

 Kaolinite is also used in paper paint and
pharmaceuticals

 Bentonite is used in drilling
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Clay Minerology and Soil 
Structure
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Outline

1. Clay Minerals
2. Identification of Clay Minerals
3. Specific Surface (Ss)
4. Interaction of Water and Clay Minerals
5. Interaction of Clay Particles
6. Soil Structure and Fabric
7. Soil Fabric-Natural Soil
8. Soil Fabric-Clay Soils
9. Soil Fabrics-Granular Soils
10.Loess
11.Suggested Homework
12.References
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Clay Minerals
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Origin of Clay Minerals
•“The contact of rocks and water produces clays, either at or near the
surface of the earth” (from Velde, 1995)

Rock +Water  Clay

For example,

•The CO2 gas can dissolve in water and form carbonic acid, which will
become hydrogen ions H+ and bicarbonate ions, and make water slightly
acidic.

CO2+H2O  H2CO3 H+ +HCO3
-

•The acidic water will react with the rock surfaces and tend to dissolve the K
ion and silica from the feldspar. Finally, the feldspar is transformed into
kaolinite.

Feldspar + hydrogen ions+ water  clay (kaolinite) + cations, dissolved silica

2KAlSi3O8+2H+ +H2O  Al2Si2O5(OH)4 + 2K+ +4SiO2

Note that the hydrogen ion displaces the cations.
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Origin of Clay Minerals (Cont.)

• The alternation of  feldspar into kaolinite is very common in 
the decomposed granite. 

• The clay minerals are common in the filling materials of joints 
and faults (fault gouge, seam) in the rock mass.  Weak plane!
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1.8 Mixed Layer Clays

• Different types of clay minerals have similar structures (tetrahedral and
octahedral sheets) so that interstratification of layers of different clay
minerals can be observed.

• In general, the mixed layer clays are composed of interstratification of
expanded water-bearing layers and non-water-bearing layers.
Montmorillonite-illite is most common, and chlorite-vermiculite and
chlorite-montmorillonite are often found.

(Mitchell, 1993)



Weight-Volume Relationships



For this chapter, we need to know the following

• Mass (M) is a measure of a body's inertia, or its "quantity of matter". Mass does
not change at different places.

• Weight (W) is the force of gravity acting on a body.

• The unit weight is frequently used in geotechnical engineering than the density (e.g.
in calculating the overburden pressure).

Volume

Mass
Density ,

Volume

gMass

Volume

Weight
weightUnit


,

2sec
81.9: where          mgravitytodueonacceleratiggMW 

gSo        



Units of unit weight and density

The SI unit of force is Newton, therefore, the unit weights of soils are
typically expressed in kN/m3

The SI unit of mass density () is kilograms per cubic meter (kg/m3).

The density of water w varies slightly, depending on the temperature. At
4Co , water’s density is equal to 1000 kg/m3 or 1 g/cm3

Relationship between unit weight and density

The unit weights of soil in kN/m3 can be obtained from densities in kg/m3 as

381.9, water oft unit weigh
m

kN
w 



 Soil deposits comprise the accumulated solid particles plus
the void space between the particles

 The void spaces are partially or completely filled with water or
other liquid.

 Voids space not occupied by fluid are filled with air or other
gas.

 Hence soil deposits are referred to as three-phase system, i.e.
Solid + Liquid (water) + Gas (air)

Soil Phases











For purpose of study and analysis, it is convenient to represent the
soil by a PHASE DIAGRAM, with part of the diagram representing the
solid particles, part representing water or liquid, and another part air
or other gas.

PHASE DIAGRAM





Volumetric Ratios

• (1) Void ratio e

• (2) Porosity n%

• (3) Degree of Saturation S% (0 – 100%) 

s

v

V

V

solidsofVolume

voidsofVolume
e 

100
t

v

V

V

samplesoilofvolumeTotal

voidsofVolume
n

%100
v

w

V

V

voidsofvolumeTotal

watercontainsvoidsofvolumeTotal
S

Dry
Saturated



Weight Ratios

• (1) Water Content w%

•

•

%100
s

w

W

W

solidssoilofWeight

waterofWeight
w



Soil unit weights
•(1) Dry unit weight

•(2) Total, Wet, Bulk, or Moist unit weight

•Saturated unit weight (considering S=100%, Va =0)

t

s
d

V

W

soilofvolumeTotal

solidssoilofWeight


t

ws

V

WW

soilofvolumeTotal

soilofTotal 


 weight 


t

ws
sat

V

WW

soilofvolumeTotal

watersolidssoilofWeight 



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Note: The density/or unit weight are ratios which connects the volumetric
side of the PHASE DIAGRAM with the mass/or weight side.



Specific gravity, Gs

The ratio of the mass of a solid particles to the mass of an equal
volume of distilled water at 4°C

The specific gravity of soil solids is often needed for various
calculations in soil mechanics.

i.e., the specific gravity of a certain material is ratio of the unit weight
of that material to the unit weight of water at 4o C.

ws

s
s

V

w
G

  


Gw = 1

Gmercury = 13.6
w

s
sG








Typical Values of Specific Gravity

(Lambe and Whitman, 1979)

(Goodman, 1989)





Example 1:

•In its natural state, a moist soil has a total volume of 9344.56 cm3 and a mass 
18.11 kg. The oven-dry mass of soil is 15.67 kg. If Gs = 2.67, calculate the 
moisture content, moist unit weight, void ratio and degree of saturation.

15.67 kg

18.11 kg
2.44 kg

5868.9 cm3

2440cm3

9344.56 cm3

3475.66 cm3



Relationships Between Various Physical Properties

All the weight- volume relationships needed in soil mechanics

can be derived from appropriate combinations of six
fundamental definitions. They are:

1. Void ratio
2. Porosity
3. Degree of saturation
4. Water content
5. Unit weight
6. Specific gravity



Use of Phase diagrams in finding relationships physical 
properties

• Remember the following simple rules:

1.Remember the basic definitions of w, e, Gs, S, etc.

2.Draw a phase diagram.

3.Assume either Vs=1 or Vt=1 or ws = 1 depending 
on given values.

4.Solve the phase diagram for required values.



Solids

Water

AirIf given e,  assume Vs =1

1

e

1+e

Solids

Water

Air
If given w,  assume Ws =1

1

w

1+w



1. Relationship between e and n

1

e

1+e

Using phase diagram
Given     : e
required: n

e

e

V

V
n

t

v




1



2. Relationship among e, S, w, and Gs

ss

w

ssw

ww

ss

ww

s

w

VG

V

VG

V

V

V

w

w
w 









Dividing the denominator and numerator of the R.H.S. by Vv yields:

swGSe 

This is a very useful relation for solving THREE-PHASE RELATIONSHIPS.



Textbook derivation

2. Relationship among e, S, w, and Gs



Using phase diagram
Given     : e, S, Gs

required: w

Sew
SeSe

W

W
w w

s

w  G               
G

 

 G

  
s

sws



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2. Relationship among e, S, w, and Gs

Solids

Water

Air

1+e

e

1

e S

Gs w

e S w

Gs w + e S w



3. Relationship among , e, S and Gs
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Notes:

Unit weights for dry, fully saturated and submerged cases can be
derived from the upper equation

Water content can be used instead of degree of saturation.



Using phase diagram
Given     : e, S, Gs

required: 
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3. Relationship among , e, S and Gs
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Various Unit Weight Relationships



Solution of Phase Problems

• Method 1: Memorize relationships

• Method 2: Return to Basics
• Remember the following simple rules:
1. Remember the basic definitions of w, e, Gs, S, etc.
2. Draw a phase diagram.
3. Assume either Vs=1 or Vt=1 or ws = 1 depending on 

given values.
4. Solve the phase diagram.

swGSe 
w

s

e

GSe







1

)(

e

e
n



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Solids

Water

Air

Method 2: Problem assumptions

If given e,  assume Vs =1

1

e

1+e

Solids

Water

Air
If given w,  assume Ws =1

1

w

1+w



Example 2

Method 1a



Method 1b



Given     : w = 9.8% ,   19.2 kN/m3, Gs = 2.69
required: d , e, n, S

3kN/m 48.17
0572.0

1


t

s
d

V

W


Method 2:

Solids

Water

Air

1.098/19.2

= 0.0572

0.01931

1/(2.69 x 9.81) = 
0.03789

0.098/9.8
1= 
0.00998

1

9.8/100 = 
0.098

1.098

assume Ws =1 kN

3kN/m 51.0
03789.0

01931.0


S

V

V

V
e

 %76.33100
0572.0

01931.0


t

v

V

V
n

 %68.51100
01931.0

00998.0


v

w

V

V
S



Example 3

• Field density testing (e.g., sand replacement method) has shown bulk 
density of a compacted road base to be 2.06 t/m3 with a water content of 
11.6%. Specific gravity of the soil grains is 2.69. Calculate the dry density, 

porosity, void ratio and degree of saturation.



Relative Density

The relative density Dr, also called density index is commonly used
to indicate the IN SITU denseness or looseness of granular soil.

The relative density is the parameter that compare the volume
reduction achieved from compaction to the maximum possible
volume reduction

Volume reduction from compaction of granular soil
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Dr can be expressed either in terms of void ratios or dry 
densities.



Derivation

%100

%100
ee

ee
D

mindmaxd

mindd

d

maxd

minmax

max
r




















Granular soils are qualitatively described according to their
relative densities as shown below

The use of relative density has been restricted to granular soils
because of the difficulty of determining emax in clayey soils.
Liquidity Index in fine-grained soils is of similar use as Dr in
granular soils.



Remarks

The relative density of a natural soil very strongly affect its
engineering behavior.

The range of values of Dr may vary from a minimum of zero for
very LOOSE soil to a maximum of 100% for a very DENSE soil.

Because of the irregular size and shape of granular particles, it is
not possible to obtain a ZERO volume of voids. (Do you remember

well-graded vs. poorly-graded!!)

ASTM test designations D-4253 and D-4254 (2007) provide
procedure for determining maximum and minimum dry unit
weights of granular soils.



The Relative Density (Dr) (Cont.)

“The relative density (or void ratio)
alone is not sufficient to characterize
the engineering properties of granular
soils” (Holtz and Kovacs, 1981). Two soils with
the same relative density (or void
ratio) may contain very different pore
sizes. That is, the pore size
distribution probably is a better
parameter to correlate with the
engineering properties (Santamarina et al.,

2001).

2 1:
Holtz and Kovacs, 1981



•The relative density of a natural soil deposit very strongly 
affects its engineering behavior. Consequently, it is important to 
conduct laboratory tests on samples of the sand at the same 
relative density as in the field ( from Holtz and Kovacs, 1981). 
(compaction)



Determination of Bulk Density
To determine bulk density we need to measure the dry mass and the total volume 
occupied by the soil sample.

CORE METHOD:

A cylindrical metal sampler is driven 
into the soil to remove a known 
volume (core).

The core (soil + brass cylinder) is oven-dried at 105 oC to remove non-
structural soil water till the mass remains constant (usually after 24–48 
hrs).



Core Method

hrVV 2
tc  

Volume Cylinder

Dry Mass Sample

Oven
105oC



Core Method - Example

322
t cm3391214.33hrV  

r = 3 cm 

h = 12 cm

Ms = 480 g (oven-dry mass)

r

h

3
3

t

s
b cm/g42.1

cm339

g480
V

M




Excavation Methods – Sand Funnel
A quantity of soil is excavated in the field, dried at 105 oC and weight.

The volume is determined by filling the excavated hole with a well 
defined standard sand of which the volume per unit mass is known. 
(SAND-FUNNEL Method)

Valve

Standard
Sand

Base Plate



Excavation Methods – Rubber Balloon

Water Tower
with Scale

In the RUBBER BALLOON Method the volume is 
determined by inserting a balloon into the excavation 
and filling it with water or an other fluid with known 
density. 

Rubber
Membrane

Valve



Engineering Classification of Soils
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Purpose

• Classifying soils into groups or sub-groups with similar engineering
behavior.

• Classification systems were developed in terms of simple indices (GSD
and plasticity).

• These classifications can provide geotechnical engineers with general
guidance about engineering properties of the soils through the
accumulated experience.

Simple indices

GSD, LL, PI

Classification 
system 

(Language)

Estimate 
engineering 
properties

Achieve 
engineering 

purposes

Use the 
accumulated 
experience

Communicate 
between 
engineers



I. Overview

A. Two Systems of Classification

1. Pedagogical Classifications

(soil weathering, texture, chemistry, 
profile thickness, etc.)

2. Engineering Classifications

– soil texture 

– degree of plasticity (Atterberg's Limits)
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If I give you a bag of 1-Kg soil taken from an under construction 

site and ask you the following questions.

1. What is the most basic classification of soil?

2. What are the methods of soil gradation or grain size distribution?

3. How do you define the soil types? Clay, Silt, Sand, Gravel or cobble 

and boulder

4. Calculate D10, D30 and D60 of this soil using the sieve analysis?

5. Calculate both the Cu and CC of this soil?

6. Is this soil poorly, gap or well graded, Liquid limit and Plastic limit? 

How do you define theses terms?

You will learn in today‟s class



Sieve Analysis
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Purpose:

• This test is performed to determine the percentage of different

grain sizes contained within a soil.

• The mechanical or sieve analysis is performed to determine the

distribution of the coarser, larger-sized particles, and the

hydrometer method is used to determine the distribution of the

finer particles.

Significance:

• The distribution of different grain sizes affects the engineering

properties of soil.

• Grain size analysis provides the grain size distribution, and it is

required in classifying the soil.



Major Soil Groups
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0.002 4.750.075

Grain size (mm)

BoulderClay Silt Sand Gravel Cobble

Fine grain 

soils

Coarse grain 

soils

Granular soils or 

Cohesionless soils

Cohesive

soils



Soil-Particle Size Classification
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Grain Size Distribution

• To know the relative proportions of different grain sizes.

130

An important factor influencing the geotechnical 

characteristics of a coarse grain soil.

Not important in fine grain soils.

Significance of GSD:



Grain Size 

Distribution

• In coarse grain soils …... By sieve analysis

131

Determination of GSD:

fine grain soils     …... By hydrometer analysisIn

Sieve Analysis

Hydrometer Analysis

soil/water suspension

hydrometer

stack of sieves

sieve shaker



Sieve Analyses
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Sieve Analysis

133



Sieve Designation - Large

134

Sieves 

larger than 

the #4 sieve 

are 

designated 

by the size 

of the 

openings in 

the sieve



Sieve Designation - Smaller
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10 

openings 

per inch

# 10 sieve

1-

inch

Smaller sieves are 

numbered according to 

the number of 

openings per inch
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Sieving procedure

(1) Write down the weight of each sieve as well as the bottom pan

to be used in the analysis.

(2) Record the weight of the given dry soil sample.

(3) Make sure that all the sieves are clean, and assemble them in the

ascending order of sieve numbers (#4 sieve at top and #200 sieve at

bottom). Place the pan below #200 sieve. Carefully pour the soil

sample into the top sieve and place the cap over it.

(4) Place the sieve stack in the mechanical shaker and shake for 10

minutes.

(5) Remove the stack from the shaker and carefully weigh and

record the weight of each sieve with its retained soil. In addition,

remember to weigh and record the weight of the bottom pan with its

retained fine soil.
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Data Analysis:

(1) Obtain the mass of soil retained on each sieve by subtracting

the weight of the empty sieve from the mass of the sieve + retained

soil, and record this mass as the weight retained on the data sheet.

The sum of these retained masses should be approximately equals

the initial mass of the soil sample. A loss of more than two percent

is unsatisfactory.

(2) Calculate the percent retained on each sieve by dividing the

weight retained on each sieve by the original sample mass.

(3) Calculate the percent passing (or percent finer) by starting with

100 percent and subtracting the percent retained on each sieve as a

cumulative procedure.



