


INTRODUCTION TO 
GEOTECHNICAL ENGINEERING
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TYPICAL GEOTECHNICAL PROJECT
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construction site

Geo-Laboratory

for testing

Design Office

for design & analysis
soil properties
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Soils are the oldest and most complex engineering materials.

Our ancestors used soils as a construction material for flood protection and 

shelters

Soil mechanics is a subset of geotechnical engineering, which involves the 

application of soil mechanics, geology, and hydraulics to the analysis and 

design of geotechnical systems such as dams, embankments, tunnels, canals 

and waterways, foundations for bridges, roads, and buildings,

GEOTECHNICAL ENGINEERING AND SOIL 
MECHANICS





SHALLOW FOUNDATIONS

5
bed rock

firm 

ground

• for transferring building loads to underlying 

ground

• mostly for firm soils or light loads



SHALLOW FOUNDATIONS



DEEP FOUNDATIONS

7bed rock

weak soil

P

I

L

E

➢ for transferring building loads to underlying 

ground
➢ mostly for weak soils or heavy loads
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PILE DRIVING RIG – ROSS RIVER DAM
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PILE DRIVING RIG – ROSS RIVER DAM

A pile group



DEEP FOUNDATIONS

10Driven timber piles, Pacific Highway



PIER FOUNDATIONS FOR BRIDGES

• Cable-stayed bridge

• Supported on 7 piers, 342 m apart

• Longest pier (336) in the world
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Millau Viaduct in France (2005)



PIER FOUNDATIONS FOR BRIDGES
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RETAINING WALLS
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❖ for retaining soils from spreading laterally

Road

Train

retaining 

wall



REINFORCED EARTH WALLS
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~ using geofabrics to strengthen the soil



SHEET PILES
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~ sheets of interlocking-steel or timber driven into 

the ground, forming a continuous sheet

ship

warehouse

sheet pile



SHEET PILES
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~ resist lateral earth pressures

~ used in excavations, waterfront structures, ..
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SHEET PILE AT WOOLCOCK ST 



SHEET PILES
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~ used in temporary works



COFFERDAM
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~ sheet pile walls enclosing an area, to 

prevent water seeping in



COFFERDAM
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~ sheet pile walls enclosing an area, to 

prevent water seeping in



SHORING
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propping and supporting the exposed walls to 

resist lateral earth pressures



EXCAVATIONS
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SOME CIVIL ENGINEERING 
MARVELS ….

… buried right under your feet.

foundations soil 
exploration

tunneling



GREAT CONTRIBUTORS TO THE 

DEVELOPMENTS IN 

GEOTECHNICAL ENGINEERING



Karl Terzaghi

1883-1963

C.A.Coulomb

1736-1806

M. Rankine

1820-1872



GEOTECHNICAL ENGINEERING 

LANDMARKS



LEANING TOWER OF PISA

28

Our blunders become monuments!



FORMATION OF SOIL



THE BASIC CHARACTERISTICS OF SOILS 
ENGINEERING DEFINITION OF SOIL 

• Soil: is an uncemented or weakly cemented aggregate of solid grains formed 

due to weathering of rocks and decayed organic matter, soil is considered to 

be particulate system.

• If the grains are connected together by strong and permanent cohesive 

forces, the material called “rock” or “stone”.

• Soils tend to be complex and heterogeneous materials with a wide range of 

mechanical behavior. 



THE BASIC CHARACTERISTICS OF SOILS 
ENGINEERING DEFINITION OF SOIL

• The mineral grains that form the solid phase of a soil aggregate are the 

product of rock weathering. 

• The physical properties of soil are dictated by the size, shape, and chemical 

composition of the grains, and hence the rock from which is derived. 

• Rocks are compact, semi-hard to hard mass composed of one or several 

minerals.



SOIL FORMATION

• Soils are formed from the:

• Physical weathering

• Chemical weathering



PHYSICAL WEATHERING

• 1-Physical (mechanical) weathering

1) Temperature changes: may cause the rock to disintegrate either because of

• (A) fatigue due to cyclic stresses of compression and tension. 

• (B) differential thermal expansions of the different minerals within the rock, or both.

2) Alteration freezing and thawing: may widen the crack in the rock by 

• expansion of water in the cracks, or may create new cracks in the sound 

• rock if the pores or voids of the rock are filled with water. 

3) Splitting action of plant roots: roots may penetrate rock pores or 

• existing cracks to further increase their size.

• 4) Erosion by the action of wind, water, or glaciers (abrasive movement) 



PHYSICAL (MECHANICAL) WEATHERING

• The resultant soil particles due to physical weathering retain the same 

compositionas the parent rock. 

• •The shape of particles may be:

• Rounded, subrounded, angular, or subangular 



2- CHEMICAL WEATHERING

1) Oxidation: is an agent in the decomposition process whereby oxygen ions combine with some 
minerals in the rock which subsequently decomposed in a manner similar to the rusting of steel. 

2) Carbonation: is a form of decomposition where carbon dioxide and water form carbonic acid which 
decomposes many minerals containing iron, calcium, sodium, etc.