Sieve Sizes

140
(Das, 1998)

(Head, 1992)
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For example: Total mass = 500 g,

Mass retained on No. 4 sieve = 9.7 g

For the No.4 sieve:

Quantity passing = Total mass - Mass retained

= 500 - 9.7 = 490.3 g

The percent retained is calculated as;

% retained = Mass retained/Total mass

= (9.7/500) X 100 = 1.9 %

From this, the % passing = 100 - 1.9 = 98.1 %
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Grain size distribution
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Unified Soil Classification
 Each soil is given a 2 letter classification (e.g. SW). The 

following procedure is used.

Coarse grained (>50% larger than 75 mm)

Prefix S if > 50% of coarse is Sand

Prefix G if > 50% of coarse is Gravel

Suffix depends on %fines

if %fines < 5% suffix is either W or P

if %fines > 12% suffix is either M or C

if 5% < %fines < 12% Dual symbols are used
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Unified Soil Classification

To determine W or P, calculate Cu and Cc

C
D

D
u  60

10

C
D

D D
c 



30

2

60 10( )

0.0001 0.001 0.01 0.1 1 10 100

0

20

40

60

80

100

Particle size (mm)

%
 F

in
er

x% of the soil has particles 

smaller than Dx 
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Grading curves

0.0001 0.001 0.01 0.1 1 10 100

0

20

40

60

80

100

Particle size (mm)

%
 F

in
er

W Well graded 

U Uniform

P Poorly graded

C Well graded with some clay

F Well graded with an excess of fines



Procedure for grain size determination

• Sieving - used for particles > 75 mm

• Hydrometer test - used for smaller particles
– Analysis based on Stoke’s Law, velocity proportional to  diameter

Figure 1 Schematic diagram of hydrometer test



Procedure for grain size determination

• Sieving - used for particles > 75 mm

• Hydrometer test - used for smaller particles
– Analysis based on Stoke’s Law, velocity proportional to  diameter

Figure 1 Schematic diagram of hydrometer test



Grain Size Distribution Curve

• can find % of gravels, sands, fines

define D10, D30, D60.. as above.

0

20

40

60

80

100

0.001 0.01 0.1 1 10 100

Grain size (mm)

D
30

sievehydrometer

D10   = 0.013 mm

D30   = 0.47 mm

D60   = 7.4 mm

sands gravelsfines

%
 P

a
s

s
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g
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To determine W or P, calculate Cu and Cc

C
D

D
u  60

10

C
D

D D
c 



30

2

60 10( )

0.0001 0.001 0.01 0.1 1 10 100

0

20

40

60

80

100

Particle size (mm)

%
 F

in
er

D90 = 3 

mm

x% of the soil has particles 

smaller than Dx 



Well or Poorly Graded Soils
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Well Graded Soils Poorly Graded Soils

Wide range of grain 

sizes present

Gravels: Cc = 1-3 & Cu

>4

Sands: Cc = 1-3 & Cu

>6

Others, including two special 

cases:

(a) Uniform soils – grains of 

same size

(b) Gap graded soils – no grains 

in a specific size range



Grain Size Distribution 

(Cont.)
Describe the shape

Example: well graded

Criteria

Question

What is the Cu for a soil with 

only one grain size?
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Answer

•Question

What is the Cu for a soil with only one grain size?

D

F
in

er

1
D

D
C

uniformityoftCoefficien

10

60
u 

Grain size distribution



SAMPLE PROBLEM
1. For a soil with D60 =0.42mm, and D30 =0.21mm, and  
D10 =0.16, calculate and the coefficient of gradation.

Sol’n;

CU =D60 /D10 =0.42mm/0.16mm=2.625

CC = (D30 )2 /(D10 )(D60) =(0.21)2 / (0.16)(0.42)=0.66        

155



2. The following are the results of a sieve analysis:

IS Sieve 
(mm)

(1)

Mass of Soil Retained on 
Each Sieve (g)

(2)

% Retained
(3)

Cumulative % 
retained

(4)

% Finer 
= 100- (4)

20
10

4.75
2.0
1.0
0.6

425 m
212 m
150 m
75 m
PAN

35
40
80

150
150
140
115
55
35
25
75

3.89
4.44
8.89

3.89
8.33

100

a.) Determine the percent finer than each sieve size and plot a grain-

size distribution curve.

b.) Determine D10 , D30 and D60 from the grain-size distribution curve.

c.) Calculate the uniformity coefficient, Cu.

d.) Calculate the coefficient of graduation, Cc.
156



Grain-size distribution curve
157

Solution

c.) Cu = D60 /D10 =0.4/0.12= 3.33

d.) CC = (D)2/(D60)(D10) =1.01 

157



3.The particle-size characteristics  of a soil are given in the table.

Sieve  no. Opening % Passing

4
10
20
40
80

200

4.75
2.00

0.850
0.425
0.180
0.075

100
90
64
38
18
13

Calculate the uniformity coefficient ( Cu) and coefficient of 

gradation ( Cc).
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Sol’n:

Cu= D60/ D10= 0.73/0.019=  38.421

Cc = (0.29)2 / (0.73)(.019)=0.063



Atterberg Limits
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Border line water contents, separating the different states

of a fine grained soil

Liquid

limit

Shrinkage

limit

Plastic

limit

0
water content

liquidsemi-

solid

brittle-

solid

plastic
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Purpose:

This lab is performed to determine the plastic and liquid limits

of a fine grained soil. The Atterberg’s limits are based on the

moisture content of the soil. Defined by Laboratory Test concept

developed by Atterberg in 1911.

The plastic limit: is the moisture content that defines where the

soil changes from a semi-solid to a plastic (flexible) state.

The liquid limit: is the moisture content that defines where the

soil changes from a plastic to a viscous fluid state.
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The liquid limit (LL) is

arbitrarily defined as the

water content, in percent,

at which a pat of soil in a

standard cup and cut by a

groove of standard

dimensions will flow

together at the base of the

groove for a distance of 12

mm under the impact of 25

blows in the devise.

The cup being dropped 10

mm in a standard liquid

limit apparatus operated at

a rate of two shocks per

second.

Defined by Laboratory Test concept developed by Atterberg in 1911.



Atterberg Limits
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Liquid Limit (wL or LL):

Clay flows like liquid when w > LL

Plastic Limit (wP or PL):

Lowest water content where the clay is still plastic

Shrinkage Limit (wS or SL):

At w<SL, no volume reduction on drying



LL Test Procedure

• Prepare 
paste of soil 
finer than 
425 micron 
sieve

• Place Soil in 
Cup

164



LL Test Procedure

• Cut 

groove 

in soil 

paste 

with 

standard 

groovin

g tool

165



LL Test Procedure

• Rotate 
cam and 
count 
number 
of blows 
of cup 
required 
to close 
groove by 
1/2”

166
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LL Test Procedure

• Perform on 3 to 4 specimens that bracket 25 

blows to close groove

• Obtain water content for each test

• Plot water content versus number of blows on 

semi-log paper

169



LL Test 

Results

170

Log N

water content, % LL= w%

Interpolate LL water content at 

25 blows

25



Plastic Limit
The minimum water content at which a soil will just 

begin to crumble when it is rolled into a thread of 

approximately 3 mm in diameter.



Plastic Limit w% procedure
• Using paste from LL test, begin drying

• May add dry soil or spread on plate and 

air-dry

172

Plastic Limit w% procedure

When point is reached where thread is

cracking and cannot be re-rolled to 3 mm

diameter, collect at least 6 grams and measure

water content. Defined plastic limit
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1. Calculate the water

content of each of

the plastic limit

moisture cans after

they have been in

the oven for at least

16 hours.

2. Compute the

average of the

water contents to

determine the

plastic limit, PL.



Definition of Plasticity Index

• Plasticity Index is the numerical difference between the Liquid 

Limit w% and the Plastic Limit w%

175

w% LLPL

PI = LL - PL

Plasticity Index = Liquid Limit – Plastic Limit

plastic (remoldable)



Low plasticity wL = < 35%

Intermediate plasticity wL = 35 - 50%

High plasticity wL = 50 - 70%

Very high plasticity wL = 70 - 90%

Extremely high plasticity wL = > 90%
176

Plasticity Chart



C. Liquid Limit

•Soil is practically a liquid
•Shows minimal shear strength
•Defined as the moisture content required

to close a distance of 0.5 inch along
the bottom of a groove after 25 blows
of the liquid limit device.

animation

177

http://www.youtube.com/watch?v=xxxvivd1NQU


C. Liquid Limit

D. Plastic Limit

•Water content at which the soil is a plastic
•Less water content than liquid limit
•Wide range of shear strengths at plastic limit
•Defined as the moisture content % at which the
soil begins to crumble when rolled into 1/8”
diameter threads

animation

178

http://www.youtube.com/watch?v=ynDP19ifL-c


C. Liquid Limit

D. Plastic Limit

E. Plasticity Index (PI)

• Difference between Liquid Limit and Plastic Limit
• Important measure of plastic behavior

179



C. Liquid Limit

D. Plastic Limit

E. Plasticity Index (PI)

• Difference between Liquid Limit and Plastic Limit
• Important measure of plastic behavior

In general….

PI Degree of Plasticity
0 Nonplastic
1-5 Slightly plastic
5-10 Low plasticity
10-20 Medium plasticity
20-40 High plasticity
40+ Very high plasticity
(from Burmister, 1949)
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Classification Systems

Two commonly classification system used are:

1. Unified Soil Classification System (USCS)   (preferred by 
geotechnical engineers).

2. American Association of State Highway and Transportation 
Officials (AASHTO) System (preferred by Transportation 
engineers).
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1. Unified Soil Classification System (USCS) 

i. Definition of Grain Size

Boulders Cobbles Gravel Sand

Silt and

Clay

Coarse Fine Coarse FineMedium

300 mm 75 mm

19 mm

No.4

4.75 mm

No.10

2.0 mm

No.40

0.425 mm

No.200

0.075 

mm

No specific 

grain size-use 

Atterberg limits
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1. Unified Soil Classification System (USCS) 

Coarse-grained soils Fine-grained soils

Silt (M)  

Clay (C)

•Grain size distribution •Use Plasticity chart

•LL, PL

% Passing  sieve No.  200 (0.075 mm)

Required tests: Sieve analysis

Atterberg limit  

> 50%< 50%
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Used for Fine grained soils to determine whether silt (M) or clay (C)

Below A-line is silt – use symbol  M

Above A-line is clay – use symbol C

1. Unified Soil Classification System (USCS) 

0 10 20 30 40 50 60 70 80 90 100
Liquid limit
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OL

ML
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CL

ML

"A
" lin

e

Comparing soils at equal liquid limit

Toughness and dry strength increase

with increasing plasticity index

Plasticity chart
for laboratory classification of fine grained soils

LL > 50  High plasticity     

LL< 50  low plasticity
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1. Unified Soil Classification System (USCS) 

Coarse-grained soils Fine-grained soils

Silt (M)  

Clay (C)

•Grain size distribution •Use Plasticity chart

ML, MH, CL, CH

% Passing  sieve No.  200 (0.075 mm)

Required tests: Sieve analysis

Atterberg limit  

> 50%< 50%
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1. Unified Soil Classification System (USCS) 

Coarse-grained soils Fine-grained soils

Silt (M)  

Clay (C)

•Use Plasticity chart

•LL, PL

% Passing  sieve No.  200 (0.075 mm)

> 50%< 50%

% Coarse soil (Co) = 100 - % Passing # 200

% Gravel  (G)         = 100 - % Passing # 4

G > 1/2 Co G < 1/2 Co

Gravel (G) Sand (S)

% Passing  sieve No.  200

< 5%

5% -12 %

> 12%

GW, GP, SW or SP Use  Cu, Cc W : well graded   P: poorly graded

GW-GM, GW-GC, GP-GM, GP-GC, SW-SM, SW-SC, SP-SM, SP-SC 

GM, GC, SM, SC Use  plasticity charts
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1. Unified Soil Classification System (USCS)

To determine if well graded (W) or poorly graded (P), calculate Cu and 
Cc

C
D

D D
c 



30

2

60 10( )

C
D

D
u  60

10

Coefficient of uniformity

Coefficient of gradation
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1. Unified Soil Classification System (USCS)

C
D

D D
c 



30

2

60 10( )

C
D

D
u  60

10

Coefficient of uniformity

Coefficient of gradation

Conditions for Well-graded soils

For gravels  Cu > 4 and Cc is between 1 and 3

For Sand W  if Cu > 6 and Cc is between 1 and 3
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1. Unified Soil Classification System (USCS) 



190

1. Unified Soil Classification System (USCS) 
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Toughness and dry strength increase

with increasing plasticity index

Plasticity chart
for laboratory classification of fine grained soils

CL-ML
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Give typical names: indicate ap-
proximate percentages of sand
and gravel: maximum size:
angularity, surface condition,
and hardness of the coarse
grains: local or geological name
and other pertinent descriptive
information and symbol in
parentheses.

For undisturbed soils add infor-
mation on stratification, degree
of compactness, cementation,
moisture conditions and drain-
age characteristics.

Example:

Well graded gravels, gravel-
sand mixtures, little or no
fines

Poorly graded gravels, gravel-
sand mixtures, little or no
fines

Silty gravels, poorly
graded gravel-sand-silt mixtures

Clayey gravels, poorly graded
gravel-sand-clay mixtures

Well graded sands, gravelly
sands, little or no fines

Poorly graded sands, gravelly
sands, little or no fines

Silty sands, poorly graded
sand-silt mixtures

Clayey sands, poorly graded
sand-clay mixtures

GW

GP

GM

GC

SW

SP

SM

SC

Wide range of grain size and substantial
amounts of all intermediate particle
sizes

Predominantly one size or a range of
sizes with some intermediate sizes
missing

Non-plastic fines (for identification
procedures see ML below)

Plastic fines (for identification pro-
cedures see CL below)

Wide range in grain sizes and sub-
stantial amounts of all intermediate
particle sizes

Predominantely one size or a range of
sizes with some intermediate sizes missing

Non-plastic fines (for identification pro-
cedures, see ML below)

Plastic fines (for identification pro-
cedures, see CL below)

ML

CL,CI

OL

MH

CH

OH

Pt

Dry strength
crushing

character-
istics

None to
slight

Medium to
high

Slight to
medium

Slight to
medium

High to very
high

Medium to
high

Readily identified by colour, odour
spongy feel and frequently by fibrous
texture

Dilatency
(reaction

to shaking)

Quick to
slow

None to very
slow

Slow

Slow to
none

None

None to very
high

Toughness
(consistency
near plastic

limit)

None

Medium

Slight

Slight to
medium

High

Slight to
medium

Inorganic silts and very fine sands,
rock flour, silty or clayey
fine sands with slight plasticity
Inorganic clays of low to medium
plasticity, gravelly clays, sandy
clays, silty clays, lean clays

Organic silts and organic silt-
clays of low plasticity

inorganic silts, micaceous or
dictomaceous fine sandy or
silty soils, elastic silts

Inorganic clays of high
plasticity, fat clays

Organic clays of medium to
high plasticity

Peat and other highly organic soils

Give typical name; indicate degree
and character of plasticity,
amount and maximum size of
coarse grains: colour in wet con-
dition, odour if any, local or
geological name, and other pert-
inent descriptive information, and
symbol in parentheses

For undisturbed soils add infor-
mation on structure, stratif-
ication, consistency and undis-
turbed and remoulded states,
moisture and drainage conditions

Example
Clayey silt, brown: slightly plastic:
small percentage of fine sand:
numerous vertical root holes: firm
and dry in places; loess; (ML)

Field identification procedures
(Excluding particles larger than 75mm and basing fractions on

estimated weights)

Group
symbols

1
Typical names

Information required for
describing soils

Laboratory classification
criteria
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Identification procedure on fraction smaller than .425mm
sieve size

Highly organic soils

Unified soil classification (including identification and description)

Silty sand, gravelly; about 20%
hard angular gravel particles
12.5mm maximum size; rounded
and subangular sand grains
coarse to fine, about 15% non-
plastic lines with low dry
strength; well compacted and
moist in places; alluvial sand;
(SM)
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Comparing soils at equal liquid limit

Toughness and dry strength increase

with increasing plasticity index

Plasticity chart
for laboratory classification of fine grained soils

CI

CL-MLCL-ML
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Organic Soils

• Highly organic soils- Peat (Group symbol  PT)

 A sample composed primarily of vegetable tissue in various
stages of decomposition and has a fibrous to amorphous
texture, a dark-brown to black color, and an organic odor should
be designated as a highly organic soil and shall be classified as
peat, PT.