3) Hydration: is the process of chemical addition of water to the minerals that subsequently convert 
into new minerals. 

4) Vegetation: decaying vegetation may be a factor in the production of organic acids, carbon dioxide, 
and oxygen, which mixed with water penetrating through rock, may extract certain chemical elements 
from the rock. 



CHEMICAL WEATHERING

• The resultant soil particles due to chemical weathering have a various 

composition about the parent rock

• .



FORMATION OF SOIL

• residual soils: Soils that remain at the site of weathering are called. 

• These soils retain many of the elements that comprise the parent rock.

• Alluvial soils, also called fluvial soils, are soils that were transported by rivers 

and streams. 

• The composition of these soils depends on the environment under which they 

were transported and is often different from the parent rock.



ROCKS TYPES

• Rocks can be divided into three basic types: 

• Igneous rocks 

Formed by solidification of molten Magma ejected from deep within earth’s 

mantle.

• Sedimentary rocks 

Sedimentary rocks are widely spread over the surface of earth.

Weathering reduces the exposed rock mass to fragmented particles which can 

be more easily transported more easily by wind, water, and ice.



ROCKS TYPES

• The process through which sediments are converted into sedimentary rocks is 

called DIAGENSIS. It includes the following phases: 

• 1. Cementation Water percolating through the voids (or pores) between the 

particles of sediment carries mineral matter which coats the grain and acts as 

cement that bind them together. 

• 2. Compaction The weight of top layers compacts sediments and expels water 

out. 

• 3. Crystallization Sometimes grains of sediments are joined together due to 

crystallization of some of their constituents due to pressure.



ROCKS TYPES

• Metamorphic rocks

Metamorphic rocks are formed if a rock is subjected to increase in temperature, 

pressure, or both, to such degree that a new TEXTURE or possibly a new 

MINERAL composition is produced.

• The original rock may be igneous, sedimentary or metamorphic.



SOIL TYPES

• Soil Types

• Common descriptive terms such as:

• gravels, sands, silts, and clays are used to identify specific textures in soils.

• Texture: refers to the appearance or feel of a soil.

• Sands and gravels are grouped together as coarse-grained soils. 

• Coarse-grained soils feel gritty and hard

• Clays and silts are fi ne-grained soils.. 

• Fine-grained soils feel smooth.





MAIN CLASSES OF SOIL



CLASSES OF SOIL DEPENDING ON SIZE 
PARTICLES 



PARTICLE FORCES AND BEHAVIOR

• • Behavior of individual soil particles and their interaction with other particles 
influenced by: 

1. weight of the particle forces (Fg): weight force is the result of gravitational forces. 
It’s a function of volume of particles.

2. particle surfaces forces (Fs): surface forces are of an electrical nature. It’s a 
function of surface area.

• soil particles are assumed to be sphere particles of diameter (D).

• The ratio Fg/Fs is directly proportional to D. which explain the nature of forces 
between coarse grained soils and fine grained soils.





CLAY MINERALOGY

➢Why we study clay minerals?

➢When we can called a material “ Clay”?

1. crystalline particles of very small size (<0.002mm)

2. Develop plasticity when mixed with limited amount 
of water.

3. Member of Phyllosilicate family.



BASIC STRUCTURAL UNITS

BGSi

structural units

Tetrahedral sheet Octahedral sheet

Dioctahedral sheet
Aluminum

trioctahedral sheet
Magnesium



TETRAHEDRAL SHEET

Several tetrahedrons joined together form a tetrahedral 
sheet.

tetrahedron

hexagonal hole

The radius of circle 

which fits into hole is

1.32 A°



DIFFERENT CLAY MINERALS

Different combinations of tetrahedral and octahedral 
sheets form different clay minerals:

1:1 Clay Mineral (e.g., kaolinite, halloysite):



DIFFERENT CLAY MINERALS

Different combinations of tetrahedral and octahedral 
sheets form different clay minerals:

2:1 Clay Mineral (e.g., montmorillonite, illite)



DIFFERENT CLAY MINERALS

• There are many different types of clay 
minerals, the most important clay minerals 
are:

1. Kaolinite

2. Illite

3. Montmorillonite



KAOLINITE
1:1 DIOCTAHEDRAL

G

G

G

G

joined by strong 

H-bond

no easy 

separation

7.2 A°

joined by 

oxygen 

sharing



ILLITE
2:1 DIOCTAHEDRAL

G

G

G

10 A°
joined by K+ ions

fit into the 

hexagonal holes 

in Si-sheet



MONTMORILLONITE

2:1 Dioctahedral

also called smectite; expands on contact with water.

G

G

G

10 A°

joined by weak

van der Waal’s bond

nH₂O and 
Cations: 
Mg⁺², Ca⁺² 
k⁺, Na⁺

easily 

separated by 

water
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CLAY PARTICLE

Plate-like or Flaky Shape



CLAY STRUCTURE

• Clay structure: is the arrangement of clay mineral particles 
with respect to each other.