• Organic clay or silt (group symbol OL or OH):

 “The soil’s liquid limit (LL) after oven drying is less than 75 % of
its liquid limit before oven drying.” If the above statement is
true, then the first symbol is O.

 The second symbol is obtained by locating the values of PI and
LL (not oven dried) in the plasticity chart.
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Borderline Cases (Dual Symbols)

Coarse-grained soils with 5% - 12% fines.

About 7 % fines can change the hydraulic conductivity of the coarse-
grained media by orders of magnitude.

The first symbol indicates whether the coarse fraction is well or poorly 
graded. The second symbol describe the contained fines. For example: 
SP-SM, poorly graded sand with silt.

Fine-grained soils with limits within the shaded zone. (PI between 4 and 7 
and LL between about 12 and 25).

It is hard to distinguish between the silty and more claylike materials.

CL-ML: Silty clay,      SC-SM: Silty, clayed sand.

Soil contain similar fines and coarse-grained fractions.

 possible dual symbols GM-ML
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Example 1
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Example 1
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• %fines (% finer than 75 mm) = 11% - Dual symbols required
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Example 1

0.0001 0.001 0.01 0.1 1 10 100
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Particle size (mm)
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• %fines (% finer than 75 mm) = 11% - Dual symbols required

• D10 = 0.06 mm, D30 = 0.25 mm, D60 = 0.75 mm
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Example 1
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Particle size fractions:   Gravel 17%

Sand    73%

Silt and Clay 10%
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Of the coarse fraction about 80% is sand, hence Prefix is S

Cu = 12.5, Cc = 1.38

Suffix1 = W

From Atterberg Tests  

LL = 32, PL = 26

Ip = 32 - 26 = 6

Example 1
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Example 1
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Plasticity chart
for laboratory classification of fine grained soils
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Of the coarse fraction about 80% is sand, hence Prefix is S

Cu = 12.5, Cc = 1.38

Suffix1 = W

From Atterberg Tests  

LL = 32, PL = 26   &  Ip = 32 - 26 = 6

From Plasticity Chart point lies below A-line

Suffix2 = M

Example 1
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Of the coarse fraction about 80% is sand, hence Prefix is S

Cu = 12.5, Cc = 1.38

Suffix1 = W

From Atterberg Tests  

LL = 32, PL = 26

Ip = 32 - 26 = 6

From Plasticity Chart point lies below A-line

Suffix2 = M

Dual Symbols are SW-SM

Example 1
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Of the coarse fraction about 80% is sand, hence Prefix is S

Cu = 12.5, Cc = 1.38    

Suffix1 = W

From Atterberg Tests  

LL = 32, PL = 26   &  Ip = 32 - 26 = 6

From Plasticity Chart point lies below A-line

Suffix2 = M

Dual Symbols are SW-SM

To complete the classification the Symbols should be accompanied by a description

Example 1
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Example 2

Classify the following soils Using Unified Classification 
System.
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1. Unified Soil Classification System (USCS) 

Coarse-grained soils Fine-grained soils

Silt (M)  

Clay (C)

•Use Plasticity chart

•LL, PL

% Passing  sieve No.  200 (0.075 mm)

> 50%< 50%

% Coarse soil (Co) = 100 - % Passing # 200

% Gravel  (G)         = 100 - % Passing # 4

G > 1/2 Co G < 1/2 Co

Gravel (G) Sand (S)

% Passing  sieve No.  200

< 5%

5% -12 %

> 12%

GW, GP, SW or SP Use  Cu, Cc W : well graded   P: poorly graded

GW-GM, GW-GC, GP-GM, GP-GC, SW-SM, SW-SC, SP-SM, SP-SC 

GM, GC, SM, SC Use  plasticity charts
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Example 2
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Example 3
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Summary of the USCS

0 5 12 50 100

% of fines

fine grain soils

CoGr

e.g., GP

CoGr - CoF

e.g., GP-GC

Co: Coarse

G = Gravel

S = Sands

F: Fines

M = Silts

C = Clays

CoF

e.g., SM

FP

e.g., CH

Gr: Gradation

W = well graded

P = poorly graded

P: Plasticity

H = LL > 50

L = LL < 50

coarse grain soils
[>50% larger than 0.075 mm] [>50% smaller than 0.075 mm]
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Symbols

Soil symbols:

G:  Gravel

S:   Sand

M:  Silt

C:   Clay

O:   Organic

Pt:   Peat

Liquid limit symbols:

H: High LL (LL>50)

L: Low LL (LL<50)

Gradation symbols:

W: Well-graded

P :   Poorly-graded

Example: SW, Well-graded sand

SC, Clayey sand

SM, Silty sand, 

MH, Elastic silt )sandsfor(

6Cand3C1

)gravelsfor(

4Cand3C1

soilgradedWell

uc

uc






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2. American Association of State Highway and 
Transportation Officials system (AASHTO)

Origin of AASHTO: (For road construction)

 This system was originally developed by Hogentogler and Terzaghi 
in 1929 as the Public Roads Classification System. 

 Afterwards, there are several revisions. The present AASHTO 
(1978) system is primarily based on the version in 1945. (Holtz and 
Kovacs, 1981)



Procedure for AASHTO Classification
(American Association of State

Highway and Transportation Officials)

Developed in 1929 as the Public Road Administration Classification System
Modified by the Highway Research Board (1945)
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2. AASHTO

i. Definition of Grain Size

Boulders Cobbles
Gravel

Sand

Silt and

Clay

300 mm 75 mm

19 mm

No.4

4.75 mm

No.10

2.0 mm

No.40

0.425 mm

No.200

0.075 

mm

No specific 

grain size-use 

Atterberg limits



Procedure for AASHTO Classification

• Determine the percentage of soil passing the 
#200 sieve

• Determine the subgroups

– For coarse-grained soils (gravel and sand), 
determine the percent passing the #10, 40, and 
200 sieves, AND

– Determine the liquid limit and plasticity index

– THEN, determine soil group or subgroup from 
Table 9.1

215



– For coarse-grained soils (gravel and sand), 
determine the percent passing the #10, 40, and 
200 sieves. Cobble

Gravel
Very Coarse to Med Sand
Fine/Very Fine Sand
Silt/Clay

3 “
#10
#40

#200

#10

#40

#200

216



217

– 8 major groups: A1~ A7 (with several subgroups) and organic soils A8

– The required tests are sieve analysis and Atterberg limits.

– The group index, an empirical formula, is used to further evaluate soils within a 
group (subgroups).

– The original purpose of this classification system is used for road construction 
(subgrade rating).

A4 ~ A7A1 ~ A3

Granular Materials

 35% pass No. 200 sieve

Silt-clay Materials

 36% pass No. 200 sieve

Using LL and PI separates silty materials 

from clayey materials

Using LL and PI separates silty materials 

from clayey materials (only for A2 group)

2. AASHTO

ii. General guidance
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2. AASHTO

iii. Classification

Classification starts from left to right
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2. AASHTO

iii. Classification

Note: 

The first group from the left to fit the test data is the correct 
AASHTO classification.
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Group Index

 
)10PI)(15F(01.0

)40LL(005.02.0)35F(GI

200

200





)10PI)(15F(01.0GI 200 

For Groups A-2-6 and A-2-7

The first term is determined by the LL

The second term is determined by the PI

In general, the rating for a pavement subgrade is inversely proportional 

to the group index, GI.

use the second term only

F200: percentage passing through the No.200 sieve

• Used to evaluate the quality of a soil as a highway subgrade material.

• This index is written in parentheses after the group or subgroup 

designation [e.g.  A-4(3)].

(1)
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Some rules of Group Index GI

1. If Eq. (1) yields a negative value for GI, it is taken as 0.

2. The group index is rounded off to the nearest whole number 
(for example, GI  3.4 is rounded off to 3; GI  3.5 is rounded off to 
4).

3. There is no upper limit for the group index.

4. The group index of soils belonging to groups A-1-a, A-1-b, A-2-4, 
A-2-5, and A-3 is always 0.
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Example 1
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Example 1 [Soil B]
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Example 2

• Classify the following soil Using AASHTO 
System.

• Given:

• % passing No. 10 = 100;

• % passing No. 40 = 80;

• '% passing No.200 = 58

• LL = 30; PI = 10.
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Example 2
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PERMEABILITY



• Soil property changes from place to place. Even in the same

place it may not be uniform at various depths. The soil property

may vary from season to season due to variation in moisture

content. The load from the structure is to be safely transferred

to soil. For this, safe bearing capacity of the soil is to be

properly assessed.

At one time, Terzaghi stated:

“There will be no soil mechanics without water.”
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PERMEABILITY AND SEEPAGE

• Soil water, 

• permeability definition and necessity of its study, 

• Darcy’s law,

• factors affecting permeability.

• Laboratory measurement of permeability – Constant head method and Falling head 

method as per IS 2720. 

• Field test for determination of permeability- Pumping in test and Pumping out test 

as per IS 5529part-I. 

• Permeability of stratified soil deposits.

• Seepage and Seepage Pressure,

• quick sand phenomenon,

• critical hydraulic gradient, 

• General flow equation for 2-D flow (Laplace equation), Flow Net, properties and 

application, Flow Net construction for flow under sheet pile and earthen dam.
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SOIL-WATER SYSTEM 

Soil properties :

Soil is a complex mass of mineral and organic particles. The

important properties that classify soil according to its

relevance to making crop production (which in turn affects

the decision making process of irrigation engineering) are:

• Soil texture 

• Soil structure 
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SOIL-WATER SYSTEM 

Soil texture:

• This refers to the relative sizes of soil particles in a given

soil. According to their sizes, soil particles are grouped

into gravel, sand, silt and day.

• The relative proportions of sand, silt and clay is a soil

mass determines the soil texture.
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 Engineering soil properties and parameters describe
the behavior of soil under induced stress and
environmental changes.

 Of interest to most geotechnical applications are the
strength, deformability, and permeability of in situ

and compacted soils.

SOIL-WATER SYSTEM 
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PERMEABILITY AND SEEPAGE

• The coefficient of permeability (or permeability) in soil

mechanics is a measure of how easily a fluid (water) can flow

through a porous medium (soil).

• The flow of water through soils, called seepage, occurs when

there is a difference in the water level (energy) on the two sides of

a structure such as a dam or a sheet pile.
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SOIL PERMEABILITY

• The coefficient of permeability k is a measure
of the rate of flow of water through saturated
soil under a given hydraulic gradient i, cm/cm,
and is defined in accordance with Darcy’s law
as:

• Assumption : Flow is laminar
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DARCY‟S LAW:

When the flow through soil is laminar, Darcy’s law (Darcy, 1856) 
applies:

The darcy‟s law states that for laminar flow the velocity of flow, v is 
proportional to the hydraulic gradient i.

Where

q = rate of flow, cm3/s.

A = cross-sectional area of soil conveying flow, cm2

k is dependent on the grain-size distribution, void ratio, and soil fabric and typically may vary
from as much as 10 cm/s for gravel to less than 10-7 cm/s for clays.

For typical soil deposits, k for horizontal flow is greater than k for vertical flow, often by an
order of magnitude.

V=Ki (k is constant of proportionality)

q =  v . A = k i A
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DARCY‟S LAW:

V=Ki (k is constant of proportionality)

q =  v . A = k i A

The rate of flow under laminar flow conditions through a

unit cross sectional are of porous medium under unit

hydraulic gradient is defined as coefficient of permeability.

Hydraulic gradient is the total head loss per unit length.
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• Permittivity: Like permeability, a measure of the
capacity of a geosynthetic to allow a fluid to move
through its voids or interstices, as represented by the
amount of fluid that passes through a unit surface area
of the material in a unit time per unit thickness under a
unit pressure gradient, with laminar flow in the
direction of the thickness of the material.

• For evaluation of geotextiles, use of permittivity,
being independent of thickness, is preferred to
permeability.

SOIL PERMEABILITY
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FACTORS AFFECTING PERMEABILITY:

GRAIN SIZE

 PROPERTIES OF PORE FLUID

 TEMPERATURE

 VOID RATIO

 DEGREE OF SATURATION

 ABSORBED WATER

 SHAPE OF PARTICLES

SOIL PERMEABILITY
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GRAIN SIZE

Grain size of the soil , or the effective size D10 is one of the 

factors which affect permeability . Allen Hazen gave the 

relation 

K=100(D10)2

Where, k= coeff of permeability in cm/s and D10 is the 

effective grain size of the soil.

The permeability of coarse grained soil is more than that of 

fine grained soil.
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Properties of pore fluid 

The permeability is directly proportional to the unit

weight of water and inversely proportional to its

viscosity. Though the unit weight of water does not

change in temp , there is grate variation in viscosity with

temp.
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temperature

Since viscosity of pore fluid decreases with the temp ,

permeability increases with temp , as unit weight of the pore

fluid does not change much with change in temp .

Void ratio

Increases in void ratio increase the area available for flow ,

hence the permeability increases with critical condition
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Void ratio
241



Degree of saturation

The permeability of partially saturated soil is less than

that of fully saturated soil

Absorbed water

The absorbed water surrounding the fine- soil

particles is not free to move , and reduces the effective

pore space available for the passage of water .
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Shape of particles

Permeability is inversely proportional to the specific

surface e.g. the angular particles have more specific surface

area as compare to rounded particles.
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LABORATORY DETERMINATION OF 

PERMEABILITY

Constant head permeability test 

Variable head permeability test 

• Permeability range for this test – 10-3 to 10-7 cm/sec

CONSTANT HEAD PERMEABILITY TEST :

• The coefficient of permeability of a coarse-grained soil
can be determined in the laboratory using a constant-head
permeability test.

• The test includes a cylindrical soil specimen that is
subjected to a constant head as shown in Figure 9.6.
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CONSTANT HEAD PERMEABILITY TEST

• The length of the soil specimen is L and its cross-
sectional area is A.

• The total head loss (hL) along the soil specimen is equal
to the constant head, which is the difference in elevation
between the water levels in the upper and lower
reservoirs as shown in the figure.

• A constant head implies that we have reached a steady-
state condition in which the flow rate is constant (i.e.,
does not vary with time). Using a graduated flask, we can
collect a volume of water (Q) in a period of time (t ).
From this we can calculate the flow rate q(= Q/t).
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LABORATORY DETERMINATION OF PERMEABILITY BY 

CONSTANT HEAD PERMEABILITY TEST (IS 2720 PART 17)

PREPARATION OF TEST SPECIMEN:

• A 2.5-kg sample shall be taken from a thoroughly mixed air-dried or 
oven-dried material.

• The moisture content of the 2.5-kg sample shall be determined.

• The sample shall be placed in an airtight container. The quantity of
water to be added to the stored sample to give the desired moisture
content shall be computed and spread evenly over the sample, and
after thoroughly mixing, the material shall again be placed in the
storage container. The moisture content of the sample shall again be
determined and the entire process repeated until the actual moisture
content is within 0.5 percent of that desired.
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LABORATORY DETERMINATION OF PERMEABILITY BY 

CONSTANT HEAD PERMEABILITY TEST (IS 2720 PART 17)

PREPARATION OF TEST SPECIMEN:

• The permeameter mould shall be weighed empty
to the nearest gram. After greasing lightly the
inside of the mould it shall be clamped between
the compaction base plate and the extension
collar. The assembly shall be kept on a solid base.

• The mould with the specimen inside shall be
assembled to the drainage base and cap having
porous discs. The porous discs shall be saturated
before assembling the mould.
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LABORATORY DETERMINATION OF PERMEABILITY BY 

CONSTANT HEAD PERMEABILITY TEST (IS 2720 PART 17)

PROCEDURE :

• For a constant head test arrangement, the specimen
shall be connected through the top inlet to the constant
head water reservoir. The bottom outlet shall be opened
and when the steady state of flow has been established,
the quantity of flow for a convenient time interval shall
be collected and weighed or measured.

• Alternatively, the inlet may be at the bottom and water
may be collected from the outlet at the top. The
collection of the quantity of flow for the same time
interval shall be repeated thrice.
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LABORATORY DETERMINATION OF PERMEABILITY BY 

CONSTANT HEAD PERMEABILITY TEST (IS 2720 PART 17)

PROCEDURE :

• The linearity ( of Darcy’s law ) between the
hydraulic gradient and the average velocity of
flow for the soil under test should be
established by performing the test over a range
of hydraulic gradients.

• The hydraulic gradients in the permeability test
should preferably include the hydraulic gradient
likely to occur in the field and any deviation
from linearity observed should be noted.
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LABORATORY DETERMINATION OF PERMEABILITY BY 

CONSTANT HEAD PERMEABILITY TEST (IS 2720 PART 17)

RECORD OF OBSERVATION:

• The inside diameter and the height of the
permeameter are measured and recorded as
diameter D and length L of the specimen loss h.
The heights H1 and H2 are measured to
determine the head The temperature of water
T is also measured and recorded.

• During the test, observations are made of 
volume of water, Q collected in a graduated jar 
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LABORATORY DETERMINATION OF PERMEABILITY BY 

CONSTANT HEAD PERMEABILITY TEST (IS 2720 PART 17)

RECORD OF OBSERVATION:

• For the purpose of getting a quantitative
description of the state of the sample, after the
test, the weight of wet soil specimen W, is
measured and recorded. Its dry weight W, is
measured after drying for 24 hours.

• The water content, w is computed and noted.
From the knowledge of the specific gravity G, of
specimen and water content W, void ratio e and
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LABORATORY DETERMINATION OF PERMEABILITY BY 

CONSTANT HEAD PERMEABILITY TEST (IS 2720 PART 17)

CALCULATIONS:

The permeability KT at temperature T is
calculated as:

KT = Q / Ait

Q -quantity in cm 3,

A- area of specimen in cm2

i -hydraulic gradient, and

t- time in seconds.
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DETERMINATION OF COEFF PERMEABILITY 

BY CONSTANT HEAD TEST

APPARATUS

1. Permeater mould with 100mm dia. 127.3 mm high.

2. accessories of the permeater like cover, base,

detachable collar , porous stones, dummy plate.

3. compaction hammer 2.6kg

4. constant head water tank .

5. I.S. sieve 4.75mm
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procedure

1) Take 2.5 kg of oven dried soil passing 10mm i.s. sieve and add

water to bring the moisture content to the desired level.

2) Apply grease inside the mould , base plate and collar.

3) clamp the mould between compaction base plate extension

collar.

4) Prepare soil specimen by filling it in 3 layers , each layer

rammed 25 times with a 2.6 kg rammer filling through 310

mm.

5) Remove the collar and excess soil.

6) Determine the dry density of the soil specimen those prepared .
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7) Saturate the porous discs in boiling in water.

8) Covers the specimen by filling at both ends with filter

paper and assemble the mould with soil specimen to the

drainage base and cup having porous discs.

9) Immerse the mould with the specimen in a water tank for

saturation 12-24 hours.

10) Connect the specimen through the top inlet to the

constant head water tank.

11) Open the outlet and allow de-aired water to flow till a

steady flow is established.

12) Measure the head causing flow „h‟

13) Collect the quantity of water (Q) in a measuring cylinder

for convenient time interval (t) for this head „h‟.

14) Calculate the coeff of permeability (k).

15) Record the test temp. 262
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Quiz

1. What is permeability?

2. What is the unit of permeability ?

3. Use of permeability in soil mechanics?

4. What is Darcy’s  law ? 

5. Darcy’s law is applicable for which kind of flow?

6. Factor affecting on permeability?

7. What is the different method to determine the 
permeability in laboratory?
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QUIZ 

8. What is constant head method to find the
permeability ?

9. What is the variable head method to find the
permeability?

10. With the help Constant head method we determine
the permeability of …………soil.

11. With the help of variable head method we determine
the permeability of …..soil.
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Temperature

- t -

(oC)

Density

- ρ -

(kg/m3)

Specific Weight

- γ -

(kN/m3)

0 999.8 9.806

4 1000 9.807

10 999.7 9.804

20 998.2 9.789

30 995.7 9.765

40 992.2 9.731

50 988.1 9.690

60 983.2 9.642

70 977.8 9.589

80 971.8 9.530

90 965.3 9.467

100 958.4 9.399
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LABORATORY DETERMINATION OF PERMEABILITY BY 

FALLING HEAD PERMEABILITY TEST (IS 2720 PART 17)

PROCEDURE:

• For a falling head test arrangement the specimen

shall be connected through the top inlet to selected

stand-pipe. The bottom outlet shall be opened and

the time interval required for the water level to fall

from a known initial head to a known final head as

measured above the centre of the outlet shall be

recorded.

• The stand-pipe shall be refilled with water and the

test repeated till three successive observations give
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LABORATORY DETERMINATION OF PERMEABILITY BY 

FALLING HEAD PERMEABILITY TEST (IS 2720 PART 17)

PROCEDURE:

• Alternatively, after selecting the suitable initial

and final heads, h1 and h2 respectively, time

intervals shall be noted for the head to fall from

h1, to √h1h2 , and similarly from √h1h2 to h2 . The

time intervals should be the same; otherwise

the observation shall be repeated after refilling

the stand-pipe.
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LABORATORY DETERMINATION OF PERMEABILITY BY 

FALLING HEAD PERMEABILITY TEST (IS 2720 PART 17)

RECORD OF OBSERVATION:

The dimensions of specimen, length L and

diameter D, are measured.

Area a of stand-pipe is recorded.

The temperature T, of water is also measured and

recorded.

During the test, observations are made of initial

time ti, final time tf initial head h1 final head h2

in stand-pipe and are recorded.
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LABORATORY DETERMINATION OF PERMEABILITY BY 

FALLING HEAD PERMEABILITY TEST (IS 2720 PART 17)

RECORD OF OBSERVATION:

The permeability KT is calculated and recorded.

At the end of the test, the weight of wet soil

specimen Wt is measured and recorded. Then

the sample is dried in the oven for 24 hours and

the dry weight Ws is measured and recorded.

The water content, W is computed and noted.

Void ratio, e, and degree of saturation S are

calculated using specific gravity Gs of the
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LABORATORY DETERMINATION OF PERMEABILITY BY 

FALLING HEAD PERMEABILITY TEST (IS 2720 PART 17)

CALCULATIONS :

At temperature T of water, the permeability KT

is calculated as:

kT = 2.303 aL /  A ( tf_-ti)     *  log10 (h1/h2 )
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• In the FLOW of WATER in SOILS

Flow of Water in Soils 

)( 21 hh
Ak

Q 


Where Q is the water flow rate

h1 is the inlet head

h2 is the outlet head

A is the cross-section area

k is the permeability

is the path length

1) Mathematical solutions
a)  exact solutions for certain simple situations
b)  solutions by successive approximate     - e.g. relaxation methods

2) Graphical solutions

3) Solutions using the electrical analogue

4) Solutions using models

Only graphical methods will be used in this course 275



FIELD TEST FOR DETERMINATION OF 

PERMEABILITY(IS 5529 PART 1)

The field permeability test carried out to determine the
permeability of each surface strata encounter up to bed
rock as well as to ascertain overall permeability of
strata. This test are carried out in standard drill holes
where subsurface exploration for foundation are carried
out by drilling.

The test also carried out in auger holes or bore holes of
larger size for depth up to 30m.

The test carried out are either pumping in or the
pumping out type.
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FIELD TEST FOR DETERMINATION OF 

PERMEABILITY(IS 5529 PART 1)

PUMPING IN TEST (Gravity feed in drill holes or bore holes )

Constant head method (cased well , open end test)

Falling head method (uncased well)

Slug method

PUMPING OUT TEST :

Unsteady state

Steady state

Bailor method 277



FIELD TEST FOR DETERMINATION OF 

PERMEABILITY(IS 5529 PART 1)

PUMPING OUT TEST :

The pumping out test is an accurate method for

finding out in-situ permeability of the strata

below water table or below river sand.

This method is best suited for all ground water

problems where accurate values of permeability

representative of the entire aquifer are required

for designing cut off or planning excavation.
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FIELD TEST FOR DETERMINATION OF 

PERMEABILITY(IS 5529 PART 1)

PUMPING IN TEST:

The pumping in test method is applicable for strata above

water table.

The test is especially performed in formation of low

permeability and limited thickness where adequate in

formation of low permeability and limited thickness

where adequate yield is not available for pump out test.
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Coefficient of Permeability
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Coefficient of Permeability
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UNCONFINED FLOW PUMPING TEST 
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PERMEABILITY OF STRATIFIED SOILS

• Consider a stratified soil having horizontal layers of

thickness H1,H2,H3, . . .,Hn with coefficients of

permeability k1, k2, k3, . . , kn, as shown in Figure .

• For flow perpendicular to soil stratification, as shown

in the figure, the flow rate q through area A of each

layer is the same. Therefore, the head loss across the

n layers is given as
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PERMEABILITY OF STRATIFIED SOILS

• For a flow that is parallel to soil stratification, such as

the one shown in Figure , the head loss hL over the

same flow path length L will be the same for each

layer. Thus, i1 = i2 = i3 = · · · = in. The flow rate

through a layered system (with width = 1 unit) is
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An idealized soil 

profile
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Example

• A 
nonhomogeneous
soil consisting of 
layers of soil with 
different 
permeabilities.

• Average coefficient 
of permeability in 
the horizontal 
direction and 
vertical direction

1.5 m

2.0 m

2.5 m

Kx = 1.2 x 10-3 cm/s
Ky = 2.4 x 10-4 cm/s

Kx = 2.8 x 10-4 cm/s
Ky = 3.1 x 10-5 cm/s

Kx = 5.5 x 10-5 cm/s
Ky = 4.7 x 10-6 cm/s

287



Quiz 

• The permeability of soil varies ……………

• The maximum particle size for which Darcy’s law 
in applicable is ………..

• The coefficient of permeability of  clay is 
generally ……….

• Constant head method is used for ………..

• A soil has discharge velocity of 6 x 10-7 m/sec and 
void ratio of 0.5. it’s seepage velocity …………..
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Soil Compaction Theory



Compaction
 Soil is used as a basic material  for construction

 Retaining walls,

 Highways, Embankments, Ramps

 Airports,    

 Dams, Dikes, etc.

 The advantages of using soil are:

1. Is generally available everywhere
2. Is durable - it will last for a long time

3. Has a comparatively low cost



What is Compaction?

• In most instances in civil engineering 
and/or construction practice, whenever 
soils are imported or excavated and re-

applied, they are compacted.

• The terms compaction and consolidation
may sound as though they describe the 
same thing, but in reality they do not.



What is Compaction

• When loose soils are applied to a construction 
site, compressive mechanical energy is applied 
to the soil using special equipment to densify 
the soil (or reduce the void ratio).

• Typically applies to soils that are being applied 
or re-applied to a site. 

Heavy Weight

What do you think 
about this live 
compaction 
machine



What is Consolidation

• When a Static loads are applied to saturated 
soils, and over a period of time the increased 
stresses are transferred to the soil skeleton, 
leading to a reduction in void ratio.

• Depending on the permeability of the soil and 
the magnitude of the drainage distance, this 
can be a very time-consuming process. 

• Typically applies to existing, undisturbed soil 
deposits that has appreciable amount of clay.



Compaction - Consolidation 

• Compaction means 
the removal of 
air-filled porosity.

• Consolidation  
means the removal 
of water-filled
porosity.



Principles of Compaction

Compaction of soils is achieved by reducing 
the volume of voids. It is assumed that the 
compaction process does not decrease the 

volume of the solids or soil grains·

uncompacted compacted uncompacted compacted



The Goal of Compaction

• Reduce air-void volume Va in 
soils as much as is possible.

• For a given water content w, 
the max. degree of compaction 
that can be achieved is when all 
of the air voids have been 
removed, that is (S=1).

– Since S = wGs/e, the 
corresponding void ratio 

– (for S=1) will be: e = wGs

Solids

Water

Air

vT

vA

vW

vS

wA

wW

wS

Phase Diagram



Principles of Compaction

The degree of compaction of a soil is 
measured by the dry unit weight of 
the skeleton.

The dry unit weight correlates with the 
degree of packing of the soil grains. 

The more compacted a soil is:

the smaller its void ratio (e) will be.

Recall that gd= Gsgw/(1+e) ·

the higher its dry unit weight (gd) will be



Typical Calculation (d)

• block diagram shown
• Total Mass M = Mw + Ms

• Total Volume V = Vw + Vs

• Void ratio e = Vv / Vs

• Water content w = Mw / Ms

• Saturation S = Vw / Vv

• Moist unit weight 

–  = (M w + Ms) / V 

– = (w + 1) Ms / V = (1+w) d

– d =  / (1+w) =

– d = Gsgw/(1+e)

Solids

Water

Air

vT

vA

vW

vS

wA

wW

wS

Phase Diagram

Back



What Does Compaction Do?
1) Increased Shear Strength 

This means that larger loads can be applied to 
compacted soils since they are typically stronger.

3) Reduced Compressibility
This also means that larger loads can be applied to 

compacted soils since they will produce smaller 
settlements.

2) Reduced Permeability
This inhibits soils’ ability to absorb water, and 

therefore reduces the tendency to expand/shrink and 
potentially liquefy

5) Reduce Liquefaction Potential

4) Control Swelling & Shrinking 



Various Types of compaction test

Type of Test Mould
Hammer 
mass (kg)

Drop (mm) No of layers
Blows per 

layer

BS “Light”
One Liter 2.5 300 3 27

CBR 2.5 300 3 62

ASTM (5.5lb)
4 in 2.49 305 3 25

6 in 2.49 305 3 56

BS “Heavy”
One Liter 4.5 450 5 27

CBR 4.5 450 5 62

ASTM (10lb)
4 in 4.54 457 5 25

6 in 4.54 457 5 56

BS Vibration 
hammer

CBR 32 to 41 Vibration 3 1 minute



General Compaction Methods
Coarse-grained soils Fine-grained soils

•Hand-operated vibration plates

•Motorized vibratory rollers

•Rubber-tired equipment

•Free-falling weight; dynamic

compaction (low frequency

vibration, 4~10 Hz)

•Falling weight and hammers

•Kneading compactors

•Static loading and press

•Hand-operated 

tampers

•Sheepsfoot rollers 

•Rubber-tired rollers

L
a
b
or

a
to

ry
F
ie
ld

Vibration

•Vibrating hammer (BS)

(Holtz and Kovacs, 1981; Head, 1992)

Kneading



The Standard Proctor Test

• R.R. Proctor in the early 
1930’s was building dams 
for the old Bureau of 
Waterworks and Supply 
in Los Angeles, and he 
developed the principles 
of compaction in a series 
of articles in Engineering 
News-Record.



Variables of Compaction

Proctor established that compaction is a 
function of four variables:

• Dry density (d) or dry unit weight d.

• Water content w

• Compactive effort (energy E)

• Soil type (gradation, presence of clay 
minerals, etc.)