• The arrangement is due to the net forces acting between
particles. The net forces are:

1. Attraction: the structure is Flocculated.

2. Repulsion: the structure is Dispersed.

face-to-face contact
edge-to-face contact or 

edge-to-edge contact

Flocculated Dispersed



SPECIFIC SURFACE

• Specific surface is the surface area per unit mass

(m2/g)

• Clay minerals have a large specific surface

• Clay properties are highly affected by specific surface

Mineral Specific surface 

(m2/g)

Kaolinite 10-20

Illite 80-100

Montmorillonite 800



CHARGE OF CLAY PARTICLES

• The surface of clay mineral particles is negatively charged,
due to these reasons:

1. Isomorphous substitution

2. Dissociation of hydroxyl ions.

3. Unsatisfied charges due to broken bonds at the edges of 
particles.

4. Adsorption of anions.
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ISOMORPHOUS SUBSTITUTION

• Isomorphous substitution: is substitution of aluminum or 

silicon by atom of lower valance, which leads to a net 

negative charge on clay mineral particles.

• the arrangement of negative charge on clay minerals:

• Montmorillonite> Illite> Kaolinite

• Isomorphous substitution in clay minerals as shown:

Type of I.S Kaolinite Illite Montmorillonite

Type of I.S Al⁺³ for Si⁺⁴ Al⁺³ for Si⁺⁴ Mg⁺² for Al⁺³

Amount of I.S 1:400 1:7 1:6

Location of I.S Silica sheet Silica sheet Gibbsite



CLAY PARTICLES IN WATER

- -

- -

- -

- -

- -

- -

- -

Free
water

Double  
layer 
water

adsorped water
thickness=10 A°

Clay particle



CLAY PARTICLES IN WATER

• Adsorbed water: water nearest to the clay particle which 
strongly held by hydrogen bond (because water molecules are 
dipolar) and appears to have high viscosity.

• D.D.L: describes the negatively charged particle surface and 
the dispersed layer of cations.

• Free water: water which is not affected by the charge of clay 
particles, and have lower viscosity.



Phase Relations



Phase Volume Mass Weight

Air VA 0 0

Water VW MW WW

Solid VS MS WS

Phase Relations

Table 1 Distribution by Volume, Mass, and Weight.
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Phase Diagram

Notation
W = Weight 
V = volume
s = soil grains
w= water
a = air
v= voids

Objectives: To compute the masses (or weights) and volumes of 
the three different phases.



Definitions

Water content (w) is a measure of the water
present in the soil.

Phase Diagram

Expressed as percentage.

Range = 0 – 100%.



Definitions

Void ratio (e) is a measure of the void volume.

Phase Diagram



Definitions

Porosity (n) is also a measure of the void volume,
expressed as a percentage.

Phase Diagram

Theoretical range:

0 – 100%



Phase Diagram

Range: 0 – 100%

Dry - Saturated

Definitions
Degree of saturation (S) is the percentage of the void volume
filled by water.
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Definitions

Soil density () (bulk density) : is the density of the soil in

the current state.

Phase Diagram

Units:
t/m3,
g/ml,
kg/m3



Definitions

Saturated density (sat) is the density of the soil when the
voids are filled with water.

Submerged density (’) is the effective density of the soil when it is

submerged.

’ = sat - w



Definitions

Dry density (d) is the density of the soil in dry state.

Phase Diagram

Units: t/m3, g/ml,
kg/m3



Definitions
Bulk, saturated, dry and submerged unit weights () are defined
in a similar manner.

Here, use weight (kN) instead of mass (kg).

 =  *   g

N/m3 kg/m3 m/s2

Because the force is usually required it is often convenient in
calculations to use the unit weight, g (weight per unit
volume).



Definitions

Specific gravity of the soil grains (Gs) the ratio of the unit weight
of a given material to the unit weight of water.

We can use Gs to calculate the density or unit weight of the solid

particles:

s = Gs w

s = Gs w



Phase Relations

Consider a fraction of the soil where Vs = 1.

The other volumes can be obtained from the 
previous definitions.

The weight can be obtained from:

Weight = Density x Volume x gravity accelerating



Phase Relations
Consider a fraction of the soil where Vs = 1.

Phase Volume Mass Weight

Air e (1 - S) 0 0

Water e S e S w e S w

Solid 1 Gs w Gs w

Table 2 Distribution by Volume, Mass and

Weight in Soil

Note that Table 2 assumes a solid volume Vs

= 1 m3, All terms in the table should be 

multiplied by Vs if this is not the case.



Phase Relations
From the previous definitions,



Phase Relations



Unit Weights
Several unit weights are used in Soil Mechanics. These are the bulk, saturated, dry,

and submerged unit weights.

The bulk unit weight is simply defined as the weight per unit volume

When all the voids are filled with water the bulk unit weight is identical to the saturated unit

weight, sat, and when all the voids are filled with air the bulk unit weight is identical with the

dry unit weight, dry.