The Standard Proctor Test 
Equipments 

Drop Height 
h=12”

soil Volume 1/30 ft3  or 944 cm3

Diameter  4 in or 10.16 cm
Height 4.584 in or11.643cm

Hammer 
Weight
5.5 lb



Equipments Needed
For Compaction

SO-351 Standard Proctor Mold 
Machined steel, galvanized, 4" i.d., 

4.584" height, 2" height of collar
1 Pc

SO-352 Standard Proctor Mold 
Machined steel, galvanized, 6" i.d., 

4.584" height, 2" height of collar
1 Pc

SO-353
Standard Proctor 

Hammer 

Machined steel, galvanized, 2" i.d., 

12" drop height, 5,5 lbs weight
1 Pc

SO-354
Standard Proctor 

Hammer 

Machined steel, galvanized, 2" i.d., 

18" drop height, 10 lbs weight
1 Pc

SO-355 Extruder Steel frame, hydraulic jack 1 Set

GE-303 Square Pan Galvanized steel, l 65 x 65 x 7.5 cm 1 Pc

GE-390 Thin Box Alumunium, 60 gr capacity 12 Pcs

GE-405A Graduated Cylinder Plastic, 1.000 ml capacity 1 Pc

GE-801 Scoop Cast Alumunium 1 Pc

GE-871 Trowel Pointed type 1 Pc

GE-890 Straight Edge 30 cm length 1 Pc

GE-900 Rubber Mallet Wooden handle 1 Pc

GE-920 Steel Wiire Brush Wooden handle 1 Pc

ASTM D-698 / D-1557 AASHTO T-99 / T-180

For determining moisture - dnesity relationship.



25 Blows/Layer

Standard Proctor Test 
o The soil is mixed with varying amounts of 

water to achieve different water contents.

Layer or lift # 1

o For each water content,the soil is compacted by 
dropping a hammer 25 times onto the confined soil

soil

o The soil is in mold will be divided into three lifts

Layer or lift # 3

Layer or lift # 2

o Each Lift is compacted 25 times

o This is don 4-6 times from dry-wet



Standard Energy

• Compactive (E) applied to soil per unit 
volume: 

mold of Volume

      drop) of(height  * ight)(hammer we * layers) of (# * r)blows/laye (#
E 

3
3

SP /375,12
(1/30)ft

      ft) (1.0 * lbs) (5.5 * layers) of (3 *   ayer)(25blows/l
E ftlbft 



Results from Standard Proctor Test 
D
ry

 D
e
ns

it
y
 (

g d
)

Water Content (w)

Optimum water content










Maximum dry
unit weight

• Optionally, the unconfined 
compressive strength of 
the soil is also measured

A sample
from the 

mold



• Using a standard energy, if a series of 
specimens of a soil are compacted at 
increasing water contents, the 
resultant dry density of the specimens 
will vary.  The density will increase to a 
peak value, then decrease.

Proctor’s principle of compaction



Principle of  Compaction

• A plot of the dry density versus the water 
content from a compaction test will be 
parabolic in shape.  

• The peak of the curve is termed the 
maximum dry density, and the water 
content at which the peak occurs is the 
optimum water content.



Standard Proctor Energies

• Several standard energies are used 
for laboratory compaction tests

–Standard – 12,400 ft-lbs/ft3

–Modified – 56,000 ft-lbs/ft3

–California – 20,300 ft-lbs/ft3



Standard Proctor Compaction Test 
Summary

• Uses 5.5 pound 
hammer

• dropped 12 inches

• mold filled in 3 lifts

• 25 blows of hammer 
per lift

• Total energy is 
12,400 ft-lbs/ft3

12”drop

3 lifts

5.5 # 
hammer



Modified Proctor Compaction Test 
Summary

• Uses 10 pound 
hammer

• dropped 12 inches

• mold filled in 5 lifts

• 25 blows of hammer 
per lift

• Total energy is 
12,400 ft-lbs/ft3

18”drop

10 # hammer

5 lifts



Proctor Compaction Test Summary

• Several Standard molds are used 
depending on maximum particle size in 
sample
– 4”diameter mold (1/30 ft3) used for soils 

with low gravel contents

– Method A for soils with < 20 % gravel

– Method B for soils with > 20 % gravel and < 
20 % larger than 3/8”



Proctor Compaction Test Summary

• Several Standard molds are used 
depending on maximum particle size 
in sample
–6”diameter mold (1/13.33 ft3) used for 

soils with significant gravel contents 

–More than 20 % gravel larger than 3/8”

–Must have less than 30 % larger than 
3/4”



Proctor Compaction Test Summary

• Standardized tests are not available for soils 
with more than 30 percent by weight of the 
total sample being larger than 3/4”in diameter 
gravels

• ASTM Compaction Test Methods are 

– D698A D1557A

– D698B D1557B

– D698C D1557C



Proctor Compaction Test Summary

• Prepare 4 to 5 
specimens at 
increasing water 
contents about 2 % 
apart.   Example -
prepared samples at 
14, 16, 18, and 20 
percent.  Use range of 
moistures based on 
feel and experience.



Proctor Compaction Test Summary

• Then, compact 
each sample 
into a steel 
mold with 
standard 
procedures

Compaction mold

Cured soil

Hammer



Proctor Compaction Test Summary

• Then, strike 
off excess 
soil so the 
mold has a 
known 
volume of 
soil. 



II. Laboratory Methods for Determining OM and MD

The Proctor Test (after Ralph R. Proctor, 1933)



II. Laboratory Methods for Determining OM and MD

The Proctor Test (after Ralph R. Proctor, 1933)



II. The Method

The Proctor Test (after Ralph R. Proctor, 1933)



II. The Method

The Proctor Test (after Ralph R. Proctor, 1933)



Proctor Compaction Test Summary

• For each sample, measure the weight and the water 
content of the soil in the mold 

• The mold volume and weight are 
pre-measured. Don’t assume nominal volume of 
1/30 ft3 or 1/13.33 ft3

• Calculate moist density

• Calculate dry density

• Plot dry density and water content for each point



Class Problem

• Calculate Moist density, dry density

Mold_Volume

Weight Moist
moist 

100

%
1

w
moist

dry








Point Mold

+Soil

Moist

Soil

Moist

Density

pcf

Water

Content

%

Dry

Density

pcf

1 8.04 3.78 17.5

2 8.30 4.04 19.6

3 8.38 4.12 21.7

4 8.29 4.03 24.4

Class Problem

Mold wt = 4.26 #,  Mold Vol. = 0.03314 ft3



Dry Unit Weight 

• The compacted soil is removed from the mold and its 
dry density (or dry unit weight) is measured.









1

m
d V

Mg
m 

M

V

g

• =Dry Unit weight

• =Bulk Density

• =Water Content

• =Total Soil Volume

• =Total Wet Soil Mass

• =Gravitational Acceleration

Where

d


m



Water Role in 
Compaction Process

Water lubricates the soil grains so that 
they slide more easily over each other 
and can thus achieve a more densely 
packed arrangement.

– A little bit of water facilitates 
compaction

– too much water inhibits compaction. 



Increase of 
Density due

to compaction 
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Modified Proctor Test 

Was developed during World War II

 By the U.S. Army Corps of 
Engineering

For a better representation of the 
compaction required for airfield to 
support heavy aircraft.



Modified Proctor Test 

 Same as the Standard Proctor Test 
with the following exceptions:

3

MP

3MP

/250,56E

(1/30)ft

      ft) (1.5 * lbs) (10 * layers) of (5 *   ayer)(25blows/l
E

ftlbft 



soil

 The soil is compacted in five layers

 Hammer weight is 10 Lbs or 4.54 Kg 

 Drop height h is 18 inches or 45.72cm

# 1

# 3

# 2

# 5

# 4

 Then the amount of Energy is calculated
3

SP /375,12E ftlbft  Remember Standard Proctor Energy

55.4
/375,12

/250,56

E

E
3

3

SP

MP 





ftlbft

ftlbft



Effect of Energy on Compaction
E2 > E1

D
ry
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e
ns

it
y
 (

g d
)

Water Content (w)

Modified E=E2

Standard E=E1



Comparison-Summary

Standard Proctor Test

• Mold size: 1/30 ft3

• 12 in height of drop

• 5.5 lb hammer

• 3 layers

• 25 blows/layer

• Energy 12,375 ft·lb/ft3

Modified Proctor Test

• Mold size: 1/30 ft3

• 18 in height of drop

• 10 lb hammer

• 5 layers

• 25 blows/layer

• Energy 56,250 ft·lb/ft3

D
ry
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e
ns

it
y
 (

g d
)

Water Content (w)

Modified E=E2

Standard E=E1



Common Compaction Curves 
Encountered in Practice 

Bell-shaped
One & one-half peaks

Double-peaked

Odd-shaped

Water content (w)
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ry
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h
t 

g d
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optimums

"Zero 
Air

Voids"

ZAV:The curve represents
the fully saturated
condition (S=100%).

ZAV cannot be reached by
compaction.

Line of Optimum: A line
drawn through the peak
points of several
compaction curves at
different compactive
efforts for the same soil
will be almost parallel to a
100 % S curve

Entrapped Air: is the
distance between the wet
side of the compaction
curve and the line of
100% saturation.

Zero-Air-Void

Points from the ZAV curve can be 
calculated from:

dry = Gsw / 1+ e

Holtz and Kovacs, 1981
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Wet 
Side

Dry 
Side

Results-Explanation
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Water Content (w)

OMC








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Below womc

Dry of Optimum

•As the water content
increases, the particles
develop larger and
larger water films
around them, which
tend to “lubricate” the
particles and make
them easier to be
moved about and
reoriented into a
denser configuration.

Hammer Impact

•Air expelled from the
soil upon impact in
quantities larger than
the volume of water
added.

At womc

The density is at the 
maximum, and it does not 

increase any further.

Above womc

Wet of Optimum

Water starts to
replace soil
particles in the
mold, and since
w<<s the dry
density starts to
decrease.
Hammer Impact

Moisture cannot
escape under
impact of the
hammer. Instead,
the entrapped air is
energized and lifts
the soil in the
region around the
hammer.

Wet side

Entrapped

air

Dry side

Escaping air

Holtz and Kovacs, 1981



Effects of Soil Types on Compaction

Soil texture and Plasticity data

NO Description Sand Silt Clay LL PI

1
Well graded 
loamy sand

88 10 2 16 NP

2
Well graded 
sandy loam

72 15 13 16 NP

3
Med graded 
sandy loam

73 9 18 22 4

4
Lean sandy 
silty clay

32 33 35 28 9

5
Lean silty 

clay
5 64 31 36 15

6 Loessial silt 5 85 10 26 2

7 Heavy clay 6 22 72 67 40

8
Poorly graded 

sand
94 6 6 NP NP
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Zero air voids, S= 100 

%

The soil type-that is, grain-size distribution, shape of the soil 
grains, specific gravity of soil solids, and amount and type of 
clay minerals present

Holtz and Kovacs, 1981; Das, 1998



Compaction Characteristics
Unified Soil Classification

Group Symbol
Compaction 

Characteristics

GW

GP

GM

GC

SW

SP

SM

SC

CL

ML Good to Poor

OL, MH, CH, OH, PT Fair to Poor

Good

Good to Fair



Embankment Materials
Unified Soil Classification

Group Symbol Value as Embankment Material

GW

SW

CL Stable

GP

GM

GC

SC

SP

SM

ML Poor, gets better with high density

OL, MH, CH, OH, PT Poor, Unstable

Very Stable

Reasonably Stable

Reasonably Stable when Dense



Subgrade Materials
Unified Soil Classification

Group Symbol Value as Subgrade Material

GW Excellent

GP

GM

GC

SW

SP

SM

SC

ML

CL

OL, MH, CH, OH, PT Poor to Not Suitable

Excellent to Good

Good

Good to Fair

Fair to Poor



Typical Compaction Curve for 
Cohesionless Sands & Sandy Gravel

Air dry

Complete saturation

(increasing) Water content 
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 

















bulking
The low density that is obtained at
low water content is due to capillary
Forces resisting arrangements of 
the sand grains.



Water & Compaction

• Increasing the water content 
at which soil is compacted:
 Increases the likelihood of 
obtaining dispersed soil structure 
with reduced shear strengths.

 Increases the pore pressure in 
the soil, decreasing the short 
term shear strength.

Remember what is the Affect



Structure of Compacted Clay

Particle Arrangement Dry side more random

Water Deficiency
Dry side more deficient; thus imbibes more water, 

swells more, has lower pore pressure

StructureD
ry

 D
e
ns

it
y

Water Content

High Compactive
Effort

Low
Compactive

Effort

Flocculated Structure
or

Honeycomb Structure
or

Random

Dispersed Structure
or

parallel

Intermediate
structure

Lambe and Whitman, 1979



Effect of Compaction on permeability 

Magnitude Dry side more permeable

Permanence
Dry side permeability reduced much more by 

permeation

Permeability

Pe
rm

e
a
b
il
it
y
 

10-9

10-7

Permeability at constant 
compactive effort decreases 
with increasing water content 
and reaches a minimum at about 
the optimum.

If compactive effort is 
increased, the permeability  
decreases because the void 
ratio decreases.

Water content

D
e
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y
 

From Lambe and Whitman, 1979; 

Holtz and Kovacs, 1981



Pressure, natural scale
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Low pressure consolidation
Pressure, log scale
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High-pressure consolidation

Dry compacted or
undisturbed sample

Compressibility of compacted clays is function of stress level.

Low stress level: Clay compacted wet of optimum are more compressible.

High stress level: The opposite is true

Effect of Compressibility
Dry compacted or 
undisturbed sample

Rebound for both samples

From Lambe and Whitman, 1979; 

Holtz and Kovacs, 1981

Wet compacted or 
Remolded sample

Wet compacted or
Remolded sample

Magnitude
Wet side more compressible in low pressure range, 

dry side in high pressure range

Rate Dry side consolidates more rapidly

Compressibility



Compressibility & Expansion
Unified Soil Classification

Group Symbol
Compressibility 

and Expansion

GW

GP

SW

SP

GM

GC

SM

SC

ML

CL Medium

OL, MH, CH, OH, PT High

Very Little

Slight

Slight to Medium



Compressibility & Expansion
Unified Soil Classification

Group Symbol
Compressibility 

 and Expansion

GW

GP

GM

GC

SW

SP

SM Slight

SC

ML

CL Medium

OL, MH, CH, OH, PT High

Very Little

Slight

Very Little

Slight to Medium



Effect of Strength
From Lambe and Whitman, 1979

Samples 
(Kaolinite) 
compacted 

dry of 
optimum 

tend to be 
more rigid 

and 
stronger 

than 
samples 

compacted 
wet of 
optimum
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Holtz and Kovacs, 1981

The CBR (California bearing ratio)

CBR= resistance required to
penetrate a 3-in2 piston into the
compacted specimen/ resistance
required to penetrate the same
depth into a standard sample of
crushed stone.

A greater compactive effort
produces a greater CBR for the
dry of optimum. However, the CBR
is actually less for the wet of
optimum for the higher
compaction energies
(overcompaction).
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Comparison of Soil Properties
Dry of Optimum & Wet of Optimum Compaction

As molded

       a :Undrained Dry side is much higher

       b :Drained Dry side is some how higher

After saturation

       a :Undrained
Dry side higher if swelling prevented,wet sidecan be 

hiher if swelling is permitted

       b :Drained dry side the same or slpghtly hiher

Stress-strain modulus Dry side much greater

Sensitivity Dry side more apt to be sensitive

Strength



Wet 
Side

Dry 
Side

Effect of Swelling
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Water Content (w)

OMC


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


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Holtz and Kovacs, 1981

Higher 

Swelling 

Potential

Higher 

Shrinkage 

Potential

• Swelling of compacted clays is greater for those compacted dry
of optimum. They have a relatively greater deficiency of water
and therefore have a greater tendency to adsorb water and thus
swell more.



Compaction and Shrinkage

• samples 
compacted wet 
of optimum 
have the 
highest 
shrinkage

1.80

1.75

1.70
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Kneading

Vibratory
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Molding water content (%)

D
ry

  
d
e
ns

it
y
  

( 
M

g 
/ 

m
3

)

Wet of

optimum
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optimum

S = 100%

12 1614 18 20 22 24

OMC

Vibratory compaction

Kneading compaction

Static compaction

Legend



Engineering Properties
Summary

Dry side Wet side

Permeability

Compressibility

Swelling

Strength

Structure More random More oriented 
(parallel)

More 
permeable

More compressible 
in high pressure 

range

More compressible 
in low pressure 

range

Swell more, higher 
water deficiency

Higher

*Shrinkage 
more

Properties



Summary
UCS 

Group 

Symbol

Compaction 

Characteristics

Compressibility 

and Expansion
Value as Embankment Material

Value as 

Subgrade Material

GW Very Stable Excellent

GP

GM

GC

SW Very Stable

SP

SM Slight

SC Good to Fair Reasonably Stable

ML Good to Poor Poor, gets better with high density

CL Good to Fair Stable

OL, MH, CH, 

OH, PT
Fair to Poor High Poor, Unstable Poor to Not Suitable

Good

Very Little

Slight

Very Little

Slight to Medium

Reasonably Stable

Reasonably Stable when Dense

Excellent to Good

Good

Good to Fair

Fair to Poor
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Compaction and Earth Dam

• The engineer must consider not only the behavior of the soil as
compacted but the behavior of the soil in the completed
structure, especially at the time when the stability or
deformation of the structure is most critical.

• For example, consider an element of compacted soil in a dam core.
As the height of the dam increases, the total stresses on the soil
element increase. When the dam is performing its intended
function of retaining water, the percent saturation of the
compacted soil element is increased by the permeating water.
Thus the engineer designing the earth dam must consider not
only the strength and compressibility of the soil element as
compacted, but also its properties after is has been subjected to
increased total stresses and saturated by permeating water.

Lambe and Whitman, 1979

Hand Out 03_3



Field Compaction Equipment
and Procedures



Objective of field Compaction
&

Control Parameters

• The objective of compaction is to stabilize
soils and improve their engineering behavior

• It is important to keep in mind the desired
engineering properties of the fill, dam,
road, etc…

• The density of the fill in addition to the
water content should be observed.

From Holtz and Kovacs, 1981



Design Procedure for field 
Compaction



Design and Selection of Fill 
Materials

1) Survey the local soil sources that could possibly be 
used.

2) Obtain soil samples from each source (borrow), and 
perform the necessary laboratory tests to classify 
the soil via either AASHTO or the UCS systems 
to define the properties required for design.

The classification itself will often tell whether or not a given 
soil is suitable for an intended application.
Soils with large shrinkage ratios (SR) should be avoided.
Soils with high plasticity indices (PI) should be avoided, since 
they indicate a tendency to shrink/expand.
Organic matter which can decay should generally be avoided 
as fill material unless special precautions are taken.



Design and Selection of Fill 
Materials

3) Once a soil is found to be suitable, for an 
intended application, perform the necessary 
moisture-density study.

4) If local codes/guidelines are not provided, a study 
would be needed to determine the minimum relative 
field compaction of the soil. Factors would be:

 required shear strength of the soil
 maximum allowable settlements under design  

loads.

5) After the earth structure is designed,
– The compaction specifications are written.
– Field compaction control tests are specified,
– And the results of these become the standard for

controlling the project.



How to set your 
Specification



Specifications

1) End-product specifications
• This specification is used for most highways and

building foundation, as long as the contractor is
able to obtain the specified relative compaction ,
how he obtains it doesn’t matter, nor does the
equipment he uses.

• Care the results only !

2) Method specifications
• The type and weight of roller, the number of

passes of that roller, as well as the lift
thickness are specified. A maximum allowable
size of material may also be specified.

• It is typically used for large compaction project.

From Holtz and Kovacs, 1981



Results From Laboratory 
Test 



Standard & Modified
Proctor Test
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Field & Laboratory Compaction

•It is difficult to choose a
laboratory test that
reproduces a given field
compaction procedure.

•The laboratory curves
generally yield a somewhat
lower optimum water
content than the actual
field optimum.

•The majority of field
compaction is controlled by
the dynamic laboratory
tests.

Curve 1, 2,3,4: laboratory compaction

Curve 5, 6: Field compaction

(From Lambe and Whitman, 1979)
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Field Compaction 
Equipments



IV. Field Methods of Determining if OM & MD 
are achieved

A. Sand Cone Method



IV. Field Methods of Determining if OM & MD 
have been achieved

A. Sand Cone Method

Unit Weight:  = weight of soil and water γw = Ws+Ww = Ww
(moist)            volume total of soil                    Vt              Vt

Moisture Content: = weight of water w = Ww
weight of soil Ws



Bulldozers



Watering



Compaction 
Field Equipments



Smooth-wheel roller (drum)
• 100% coverage under the 

wheel

• Contact pressure up to 380 
kPa

• Can be used on all soil 
types except for rocky 
soils.

• Compactive effort: static 
weight 

• The most common use of 
large smooth wheel rollers 
is for proof-rolling 
subgrades and compacting 
asphalt pavement.



Smooth-wheel roller (drum)
• Suitable for:

– well-graded sands and 
gravels

– silts and clays of low 
plasticity

• Unsuitable for:
– uniform sands;

– silty sands;

– soft clays



Pneumatic (or rubber-tired) roller
• 80% coverage under 

the wheel

• Contact pressure up to 
700 kPa

• 7 to 13 wheels are 
arranged in two rows.

• Compactive effort: 
static weight and 
kneading.

Direction of Motion



Pneumatic (or rubber-tired) roller
• Small Tired Roller

• Straight rolling
• Wobble Action

• Heavy Tire Roller
• 50 to 100 tons
• Tire pressure 90-150 psi
• Additional weight

– Water, Sand or Steel

• Can be used for both 
granular and fine-grained 
soils.

• Can be used for highway 
fills or earth dam 
construction.



Pneumatic (or rubber-tired) roller

• Suitable for: most 
–Coarse

– fine soils.

• Unsuitable for:
– very soft clay

–highly variable 
soils



Sheepsfoot rollers
• Has many round or 

rectangular shaped 
protrusions or “feet” 
attached to a steel drum

• 8%  ~ 12 % coverage

• Contact pressure is from 
1400 to 7000 kPa

• It is best suited for clayed 
soils.

• Compactive effort: static 
weight and kneading.



loose lift

of soil

compacted lift

(a)

loose lift

of soil

compacted lift

(b)

Heavy footed compactors with
large feet that fully
penetrate a loose lift of soil
are ideal.

Minimum 
specifications:

• weight : 18000 kg

• foot length: 18 cm to 20 cm

• number of passes: 5

foot



Drum may be loaded with

Water

Soil

Loaded weight Vary from

6,000 #

80,000 #

Drum

Drum Length from 48” to 72”

Drum Diameter from 40” to 72”



Sheepsfoot rollers
• Suitable for:

– fine grained soils

– sands and gravels, 
with >20% fines

• Unsuitable for:

– very coarse soils

– uniform gravels



Tamping foot roller

• About 40% coverage 

• Contact pressure is 
from 1400 to 8400 
kPa

• It is best for 
compacting fine-
grained soils (silt and 
clay).

• Compactive effort: 
static weight and 
kneading.



Mesh (or grid pattern) roller

• 50% coverage

• Masses range from 5-12 Tones

• Contact pressure is from 1400 
to 6200 kPa

• Compactive effort: static 
weight and vibration.

• High towing speed, the 
material is vibrated, crushed, 
and impacted.

• Suitable for:
– well-graded sands
– soft rocks
– stony soils with fine fractions

Unsuitable for:
– uniform sands
– Silty sands
– Very soft clays 



Vibrating drum on smooth-wheel 
roller

• Vertical vibrator attached 
to smooth wheel rollers.

• The best explanation of 
why roller vibration causes 
densification  of granular 
soils is that particle 
rearrangement occurs due 
to cyclic deformation of 
the soil produced by the 
oscillations of the roller.

• Compactive effort: static 
weight and vibration.

• Suitable for granular soils



Vibrating Plate & Power Rammer

• Range from hand-guided 
machines to larger roller 
combinations 

• Suitable for:

– most soils with low to 
moderate fines content 

• Unsuitable for:

– large volume work

– wet clayey soils

Also called a 'trench 
tamper' 
Hand-guided pneumatic 
tamper 
Suitable for:
– trench back-fill
– work in confined areas 

Unsuitable for:
– large volume work



Compactor Zones of Application

Sheepsfoot

High speed tamping foot

Towed tamping foot

Multitired pneumatic

Smooth steel drums

Vibratory

Grid

Heavy pneumatic

Static wt, Kneading

Static wt, Kneading

Static wt, Vibration

Static wt

Static wt, Kneading

Static wt, Kneading

Static wt, Kneading

100 %
Clay

100 %
Sand

Rock Compactive Effort

Static wt, Kneading, impact, Vibration
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Equipments & Soil Type

• Special compaction equipment is then 
used to compact this lift of soil:

Equipment Type
• Smooth-Wheeled Rollers
• Pneumatic Rubber-Tired Rollers
• Sheepsfoot Rollers
• Vibratory Rollers
• Vibratory Tampers

Soil Type
• sands & gravels 
• silts & clays 
• silts & clays
• sands & gravels 
• sands & gravels



Variables-Vibratory Compaction

• There are many variables which control the 
vibratory compaction or densification of soils.

Characteristics of the compactor:
• (1) Mass, size
• (2) Operating frequency and frequency range

Characteristics of the soil:
• (1) Initial density
• (2) Grain size and shape
• (3) Water content

Construction procedures:
• (1) Number of passes of the roller
• (2) Lift thickness
• (3) Frequency of operation vibrator
• (4) Towing speed



Roller Passes

When compacting past
five or so coverage's,
there is not a great
increase in density

240 cm think layer of
northern Indiana dune
sand

5670 kg roller operating
at a frequency of 27.5
Hz.

Holtz and Kovacs, 1981
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Roller Passes

 Low Compaction
at the surface

 Max. Dr. is
approximately ½
meter bellow the
surface.

 Most effective
compaction is done
during the first 5-
7 passes.

Holtz and Kovacs, 1981
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Density-depth 
relationship for 
large lift height 

using 5 roller 
passes

Determine the Lift Height

0.0
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relative 

density = 75%
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For most 
compaction 
equipment, 
lift 
thicknesses 
should 
typically be 
on the order 
of six inches 
(6") or 15cm 
if no 
experience 
or testing

18 in



Determine the Lift Height
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0.5 Density-depth 
relationship for 
large lift height 

using 5 roller 
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on the order 
of six inches 
(6") or 15cm 
if no 
experience 
or testing



Lift Thickness

• If lift thicknesses are too large:
Soil at the top of the lift will be well-

compacted. 
Soil at the bottom of the lift will not be 

compacted. Why?
This is sometimes called the Oreo-Cookie 

effect.

The Wheel of compaction equipment

High stress region is well-compacted
Low  stress region is not Well  compacted

F



Frequency

• Compacted 
Density increases 
with increasing 
operation 
frequency.

• The operating 
frequency should 
be at least as 
large as the 
resonant frequency 
to obtain the most 
efficient use of 
the
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Frequency

The frequency at 
which a maximum 

density is achieved 
is called the 

optimum frequency.

Roller wt.
in lb   
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= 5800
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Stresses
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Roller Travel Speed

For a given number of
passes, a higher density
is obtained if the
vibrator is towed more
slowly.
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Settlement and Consolidation



§4 Settlement and Consolidation

General
Oedometer test
Preconsolidation pressure
Consolidation settlement
Terzaghi’s theory 
Degree of consolidation



§4.1 General

§4 Settlement and Consolidation

 compressibility
–volume changes in a soil when 

subjected to pressure –giving 
AMOUNTS of settlement 

 consolidation
-rate of volume change with time –

giving TIME to produce an 
amount of settlement required 



One-dimensional 
consolidation

• simplest case

• load applied over a small portion of total clay layer 
area

• zero lateral strain
• swelling?

• opposite of consolidation

• Gradual volume increase

• Negative excess pore water pressure



Analogy (Craig, Figure 3.2)

here’s a spring (soil skeleton) 
housed in a sealed chamber filled 

with water
the valve in the seal is closed

an extra load (pressure) is applied to the 
seal

the water takes on this extra pressure, 
the spring (soil skelton) feels nothing

valve opens, water drains out

spring (soil skeleton) starts to compress 
as it takes on the extra load

finally, the soil skeleton has taken on all 
the extra load

drainage stops



in terms of pore water pressure:

the pore water pressure is in its initial state: ie., static 
us

the effective stress on the soil is σi’

a surcharge pressure, q is applied

the water takes on this extra pressure, u = us + ue (ue = q)

as water slowly drains away, excess pore water pressure, 
ue gradually dissipates and effective stress on soil, σ’ 

increases

finally, soil skeleton has taken on all the extra load and the effective 
stress on the soil is σf’ = σi’ + q

excess pore water pressure is dissipated and u = us again

us

σi’

q

σi’

us + ue σi’ + q

us

q
ΔH

Oh yeah, one last thing...

The only thing we really notice is that at the end of this 
the soil has settled by ΔH



Stress History
Normally Consolidated Clay
If the present effective stress is the maximum to 
which the clay has ever been subjected

CLAY
100,000 years ago

80,000 years ago

30,000 years ago

10,000 years ago

5,000 years ago

1,000 years ago

Today



Stress History
Overconsolidated Clay

If the effective stress at some time in the past has been 
greater than the present value

CLAY
100,000 years ago

80,000 years ago

30,000 years ago

ICE AGE
20,000 years ago

18,000 years ago

15,000 years ago

5,000 years ago

Today



Preconsolidation Pressure, σ’c

The maximum effective stress that has acted 
on the clay in the past

Obtained through analysis of laboratory test 
data (Casagrande’s graphical method)

σ’c should not be exceeded during 
construction to ensure minimum compression



Overconsolidation Ratio, OCR

Normally Consolidated:  OCR =1

Overconsolidated:  OCR > 1

present

c

σ'

σ'
OCR 

How can OCR > 1?

•Erosion of overburden

•Recession of glacial ice sheets

•Permanent rise of water table



§4.2 Oedometer test

§4 Settlement and Consolidation
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Compression coefficient a
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Preconsolidation pressure-the maximum effective vertical stress that has acted on the 

clay in the past

p

s

OCR





OCR=1： lack consolidation 
OCR>1： normal consolidation 
OCR<1： over consolidation

How to obtain the preconsolidation pressure:

1 Produce back the straight-line part (BC) .

2 Determine the point (D) of maximum curvature on 

the recompression part (AB) of the curve.

3 Draw the tangent to the curve at D and bisect the 

angle between the tangent and the horizontal through 

D.

4 The vertical through intersection point of the 

bisector and CB produced gives the approximate 

value of the preconsolidation pressure.

§4.3 Preconsolidation pressure

§4 Settlement and Consolidation



scd SSSS 

 coefficient of volume compressibility or the compression index 

 Consider a layer of saturated clay of thickness H. 

 an elemental layer of thickness dz at depth z.
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§4.4 Consolidation settlement

§4 Settlement and Consolidation



Curve of gravity stress and additional 
stress at the central of base

Determine the calculation depth

Determine the layer

The settlement of each layer 

The whole settlement
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Example 1





The assumptions made in the theory are:

1 The soil is homogeneous and fully saturated.

2 There is a unique relationship, independent of time, between void ratio 

and effective stress.

3 The solid particles and water are incompressible.

4 Compression and flow are one-dimensional (vertical).

5 Strains are small.

6 Darcy’s law is valid at all hydraulic gradients.

7 The coefficient of permeability and volume compressibility remain 

constant.