Important Notes

◼Try not to memorise the equations. Understand 
the definitions, and develop the relations from the
phase diagram with VS = 1;

◼Assume GS (2.6-2.8) when not given;

◼Do not mix densities and unit weights;

◼Soil grains are incompressible. Their mass and 
volume remain the same at any void ratio.
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A Suggestion..



Relationship among unit weight, porosity, and moisture
content:

Consider a soil with a total volume equal to one V=1





Various Unit-Weight Relationships





Relative density 

The term relative density is commonly used to indicate the in
situ denseness or looseness of granular soil.
It is defined as:





Phase Relations Examples 



• In its  natural condition a soil sample has a mass of 2290 g  
and a volume of 1.15x10-3 m3 . After being completely 
dried in an oven the mass of the sample is 2035 g. The 
value of Gs for the soil is 2.68. Determine: 

• 1. the bulk density, =Mt/Vt, =2.290 kg/ (1.15x10-3m3) 
=1991.3kg/ m3 

• 2. unit weight= density *g = 1991.3*9.806/1000 
=19.527kN/m3 

• 3. water content, =Mw/Ms = (2290-2035)*100%/2035 
=12.53% 

• 4. void ratio, =Vv/Vs , Gs=Ms/Vs ,vs=2.035/(2.68*1000) 
=7.593x10-4m3, e= (1.15x10-3m3- 7.593x10-4m3)/ 7.593x10-

4m3= 0.515 
 



 

• 5- porosity,n= vv*100%/vt = (1.15x10-3m3-
7.593x10-4m3)*100%/ (1.15x10-3m3) =33.97% 

• •6-degree of saturation =VW/VV, 1000=Mw/Vw, 
Vw= (2.290-2.035)/1000 = 2.55x10-4m3, S = 
2.55x10-4m3*100% /(1.15x10-3m3-7.593x10-

4m3)=65.3% 

 



 

• 7 -air content. A=Va*100%/Vt , Vv=Vw+Va 

• •Va = (1.15x10-3m3-7.593x10-4m3)-(2.55x10-
4m3)= 1.357x10-4m3 

• •A=1.357x10-4m3 *100%/ 1.15x10-3m3 
=11.8%  

 





 



 











PLASTICITY AND STRUCTURE OF 
SOIL



•Plasticity:

The ability of a soil to undergo unrecoverable deformation at a 

constant volume without cracking or crumbling of the soil, due to the 
presences of clay minerals or organic material.

Consistency: the physical state of a fine-grained soil at a particular 
water content.





Atterberg
•Albert Atterberg was a Swedish chemist and agricultural scientist.

•Conducted studies to identify the specific minerals that give a clayey soil its 
plastic nature

•In each state the consistency and behavior of a soil is different and thus so are 
its engineering properties.

•The boundary between each state can be defined based on a change in the 
soil's behavior.
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Liquid limit

•The liquid limit (LL) is the water content where a soil changes from liquid to 
plastic behavior

•Determined using a Casagrande cup (lab) or cone penetrometer (field)
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The moisture content, in percent, required to close a distance of 12.7mm (0.5 in.) along the 
bottom of the groove (see Figures c and d (after 25 blows is defined as the liquid limit.)



liquid limit (LL) is defined as:

The moisture content, in percent, required to close a distance of 
12.7 mm (0.5 in.) along the bottom of the groove after 25 blows.

• #of blows should be within 15-35 blows.
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flow line can be written in a general form as:

the U.S. Army Corps of Engineers proposed an empirical equation for estimating the LL:

 * Note: good results for N between( 20-30 ) blows.

13
 * Note: diff. β for diff. soil types



Fall Cone method (British Standard—BS 1377.)
LL= moisture content at which a standard cone of apex angle 30 and weight of 
0.78 N will penetrate a distance d = 20 mm in 5 seconds when allowed to drop 
from a position of point contact with the soil surface.
14



 *Note:
A semi-logarithmic
15



Plastic limit
•The plastic limit (PL) is the water content (w%) where soil starts to exhibit plastic behavior.
•The moisture content in percent, at which the soil crumbles, when rolled into threads of 4.2
mm ( in.) in diameter



Fall Cone method (British Standard.)
PL= moisture content at which a standard cone of apex angle 30 and 

weight of 2.35 N will penetrate a distance d =20 mm.
17
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Shrinkage limit

•The shrinkage limit (SL) is the water content where further loss of moisture will 
not result in any more volume reduction

•The shrinkage limit is much less the liquid limit commonly used than and the 
plastic limit.



Plasticity Index

•The PI is the difference between the liquid limit and the plastic limit 
(PI = LL-PL)

•The plasticity index is Important in  classifying fine-grained soils.

•Comments:
◼High PI tend to be clay
◼Low PI tend to be silt
◼PI of0 tend to have little or no silt or clay.



Plasticity Index (PI)
Range of water content over which the soil remains plastic



Plasticity Index (PI)
 >Clay soils with high SSA’s and charged particles will be able to hold a large amount of water between 
grains due to their charge field and the polar nature of water molecules.

Clay soils with high SSA’s and charged surfaces are able to bind/assimilate water molecules and the 
overall soil will still behave as a plastic solid. Such soils will have high plasticity indexes.