§4.5 Terzaghis theory of one-dimensional consolidation

§4 Settlement and Consolidation
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§4.6  Degree of consolidation

§4 Settlement and Consolidation



Determine the degree of consolidation

Time factor
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Curve 3
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 H=10m ; e1=0.8; a=0.00025kPa-1; k=0.02m/year

？ ① settlement after one year St

② time(t) when Uz=0.75

③ if the bottom layer is permeable，time(t) when Uz=0.75

Example 2

157kPa

235kPa

H

p

clay

impermeable

permeable



Solution

 1. When t=1 year

mmH
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From figure Ut=0.45

mmSUS zt 123

 2. If Uz=0.75 From Uz=0.75，a＝1.5 then Tv＝0.47

year26.3
2


v

v
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t

 3. If open layer, Uz=0.75

From Uz=0.75,a＝1,H5m then Tv＝0.49

year85.0
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t



Soil Settlement



Soil Settlement:

Total Soil Settlement = Elastic Settlement + Consolidation Settlement

Stotal = Se + Sc

Load Type (Rigid; Flexible)

Elastic Settlement or Immediate Settlement depends on   

Settlement Location (Center or Corner)
{

Theory of Elasticity

Elastic Settlement

Time Depended Elastic Settlement (Schmertman & Hartman Method (1978)

{
By: Kamal Tawfiq, Ph.D., P.E.

Elastic settlement occurs in sandy, silty, and clayey soils.



Water

Water Table (W.T.)

Voids
Solids

Expulsion of 
the water

Consolidation Settlement (Time Dependent Settlement)

*  Consolidation settlement occurs in cohesive soils due to the expulsion of the water from the voids.
*  Because of the soil permeability the rate of settlement may varied from soil to another.   
*  Also the variation in the rate of consolidation settlement depends on the boundary conditions.

SConsolidation = Sprimary + Ssecondary

Primary Consolidation                Volume change is due to reduction in pore water pressure

Secondary Consolidation          Volume change is due to the rearrangement of the soil particles 
(No pore water pressure change, Δu = 0, occurs after the primary consolidation)

When the water in the voids 
starts to flow out of the soil 
matrix due to consolidation of 
the clay layer.  Consequently, the 
excess pore water pressure (u) 
will reduce,  and the void ratio 
(e) of the soil matrix will reduce 
too. 



Elastic Settlement

Se =       (1 - μs) α
2

2

(corner of the flexible foundation)

Se =       (1 - μs) α
2 

(center of the flexible foundation)

Where α =        * ln ( √1 + m2 + m /   √1 + m2 - m  ) + m. ln ( √1 + m2 + 1 /   √1 + m2 - 1  ) 

m = B/L

B = width of foundation
L = length of foundation

1


Es

Bqo

Es

Bqo



3.0

2.5

2.0

1.5

1.0

L / B

3.0
2 843 5 6 7 1091

α
, α

av
, α

r

α
αav

αr

For circular 
foundation
α = 1
αav = 0.85
αr = 0.88

Values of α, αav, and αr

Bqo (1 - μs) α

Es

Se =



Elastic Settlement of Foundation on Saturated Clay

Janbu, Bjerrum, and Kjaernsli (1956) proposed an equation for evaluation of the average 
elastic settlement of flexible foundations on saturated clay soils (Poisson’s ratio, μs = 0.5).  
Referring to Figure 1 for notations, this equation can be written as 

Se = A1 A2 qoB/Es

where A1 is a function H/B and L/B, and is a function of Df/B. 
Christian and Carrier (1978) have modified the values of A1 and A2 to some extent, and these are presented in Figure 
2.

1.0

5
0.8

0.9

0

Df/B

201510

A2

L/B = ∞

Square

L/B = 10

Circle

2

5

2.0

1.5

0
10

0.5

1.0

10.1 100 1000

H /B

A1

Values of A1 and A2 for elastic settlement calculation (after Christian and Carrier, 
1978)



Hc
Hc/2

Stressed Zone

Consolidation Settlement

Consolidation Settlement (Primary Consolidation) = Sc = (Cc/1+eo) Hc . log [(Po + P)/Po]

Qdesign = Column Load

Overburden
Pressure

Po

By: Kamal Tawfiq, Ph.D., P.E.

Sand

Sand

Caly

B

2

1

2

1

Stress
Distribution

Normally
Consolidated
Clay
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Cc

Log PPo

Void Ratio

Log P

P

Void Ratio

Po Po + P

Cc  H   log  po +p
Sultimate = H =

Po 1 + eo 
(       )

Log P

P

Void Ratio

Po Po + P
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1

p

Hsand

H
clay

/2 Hclay

Loading Unloading

Po = sand  . Hsand + (clay -  water ) . Hclay/2

Normally
Consolidated Soil

Clay

Sand

Sand

eo

By: Kamal Tawfiq, Ph.D., P.E.

Consolidation Settlement

Sand

Sand

Sand

Sand

H =                     
Cc H

1 + eO P0

Po + P
log (            )

p p

p p

pp



Cs  H              PcSultimate = H =
Po 1 + eo 

(       ) logCc H
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eo

Re loading
with Heavy Load

By: Kamal Tawfiq, Ph.D., P.E.
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Po 
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By: Kamal Tawfiq, Ph.D., P.E.
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Log P

Void Ratio

OCR = Pc/Po

OCR = 1
OCR > 1
OCR > 4

Normally Consolidated

Heavily Over Consolidated

Over Consolidated

Pc

Determining The Preconsolidation Pressure (Pc)

1

3

2

4

5 6

By: Kamal Tawfiq, Ph.D., P.E.

Po

7

Cassagrande Graphical Method
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W.T.

G.S.

sand = 96 pcf

clay = 110 pcf

wc = 0.3

3 ft

4 ft

16 ft

Po

Sand

Clay

Po

1. Soil sample was obtained from the clay layer
2. Conduct  consolidation test [9 load increments ]
3. Plot   e  vs. log (p)  (Figure 2)
4. Determine Compression Index (Cc ) & Swelling Index (Cs)

Example:

Figure 2

Figure 1

Soil Sample

Cc

Cs

p
p7

p
p1

p9

In the lab and after removing 
the soil sample from the ground, 

the stresses on the soil sample  = 0

In the lab the stresses are
added to the soil sample

p1

p9

5. Determine      Po = 3.(96) + 4.(96-62.4) + 8.(110-62.4) = 803.2 lb/ft2

Stress
Increments

eo = 0.795

p2

In the ground, the 
sample was 
subjected to 
geostatic stresses.

In the lab and before 
the consolidation test  
the stresses on the 
sample = 0. 

During testing, the 
geostatic stress is 
gradually recovered

Cc = 0.72

Cs = 0.1

Dr. Kamal Tawfiq - 2010
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X

Po = Pc

6. Using Casagrande’s Method to determine Pc

Pc =  800 lb/ft2

Overconsolidation Ratio

OCR  =             = 1

The soil is 

Normally Consolidated 
N.C.     soil 

Example:

p1

Pc

Po

1

2

3

4

5

6

Point of
maximum curvature

Tangent to point 1

7

Dr. Kamal Tawfiq - 2010
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Point of
maximum curvature

Overconsolidation Ratio   OCR  =             = 1

The soil is  Normally Consolidated  (N.C.) soil 

Pc

Po

7

1 Normally Consolidated Soil 

Casagrande’s Method to Determine Preconsolidation Pressure (Pc)
Dr. Kamal Tawfiq - 2010
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X
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Pc

1

2   Horizontal line

3

Point of
maximum curvature

Overconsolidation Ratio   OCR  =            > 1

The soil is oversonsolidated (O.C.) soil 

Pc

Po

7

Po

2 Overconsolidated Soil 

Casagrande’s Method to Determine Pc
Dr. Kamal Tawfiq - 2010
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A 150’ x 100’ building will be constructed at the site.
The vertical stress due to the addition of the building 
qdesign =1000 lb/ft2

The weight of the building Qdesign will be transferred 
to the mid height of the clay layer

Qdesign =  15,000,000 lb

The added stress at  15’ from 
the ground surface is

p = 

Example:

p1

Building

qdesign

Po
P1

G.S.

(150+15) x (100+15)

15,000,000 lb

P = 790.51 lb/ft2

P  + Po = 

790.51 + 803 = 1593.51 lb/ft2

Dr. Kamal Tawfiq - 2010
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Example:

p1

Building

qdesign

Po
P1

G.S.

Consolidation Settlement 

H =                     log (                     )
Cc H

1 + eO

Po + P

Po

Po + P

P1

P  + Po =   790.51 + 803 = 1593.51 lb/ft2

H =                     log (                     )
0.72 x 16
1 + 0.795

1593.51

803

H = 1.9 ft 

Dr. Kamal Tawfiq - 2010
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qdesign

Po
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Po + P

P1

When the building was removed, the soil has become 
an overconsolidated clay.

The rebound has taken place  through 
swelling from pint 1 to point 2

2

1

Demolished Dr. Kamal Tawfiq - 2010
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Po
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Po + P

P2

New Building

CS

CC

H =                     log  (         ) +
CS H

1 + eO

PC

Po

C C H

1 + eO PC

Po + P
log (            )

Scenario #1
The soil now is overconsolidated Soil:    

The new building is heavier in weight

Pc

Constructing a new building

P2

P1

eo =  0.61

Assume  Po + p2 = 2100 psf

H = 
0.1 x 16

1 + 0.61

1593.51

803
log (            )

+

0.72 x 16

1 + 0.61 1593.51
log (            )2100

=

Dr. Kamal Tawfiq - 2010
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Scenario # 2
The soil now is overconsolidated Soil:    

The new building is lighter in weight

p1

qdesign

Po

G.S.

H =                     
CS H

1 + eO

Po + P

New Building

P0

Po + P
log (            )

CS

P2

Constructing a new building

P2

P1

eo =  0.61

Assume  Po + p2 = 1600 psf

H = 
0.1 x 16

1 + 0.61

1600

1593.51
log (            )

=

Dr. Kamal Tawfiq - 2010



0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.1 1 10 100 1000

Example of Semi-log Scale

Dr. Kamal Tawfiq - 2010



Qdesign = Column Load

Uo

P
P

Overburden
Pressure

u =Excess Pore Water Pressure

u =Excess Pore Water Pressure

Po

Hdr = Hc /2

Stress Distribution
2: 1 method

Hc = Layer Thickness

By: Kamal Tawfiq, Ph.D., P.E.

Rate of Consolidation

Settlement at any time = Stime

Stime = Sultimate * U% Sultimate= (Cc/1+eo) Hc . log [(Po + P)/Po]

U% = f (Tv) ....

Tv = f (cv) ......

Tv = 
(Hdr)

2

cv . t

Sand

Sand

Caly



Once you determine Tv use the table shown on the page to determine U% 



Degree of Consolidation (U%) vs. Time Factor (Tv)



Shear Strength of Soil



Strength of different 

materials

Steel

Tensile

strength

Concrete

Compressive

strength

Soil

Shear

strength

Presence of pore water
Complex
behavior



Embankment

Strip footing

Shear failure of soils
Soils generally fail in shear

At failure, shear stress along the failure surface
(mobilized shear resistance) reaches the shear strength.

Failure surface

Mobilized shear 
resistance



Retaining 
wall

Shear failure of soils
Soils generally fail in shear



Retaining 
wall

Shear failure of soils

At failure, shear stress along the failure surface
(mobilized shear resistance) reaches the shear strength.

Failure 
surface

Mobilized shear 
resistance

Soils generally fail in shear



Mohr-Coulomb Failure Criterion
(in terms of total stresses)



f is the maximum shear stress the soil can take without 
failure, under normal stress of .



 tan cf

c



Cohesion
Friction angle

f





Mohr-Coulomb Failure Criterion
(in terms of effective stresses)

f is the maximum shear stress the soil can take without 
failure, under normal effective stress of ’.



’

'tan''   cf

c’

’

Effective 
cohesion Effective

friction anglef

’

u '

u = pore water 

pressure



Mohr-Coulomb Failure Criterion

'tan''  ff c 

Shear strength consists of two components: 
cohesive and frictional.

’f

f

’



'

c’ c’

’f tan ’ frictional 
component









Normal stresses and shear stresses on any plane can be obtained with the following 
equations



Principal stresses

or





Mohr Circle of stress

Soil element
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Mohr Circle of stress
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Mohr Circle of stress
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Soil elements at different locations

Failure surface

Mohr Circles & Failure Envelope

X X

X ~ failure

Y
Y

Y ~ stable



’

'tan''   cf



Other laboratory tests include,
torsional ring shear test, plane strain
triaxial test, laboratory vane shear
test, laboratory fall cone test

Determination of shear strength parameters of

soils (c,  or c’, ’)

Laboratory tests on specimens
taken from representative
undisturbed samples

Field tests

Most common laboratory tests to
determine the shear strength parameters
are,

1.Direct shear test
2.Triaxial shear test
3.Vane shear test

1. Vane shear test
2. Torvane
3. Pocket penetrometer
4. Fall cone
5. Pressuremeter
6. Static cone penetrometer
7. Standard penetration test



• What does Vane Shear Test measure?

o Shear strength
 a term used to describe the maximum strength of soil at which point 

significant plastic deformation or yielding occurs due to an applied shear 
stress.

o Undrained shear strength
 refers to a shear condition where water does not enter or leave the cohesive 

soil during the shearing process

o Remolded undrained shear strength
 is the peak undrained shearing resistance measured during the initial 

rotation of the vane.

o Peak undrained shear strength
 is the shear strength after significant failure and remolding of the initial soil 

structure.

o Sensitivity
 is the effect of remolding on the consistency of cohesive soil.

Vane shear test



PLAN VIEW

Vane shear test

This is one of the most versatile and widely used devices used for investigating
undrained shear strength (Cu) and sensitivity of soft clays

Bore hole (diameter 
= DB)

h > 3DB)

Vane

D

H

Applied 
Torque, T

Vane T

Rupture 
surface

Disturbed 
soil

Rate of rotation : 60 – 120 per minute
Test can be conducted at 0.5 m vertical
intervals



Vane shear test

Since the test is very
fast, Unconsolidated Undrained
(UU) can be expected

Cu

Cu

T = Ms + Me + Me = Ms + 2Me

Me – Assuming a uniform distribution of 
shear strength
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Surface area of the cylinder = 2rh= dh



Vane shear test

Since the test is very
fast, Unconsolidated Undrained
(UU) can be expected

Cu

Cu

Ms – Shaft shear resistance along the 
circumference
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Vane shear test

Since the test is very
fast, Unconsolidated Undrained
(UU) can be expected

Cu

Cu

T = Ms + Me + Me = Ms + 2Me

Me – Assuming a triangular distribution 
of shear strength
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Can you derive this ???



Vane shear test

Since the test is very
fast, Unconsolidated Undrained
(UU) can be expected

Cu

Cu

T = Ms + Me + Me = Ms + 2Me

Me – Assuming a parabolic distribution 
of shear strength
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Vane shear test

Since the test is very
fast, Unconsolidated Undrained
(UU) can be expected

Cu

Cu

h

After the initial test, vane can be rapidly
rotated through several revolutions until the
clay become remoulded

peak
ultimate



Shear displacement

StengthUltimate

StengthPeak
ySensitivit

 

 




Some important facts on vane shear test

Insertion of vane into soft clays
and silts disrupts the natural soil
structure around the vane causing
reduction of shear strength

The above reduction is
partially regained after
some time

Cu as determined by vane
shear test may be a
function of the rate of
angular rotation of the
vane



Correction for the strength parameters obtained from
vane shear test

Bjerrum (1974) has shown that as the plasticity of soils
increases, Cu obtained by vane shear tests may give unsafe
results for foundation design. Therefore, he proposed the
following correction.

Cu(design) = lCu(vane shear) 

Where, l = correction factor = 1.7 – 0.54 log (PI)
PI = Plasticity Index



Laboratory tests

Field conditions

z 
vc

vc

hchc

Before construction

A representative 
soil sample

z 
vc + 

hchc

After and during 
construction

vc + 



Laboratory tests

Simulating field conditions in 
the laboratory

Step 1
Set the specimen in
the apparatus and
apply the initial
stress condition

vc

vc

hchc

Representative
soil sample
taken from the
site

0

00

0

Step 2
Apply the
corresponding field
stress conditions

vc + 

hchc

vc + 

vc

vc







Direct Shear Test



NEED AND SCOPE
In many engineering problems such as
• design of foundation,
• retaining walls,
• slab bridges,
• pipes,
• sheet piling,
The value of the angle of internal friction and cohesion of the

soil involved are required for the design.
Direct shear test is used to predict these parameters quickly.

Direct shear test



1. This test is performed to determine the
consolidated - drained shear strength of a sandy to
silty soil.

2. The shear strength is one of the most important
engineering properties of a soil, because it is
required whenever a structure is dependent on the
soil’s shearing resistance.

3. The shear strength is needed for engineering
situations such as determining the stability of
slopes or cuts, finding the bearing capacity for
foundations, and calculating the pressure exerted
by a soil on a retaining wall.

Direct shear test



Apparatus
1. Direct shear box apparatus
2. Loading frame (motor attached).
3. Dial gauge.
4. Proving ring.
5. Tamper.
6. Straight edge.
7. Balance to weigh upto 200 mg.
8. Aluminum container.
9. Spatula.



PROCEDURE
• Check the inner dimension of the soil container.
• Put the parts of the soil container together.
• Calculate the volume of the container. Weigh the container.
• Place the soil in smooth layers (approximately 10 mm thick). If

a dense sample is desired tamp the soil.
• Weigh the soil container, the difference of these two is the

weight of the soil. Calculate the density of the soil.
• Make the surface of the soil plane.
• Put the upper grating on stone and loading block on top of

soil.



Direct shear test

Preparation of a sand specimen

Components of the shear box Preparation of a sand specimen

Porous 
plates

Direct shear test is most suitable for consolidated drained tests

specially on granular soils (e.g.: sand) or stiff clays



Direct shear test

Leveling the top surface of 
specimen

Preparation of a sand specimen

Specimen preparation 
completed

Pressure plate



Direct shear test

Test procedure

Porous 
plates

Pressure plate

Steel ball

Step 1: Apply a vertical load to the specimen and wait for consolidation

P

Proving ring to 
measure shear 
force

S



Direct shear test

Step 2: Lower box is subjected to a horizontal displacement at a constant rate

Step 1: Apply a vertical load to the specimen and wait for consolidation

P
Test procedure

Pressure plate

Steel ball

Proving ring to 
measure shear 
force

S

Porous 
plates



PROCEDURE
8. Measure the thickness of soil specimen.
9. Apply the desired normal load.
10. Remove the shear pin.
11. Attach the dial gauge which measures the change of volume.
12. Record the initial reading of the dial gauge and calibration values.
13. Before proceeding to test check all adjustments to see that there is no connection

between two parts except sand/soil.
14. Start the motor. Take the reading of the shear force and record the reading.
15. Take volume change readings till failure.
16. Add 5 kg normal stress 0.5 kg/cm2 and continue the experiment till failure
17. Record carefully all the readings. Set the dial gauges zero, before starting the

experiment



Direct shear test

Shear box

Loading frame to
apply vertical load

Dial gauge to
measure vertical
displacement

Dial gauge to measure
horizontal displacement

Proving ring to
measure shear
force



Direct shear test

Analysis of test results

sample  theofsection  cross of Area

(P) force Normal
  stress Normal 

sample  theofsection  cross of Area

(S) surface sliding at the developed resistanceShear 
  stressShear 

Note: Cross-sectional area of the sample changes with the horizontal displacement



Direct shear tests on sands
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s,


Shear displacement

Dense sand/ OC 
clay

f
Loose sand/ NC 
clayf

Dense sand/OC Clay

Loose sand/NC Clay
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Shear displacement

Stress-strain relationship



f1

Normal stress = 1

Direct shear tests on sands

How to determine strength parameters c and 
Sh

ea
r 

st
re

ss
,



Shear displacement

f2

Normal stress = 2

f3

Normal stress = 3
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at
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ai
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re

,
 f

Normal stress, 



Mohr – Coulomb failure envelope



Direct shear tests on sands

Some important facts on strength parameters c and  of sand

Sand is cohesionless hence c
= 0

Direct shear tests are drained
and pore water pressures are
dissipated, hence u = 0

Therefore,
’ =  and c’ = c = 0



Direct shear tests on clays

Failure envelopes for clay from drained direct shear tests

Sh
e

ar
 s

tr
es

s 
at

 f
ai

lu
re

,
 f

Normal force, 

’

Normally consolidated clay (c’ = 0)

In case of clay, horizontal displacement should be applied at a very slow rate to allow
dissipation of pore water pressure (therefore, one test would take several days to finish)

Overconsolidated clay (c’ ≠ 0)



Interface tests on direct shear apparatus

In many foundation design problems and retaining wall problems, it is required to
determine the angle of internal friction between soil and the structural material
(concrete, steel or wood)

 tan' af c
Where, 
ca = adhesion, 
 = angle of internal friction

Foundation material

Soil

P

S

Foundation material

Soil

P

S



Advantages of direct shear apparatus

 Due to the smaller thickness of the sample, rapid drainage can be achieved

 Can be used to determine interface strength parameters

 Clay samples can be oriented along the plane of weakness or an identified failure
plane

Disadvantages of direct shear apparatus

 Failure occurs along a predetermined failure plane

 Area of the sliding surface changes as the test progresses

 Non-uniform distribution of shear stress along the failure surface



Triaxial Shear Test

Soil sample at 
failure 

Failure plane

Porous 
stone

impervious 
membrane

Piston (to apply deviatoric stress)

O-ring

pedestal

Perspex 
cell

Cell pressure

Back pressure Pore pressure or
volume change

Water

Soil 
sample





Triaxial Shear Test

Specimen preparation (undisturbed sample)

Sampling tubes

Sample extruder



Triaxial Shear Test

Specimen preparation (undisturbed sample)

Edges of the sample are 
carefully trimmed

Setting up the sample in the 
triaxial cell



Triaxial Shear Test

Sample is covered with a
rubber membrane and sealed Cell is completely filled

with water

Specimen preparation (undisturbed sample)



Triaxial Shear Test
Specimen preparation (undisturbed sample)

Proving ring to
measure the
deviator load

Dial gauge to
measure vertical
displacement



Types of Triaxial Tests

Is the drainage valve open?

yes no

Consolidated

sample
Unconsolidated

sample

Is the drainage valve open?

yes no

Drained 

loading

Undrained

loading

Under all-around cell pressure c

cc

c

cStep 1

deviatoric stress 
( = q)

Shearing (loading)

Step 2

c c

c+ q



Types of Triaxial Tests

Is the drainage valve open?

yes no

Consolidated

sample
Unconsolidated

sample

Under all-around cell pressure c

Step 1

Is the drainage valve open?

yes no

Drained 

loading

Undrained

loading

Shearing (loading)

Step 2

CD test

CU test

UU test



Consolidated- drained test (CD Test)

Step 1: At the end of consolidation

VC

hC

Total,  = Neutral, u Effective, ’+

0

Step 2: During axial stress increase

’VC = VC

’hC = hC

VC + 

hC 0

’V = VC +  = ’1

’h = hC = ’3

Drainage

Drainage

Step 3: At failure

VC + f

hC 0

’Vf = VC + f = ’1f

’hf = hC = ’3f
Drainage



Deviator stress (q or d) = 1 – 3

Consolidated- drained test (CD Test)

1 = VC + 

3 = hC
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Volume change of sample during consolidation

Consolidated- drained test (CD Test)
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Axial strain

Dense sand or 
OC clay

d)f

Dense sand or 
OC clay

Loose sand or NC 
clay
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Axial strain

Stress-strain relationship during shearing

Consolidated- drained test (CD Test)

Loose sand or NC 
Clayd)f



CD tests How to determine strength parameters c and 
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, 
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d

Axial strain

Sh
ea

r 
st

re
ss

,


 or ’


Mohr – Coulomb 
failure envelope

d)fa

Confining stress = 3ad)fb

Confining stress = 3b

d)fc

Confining stress = 3c

3c 1c3a 1a

(d)fa

3b 1b

(d)fb

1 = 3 + (d)f

3



CD tests

Strength parameters c and  obtained from CD tests

Since u = 0 in CD 
tests,  = ’

Therefore,  c = c’ 
and  = ’ 

cd and d are used to 
denote them



CD tests Failure envelopes
Sh
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st
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,



 or ’

d

Mohr – Coulomb 
failure envelope

3a 1a

(d)fa

For sand and NC Clay, cd = 0

Therefore, one CD test would be sufficient to determine d of sand 
or NC clay



CD tests Failure envelopes

For OC Clay, cd ≠ 0



 or ’



3 1

(d)f

c

c

OC NC



Some practical applications of CD analysis for clays

  = in situ drained shear 

strength

Soft clay

1. Embankment constructed very slowly, in layers over a soft clay deposit



Some practical applications of CD analysis for clays

2. Earth dam with steady state seepage

 = drained shear strength of 

clay core



Core



Some practical applications of CD analysis for clays

3. Excavation or natural slope in clay

 = In situ drained shear strength 



Note: CD test simulates the long term condition in the field.
Thus, cd and d should be used to evaluate the long term
behavior of soils



Consolidated- Undrained test (CU Test)

Step 1: At the end of consolidation

VC

hC

Total,  = Neutral, u Effective, ’+

0

Step 2: During axial stress increase

’VC = VC

’hC = hC

VC + 

hC ±u

Drainage

Step 3: At failure

VC + f

hC

No drainage

No drainage
±uf

’V = VC +  ± u = ’1

’h = hC ± u = ’3

’Vf = VC + f ± uf = ’1f

’hf = hC ± uf = ’3f
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Consolidated- Undrained test (CU Test)
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Axial strain

Dense sand or 
OC clay

d)f

Dense sand or 
OC clay

Loose sand /NC 
Clay


u
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-

Axial strain

Stress-strain relationship during shearing

Consolidated- Undrained test (CU Test)

Loose sand or NC 
Clayd)f



CU tests How to determine strength parameters c and 
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Axial strain

Sh
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 or ’

d)fb

Confining stress = 3b

3b 1b3a 1a

(d)fa

cuMohr – Coulomb failure
envelope in terms of total
stresses

ccu

1 = 3 + (d)f

3

Total stresses at failure

d)fa

Confining stress = 3a



(d)fa

CU tests How to determine strength parameters c and 
Sh

ea
r 

st
re

ss
, 

 or ’
3b 1b3a 1a

(d)fa

cu

Mohr – Coulomb failure
envelope in terms of total
stresses

ccu ’3b ’1b

’3a ’1a

Mohr – Coulomb failure
envelope in terms of
effective stresses

’

C’ ufa

ufb

’1 = 3 + (d)f - uf

’3 = 3 - uf

Effective stresses at failure

uf



CU tests

Strength parameters c and  obtained from CD tests

Shear strength parameters
in terms of total stresses
are ccu and cu

Shear strength parameters
in terms of effective
stresses are c’ and ’

c’ = cd and ’ = d



CU tests Failure envelopes

For sand and NC Clay, ccu and c’ = 0

Therefore, one CU test would be sufficient to determine cu and ’= 
d) of sand or NC clay

Sh
ea

r 
st

re
ss

,


 or ’

cu
Mohr – Coulomb failure
envelope in terms of total
stresses

3a 1a

(d)fa

3a 1a

’

Mohr – Coulomb failure
envelope in terms of
effective stresses



Some practical applications of CU analysis for clays

  = in situ undrained 

shear strength

Soft clay

1. Embankment constructed rapidly over a soft clay deposit



Some practical applications of CU analysis for clays

2. Rapid drawdown behind an earth dam

 = Undrained shear strength of 

clay core

Core





Some practical applications of CU analysis for clays

3. Rapid construction of an embankment on a natural slope 

Note: Total stress parameters from CU test (ccu and cu) can be used for stability
problems where,

Soil have become fully consolidated and are at equilibrium with the existing stress
state; Then for some reason additional stresses are applied quickly with no
drainage occurring

 = In situ undrained shear strength 





Unconsolidated- Undrained test (UU Test)

Data analysis

C = 3

C = 3

No drainage

Initial specimen condition

3 + d

3

No drainage

Specimen condition 
during shearing

Initial volume of the sample = A0 × H0

Volume of the sample during shearing = A × H

Since the test is conducted under undrained condition,

A × H = A0 × H0

A ×(H0 – H) = A0 × H0

A ×(1 – H/H0) = A0 z

A
A




1

0



Unconsolidated- Undrained test (UU Test)

Step 1: Immediately after sampling

0

0

= +

Step 2: After application of hydrostatic cell pressure

uc = B 3

C = 3

C = 3 uc

’3 = 3 - uc

’3 = 3 - uc

No drainage

Increase of pwp due to increase
of cell pressure

Increase of cell pressure

Skempton’s pore water 
pressure parameter, B

Note: If soil is fully saturated, then B = 1 (hence, uc = 3)



Unconsolidated- Undrained test (UU Test)

Step 3: During application of axial load

3 + d

3

No drainage

’1 = 3 + d - uc ud

’3 = 3 - uc ud

ud = Ad

uc ± ud

= +

Increase of pwp due to increase of
deviator stress

Increase of deviator stress

Skempton’s pore water 
pressure parameter, A



Unconsolidated- Undrained test (UU Test)

Combining steps 2 and 3,

uc = B 3 ud = Ad

u = uc + ud

Total pore water pressure increment at any stage, u

u = B 3 + Ad

Skempton’s pore
water pressure
equation

u = B 3 + A(1 – 3)



Unconsolidated- Undrained test (UU Test)

Step 1: Immediately after sampling

0

0

Total,  = Neutral, u Effective, ’+

-ur

Step 2: After application of hydrostatic cell pressure

’V0 = ur

’h0 = ur

C 

C

-ur  uc = -ur  c

(Sr = 100% ; B = 1)

Step 3: During application of axial load

C + 

C

No drainage

No drainage

-ur  c  ± u

’VC = C + ur - C = ur

’h = ur

Step 3: At failure

’V = C +  + ur - c u 

’h = C + ur - c u

’hf = C + ur - c uf = ’3f

’Vf = C + f + ur - c uf = ’1f

-ur  c  ± uf
C

C + fNo drainage



Unconsolidated- Undrained test (UU Test)

Total,  = Neutral, u Effective, ’+
Step 3: At failure

’hf = C + ur - c uf = ’3f

’Vf = C + f + ur - c uf = ’1f

-ur  c  ± uf
C

C + fNo drainage

Mohr circle in terms of effective stresses do not depend on the cell pressure.

Therefore, we get only one Mohr circle in terms of effective stress for different cell
pressures



’
’3 ’1f



3b 1b3a 1af
’3 ’1

Unconsolidated- Undrained test (UU Test)

Total,  = Neutral, u Effective, ’+
Step 3: At failure

’hf = C + ur - c uf = ’3f

’Vf = C + f + ur - c uf = ’1f

-ur  c  ± uf
C

C + fNo drainage



 or ’

Mohr circles in terms of total stresses

uaub

Failure envelope, u = 0

cu



3b 1b

Unconsolidated- Undrained test (UU Test)

Effect of degree of saturation on failure envelope

3a 1a3c 1c



 or ’

S < 100% S > 100%



Some practical applications of UU analysis for clays

  = in situ undrained 

shear strength

Soft clay

1. Embankment constructed rapidly over a soft clay deposit



Some practical applications of UU analysis for clays

2. Large earth dam constructed rapidly with no change in 
water content of soft clay

Core

 = Undrained shear strength of 

clay core





Some practical applications of UU analysis for clays

3. Footing placed rapidly on clay deposit 

 = In situ undrained shear strength 

Note: UU test simulates the short term condition in the field.
Thus, cu can be used to analyze the short term behavior of
soils



Unconfined Compression Test (UC Test)

1 = VC + 

3 = 0 

Confining pressure is zero in the UC test



Unconfined Compression Test (UC Test)

1 = VC + f

3 = 0 

Sh
e

ar
 s

tr
es

s,
 

Normal stress, 

qu

τf = σ1/2 = qu/2 = cu 