22

Soils with comparatively lower SSA’s will not be able 

to bind/assimilate water molecules and thus will have 
much smaller PI values.
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Activity

The PI of a soil is a measure of the activity A of the soil grains.
Skempton observation:

24



Based on the results, Skempton defined the activity as the

slope of the line correlating PI and  renif %ht an 2 mm.

25 Note C’ ~ 9
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The activity A of a fine−grained soil can be useful in identifying the type of clay 
contained in a soil.

For example:
28



Liquidity Index and Consistency Index

The relative consistency of a cohesive soil in the natural state can be defined by a ratio called 
the liquidity index
•Liquidity index is a measure of sensitivity…
29



Liquidity Index and Consistency Index

Consistency index (CI), may be defined as:



Plasticity Chart
31



INDEX PROPERTIES AND SOIL 
CLASSIFICATION 





3





Specific Gravity

Specific gravity is defined as the ratio of the unit weight of a given material to 

the unit weight of water.
5
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Soil-Particle Size
7
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•Coarse-grained soils

•These include sands, gravels and larger particles.

•For these soils the grains are well defined and may be seen by the naked 

eye

•The individual particles may vary from perfectly round to highly angular.



•Fine-grained soils

•These include the silts and clays

•Silts : These can be visually differentiated from clays because they 

exhibit the property of dilatancy. If a moist sample is shaken in the hand 

water will appear on the surface. If the sample is then squeezed in the 
fingers the water will disappear.

•Clays : Clays exhibit plasticity, they may be readily remoulded when 
moist, and if left to dry can attain high strengths



Organic

•These may be of either clay or silt sized particles.

•Contain significant amounts of vegetable matter.

•The soils as a result are usually dark grey or black and have a 
noticeable odour from decaying matter.

•Generally only a surface phenonomen but layers of peat may be 
found at depth.

•These are very poor soils for most engineering purposes.



Mechanical Analysis of Soil

Mechanical analysis: is the determination of the size range of particles 
present in a soil, expressed as a percentage of the total dry weight.

Two methods generally are used to find the particle-size distribution of soil:

•sieve analysis—for particle sizes larger than 0.075
mm in diameter, and

•hydrometer analysis—for particle sizes smaller than

0.075 mm in diameter.
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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.



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.
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Hydrometer (Fine)
•To determine the grain size distribution of material passing the 75mm sieve.
•The soil is mixed with water and a dispersing agent and allowed to settle to the 

bottom of a measuring cylinder.

•As the soil particles settle out of suspension the specific gravity of the mixture 
reduces .The hydrometer is used to record the variation of specific gravity with time.

•By making use of Stoke’s Law, which relates the velocity of a free-falling sphere to its 

diameter, the test data is reduced to provide particle diameters and the % by weight 
of the sample finer than a particular particle size.
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Particle-Size Distribution Curve
22



A particle-size distribution curve can be used to

determine the following four parameters:

•Effective size (D 10elcitrap eht ni retemaid eht si retemarap sihT :)- noitubirtsid ezis

curve corresponding to 10% finer. The effective size of a granular soil is a good 

measure to estimate the hydraulic conductivity and drainage through soil.

•Uniformity coefficient: (Cu)

•Coefficient of gradation: (Cc)

•Sorting coefficient: (So)
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particle shape

generally can be divided into three major categories:
•Bulky

•Flaky

•Needle shaped

Bulky particles are formed mostly by mechanical weathering of rock 
and minerals.
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Grain Size Distribution

Examples















CLASSIFICATION OF SOIL



Soil Classification

•Different

classified into groups and sub-groups according to their engineering behavior.
Soils with similar properties may be

•Classification systems provide a common language to concisely express the 

general characteristics of soils, which are infinitely varied, without detailed 
descriptions.



Textural Classification

•Texture of soil refers to its surface appearance. Soil texture is influenced by the size of 

the individual particles present in it.

•Table 2.3 divided soils into gravel, sand, silt, and clay categories on the basis of particle 
size. In most cases, natural soils are mixtures of particles from several size groups.



Textural Classification

In the textural classification system, the soils are named 

after their principal components, such as sandy clay, silty 
clay, and so forth.



This chart is based only on the fraction of soil that passes through the No. 10 sieve
5



Example.
If the particle-size distribution of soil A shows 30% sand, 40% silt, and 30% clay-size 
particles, determine its textural classification?
Solution.
This soil falls into the zone of clay loam



Example:
if a soil has a particle size distribution of 20% gravel, 10% sand, 30% silt, 
and 40% clay, classify the soil according to textural classification system;
Solution:
the modified textural compositions is needed

Clay or gravely Clay



AASHTO CLASSIFICATION SYSTEM

•Soil is classified into seven major groups: A-1 through A- 7.

•Soils classified under groups A-1, A-2, and A-3 are granular materials of which 

35% or less of the particles pass through the No. 200 sieve.

•Soils of which more than 35% pass through the No. 200 sieve are classified 

under groups A-4, A-5, A-6, and A-7 .These soils are mostly silt and clay-type 
materials.
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Unified Soil Classification System

This system classifies soils into two broad categories:

•Coarse-grained soils that are gravelly and sandy in nature with less than 
50% passing through the No. 200 sieve.
 .The group symbols start with a prefix of G or S. G stands for gravel or 
gravelly soil, and S for sand or sandy soil.
•Fine-grained soils are with 50% or more passing through the No. 200 sieve.
 .The group symbols start with prefixes of M, which stands for inorganic silt, C 
for inorganic clay, or O for organic silts and clays.
 .The symbol Pt is used for peat, muck, and other highly organic soils.



Other symbols used for the classification are
:
•W—well graded

•P—poorly graded

•L—low plasticity (liquid limit less than 50)

•H—high plasticity (liquid limit more than 50)
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SOIL CLASSIFICATION

Examples



EXAMPLE 1:



EXAMPLE 2:



EXAMPLE 3:



EXAMPLE 4:







SOIL COMPACTION 



INTRODUCTION: 
 
 

•In the construction of highway embankments, earth dams, and many other 

engineering structures, loose soils must be compacted to increase their unit weights. 

 

•Compaction increases the strength characteristics of soils, which increase the bearing 

capacity of foundations constructed over them. 

 

•Compaction also decreases the amount of undesirable settlement of structures and 

increases the stability of slopes of embankments. 

 

 

 

 



 

 

 

 

 

 

 

 

COMPACTION—GENERAL PRINCIPLES: 

 



What is compaction? 

 
•Is the densification of soil by removal of air, which requires mechanical energy. 

 

 

•A simple ground improvement technique, where the soil is densified through external 

compactive effort. 
4 

 

 
 

 

 

+ water    = 

Compactive effort 



Compaction 

 
•Compaction – expelling air from the void space 

 

Consolidation – extrusion of water 

 

•Effects of compaction 

Increase soil’s shear strength 

Decrease in future settlement of the soil 

Decrease in soil permeability 

 

 

•How to quantify – use dry unit weight of soil 



Compaction 
 

•What does water do for compaction? 

Lubricant (softening agent) 

Too much water  lesser density 

Optimum moisture content 
       (= maximum dry unit weight)  best compaction 
 
 

•How to use maximum dry unit weight? 
Target unit weight at the job site 

•Need to know how much the soil can be compacted. 

 

 
 

 

 





Compaction Curve 

 
What happens to the relative quantities of the three phases with addition of water? 
8 

 

 
 

 

 



• Standard Proctor Test: 
9 



•For each test, the moist unit weight of compaction, g, can be calculate as:  

 

 

 

 

•For each test, the moisture content of the compacted soil is determined in the 

laboratory. With the known moisture content, the dry unit weight can be calculated as: 

 

 

 

 

 

For a given moisture content w and degree of saturation S, the dry unit weight of 
compaction can be calculated as follows. 

 

 

 
 

 

 



Theoretical maximum 
dry unit weight is 
obtained when no air is 
in the void spaces. 
S = 100 % 



Factors Affecting Compaction: 
 

•Moisture content 
 

•Soil Type 
 

•Compaction Effort 
 

 

 
 

 

 



Effect of Soil Type: 

 
•grain-size distribution 

 

•shape of the soil grains 

 

•specific gravity of soil solids 

 

•amount and type of clay  

minerals present 
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Effect of Compaction Effort: 



From the preceding observation we can say that: 
 

•As the compaction effort is increased, the  maximum dry unit weight of 

compaction is also increased. 

•As the compaction effort is increased, the optimum moisture content is 

decreased to some extent. 

 

 

 
 

 

 



Laboratory Compaction Test 

 
- To obtain the compaction curve and define the optimum water content and maximum 

dry density for a specific compactive effort. 

Standard Proctor: 

hammer 

Modified Proctor: 

•3  layers 

•25  blows per layer 

•2.5  kg hammer 

•305  mm drop 

•E= 594 kN-m/m3 

• 5  layers 

• 25   blows per layer 

•4.54  kg hammer 

• 450  mm drop 

•E= 2700 kN-m/m3 

944  ml compaction mould 

17 
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• Structure of Compacted Clay Soil: 
21 



Remarks on the previous curve: 

 
At point A, clay particles possess a flocculent structure. This type of structure results because, at low 

moisture content, the diffuse double layers of ions surrounding the clay particles cannot be fully 

developed; hence, the inter-particle repulsion is reduced. This reduced repulsion results in a more random 

particle orientation and a lower dry unit weight. 

 

When the moisture content of compaction is increased, as shown by point B, the diffuse double layers 

around the particles expand, which increases the repulsion between the clay particles and gives a lower 

degree of flocculation and a higher dry unit weight. 

 

A continued increase in moisture content from B to C expands the double layers more. This 
expansion results in a continued increase of repulsion between the particles and thus a still 

greater degree of particle orientation and a more or less dispersed structure. 

 

 
 

 

 



How is Soil Compacted in the Field? 
 

•Smooth-wheel rollers (or smooth- drum rollers). 
 

•Pneumatic rubber-tired rollers. 
 

•Sheepsfoot rollers. 
 

•Vibratory rollers. 
 

•Trucks  &tractors. 
 

•Hand tampers  &rammers. 
 

•Dynamic compaction. 



Smooth-Wheel Rollers  

 
 

 

 



Smooth-Wheel Rollers 
 

•Suitable for finishing operations of fills with sandy & clayey soils. 
 

•Provides 100% coverage under wheels. 
 

•Ground contact pressures as high as 310 – 380 kPa. 
 

•Compacts effectively only to 200-300 mm; therefore, soil must be placed 
in shallow layers (lifts). 
 

•Not suitable for producing high unit weights of compaction when used on 
thicker layers. 



Pneumatic Rubber-Tired Rollers 
 

 

 
 

 

 

Photo courtesy of Caterpiller Corporation 

& UC Davis GeoPhoto Album 

Photo courtesy of Professor 

Sivakugan, James Cook University, 

Australia 



Pneumatic Rubber-Tired Rollers 

 
•Are heavily loaded wagons with several rows of closely-spaced 
tires. 
 

•Compaction is achieved by a combination of pressure & 
kneading action. 
 

•Ground contact pressures as high as 600 – 700 kPa. 
 

•Produce 70% to 80 % coverage. 
 

•Can be used for sandy & clayey soils. 



Sheepsfoot Rollers 

 

 
 

 

 



Sheepsfoot Rollers 

 
•Are drums with a large number of projections. 

 

•Area of projections ranges from 25 to 85 sq. cm. 

 

•Provides kneading action. 

 

•Ground contact pressures as high as 1380 – 6900 kPa. 

 

•Most effective in compacting clayey soils. 

 

•Initial passes compact the lower portion of a lift; middle & top portions are 

compacted at a later stage. 

 

•When the fill has been densified to some degree, the roller “walks out,” & entire 

weight is supported on pads resting on top of the fill. 



Sheepsfoot Rollers 
Vibratory padded drum roller (similar to a sheepsfoot roller) compacting clay.  

 
 

 

 



Vibratory Rollers 



Vibratory Rollers 

 
•Vibration is more effective for compacting sands and gravels than static 

pressure. 

 

•Water conditioning is not as important for compacting sands and 

gravels as it is for compacting clays. 

 

•The total force applied by a vibratory roller is equal to the weight of the 

roller plus the dynamic vibratory force. 

 

•Can be attached to to smooth-wheel, pneumatic rubber- tired, or 

sheepsfoot rollers. 

 

 
 

 

 



Hand Tampers 



Hand Tampers 

 
•Effective for compaction of granular soils (sands  &
gravels). 
 
 

•Practically only used to compact such soils over a 
limited area. 

 

 
 

 

 



Suitable for granular soils, landfills and karst terrain with 

sinkholes. 

Pounder (Tamper) 

(Slide courtesy of Professor 

Sivakugan, James Cook University, 

Australia) 

Crater created by the impact 

(to be backfilled) 



Dynamic Compaction 

 

 
 

 

 



Vibroflotation 

Suitable for granular soils 

 

Practiced in several forms: 

•Vibro - compaction 

•Stone columns 

•Vibro - replacement 

Vibroflot (vibrating unit) 

Length  = 2 - 3 m 

Diameter = 0.3 -0.5  

Mass = 2 tonnes 

 
(Slide courtesy of Professor 

Sivakugan, James Cook 

University, Australia) (Lowered into the ground  &vibrated) 



Factors Affecting Field Compaction: 
 
 

•Soil type 
 

•Moisture content 
 

•Thickness of lift 
 

•Intensity of pressure applied 
 

•Area over which the pressure is applied 

 



Specifications for Field Compaction: 

 
In most specifications for earthwork, the contractor is instructed to achieve a 

compacted field dry unit weight of  90 to 95% of the maximum dry unit weight 

determined in the laboratory by either the standard or modified Proctor test. 
 
 

•Relative Compaction 
 

 

 
 

 

 

Correlation between R and Dr 
for granular soils: 
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• Determination of Field Unit Weight of Compaction: 
 

 

- The field unit weight of compaction an be determined by one of the 

following methods: 

•Sand cone method 

 

•Rubber balloon method 

 

•Nuclear method 

 

 

 
 

 

 



Sand Cone Method (ASTM Designation D-1556) 
 



Sand Cone Method (ASTM Designation D-1556): 

 
If the weight of the moist soil excavated from the hole (W2) is 
determined and the moisture content of the excavated soil is 

known, the dry weight (W3) of the soil can be obtained as: 
 

 

 
 

 

 





 Rubber balloon method: 
 

 

 
 

 

 



Nuclear method: 
 



Example 1 









Example 2 







8- PERMEABILITY



INTRODUCTION:
Soils are permeable due to the existence of 

interconnected voids through which water can flow 
from points of high energy to points of low energy.

The study of the flow of water through permeable soil media is necessary for.

2

1. estimating ciluardyh suoirav rednu egapees dnuorgrednu fo ytitnauq eht
snoitidnoc.

2. for investigating problems involving the pumping of water for underground 
construction.

3. for making stability analyses of earth dams and earth-retaining structures 
that are subject to seepage forces.



PERMEABILITY

❑ The property of soils that allows water to pass through them 

at some rate

❑ The property is a product of the granular nature of the soil, 

although it can be affected by other factors (such as water 

bonding in clays)

❑ Different soil has different permeabilities.



Bernoulli’s Equation:
•According to Bernoulli’s equation, the total head at a point in water under 
motion:
4

•Velocity head can be neglected



➢Some Notes:
If flow is from A to B, total head is 
higher at A than at B.

Energy is dissipated in 
overcoming the soil 
resistance and hence is 
the head loss.

water

A
B

5



Hydraulic Gradient:

=

•The loss of head between two points, A and B, can be given by:

•The head loss, Δh, can be expressed in a nondimensional form as:

6

itneidarG ciluardyh eht si ,



•The variation of the velocity (v) with the hydraulic gradient (i) is as shown 
in Figure 7.2 .This figure is divided into three zones:

1. Laminar flow zone (Zone I)

2. Transition zone (Zone II)

3. Turbulent flow zone (Zone III)

-In most soils, the flow of 

water through the void spaces 

can be considered laminar; 
thus,



Darcy’s Law:

(Henry Philibert Gaspard Darcy, (1803-1858)

Velocity (vtneidarg ciluardyh eht ot lanoitroporp si wolf fo )

(i) - Darcy (1856)

Permeability

•or hydraulic conductivity

•unit of velocity (cm/s)
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Hansbo (1960)





Hydraulic Conductivity:
Coefficient permeability = hydraulic conductivity

Depend on:

❑ Fluid viscosity

❑ Pore-size distribution

❑ Grain size distribution

❑ Void ratio

❑ Roughness of mineral particles

❑ Degree of soil saturation

➢ Permeability of saturated soil is lower and increases rapidly with degree of 
saturation

11



In clayey soils, structure plays an important role in hydraulic 
conductivity.

Factors affect the permeability of clays are:

❑ The ionic concentration

❑ The thickness of layers of water held to the clay 
particles.
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➢ The hydraulic conductivity of a soil is also related to the properties of the 
fluid flowing through it by the equation

From which;



15



• Laboratory Determination of Hydraulic Conductivity

1.Constant Head 2.Falling Head

16



1. Constant Head
17



2. Falling Head
18



• Relationships for Hydraulic Conductivity —

•Granular Soil:
•1.Hazen (1930) For fairly uniform sand (small uniformity coefficient

3.Carrier (2003)

20 Note:

*Important

2. Kozeny-Carman (Kozeny, 1927; Carman, 1938, 1956) (for Sandy soil)

*Important



U.S. Navy 1971 , Hydraulic Conductivity—Granular 

Soil-
21



• Relationships for Hydraulic Conductivity—

Cohesive Soil:
1. Taylor (1948)

 *Good for eo > 2.5. In this equation,
**The value of Ck may be taken to be about 0.5 eo

2. Samarasinghe, et al. (1982), for normally consolidated Clay:



3. Mesri and Olson (1971)



4. Tavenas, et al. (1983)

o PI, the plasticity index, and

o CF, the clay-size fraction in the soil, mrof )lamiced(.



• Directional Variation of Permeability:

➢soils are not isotropic with respect to permeability.

➢In a given soil deposit, the magnitude of k changes with respect to the 
direction of flow.



•Fukushima and Ishii (1986) related to kV and kH for compacted Masa-

do soil (weathered granite)

Note that, for any given molding 

moisture content and confining 
pressure, kH is larger than kV.
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• Equivalent Hydraulic Conductivity in Stratified Soil:
➢horizontal direction

28



 *Derivation in the horizontal direction:



• Equivalent Hydraulic Conductivity in Stratified Soil:
➢Vertical direction



 *Derivation in the vertical direction:
the velocity of flow through all the layers is the same. However, the total head loss, h, is equal to the sum 
of the head losses in all layers. Thus,
Using Darcy’s law



• Permeability Test in the Field by Pumping from Wells:
In the field, the average hydraulic conductivity of a soil deposit in the direction 
of flow can be determined by performing pumping tests from wells.



Average hydraulic conductivity of a top permeable layer (unconfined

aquifer)

▪ Continuous observations of the water level in the test well and in the observation, wells are 

made after the start of pumping, until a steady state is reached.

▪ The steady state is established when the water level in the test and observation wells 
becomes constant



Average hydraulic conductivity of a confined aquifer

▪ Conducting a pumping test from a well with a perforated casing that penetrates 
the full depth of the aquifer

▪ By observing the piezometric level in a number of observation wells at various 
radial distances

▪ Pumping is continued at a uniform rate q until a steady state is reached



In Situ Hydraulic Conductivity of Compacted Clay 
Soils:

Daniel (1989) provided an excellent review of nine methods to estimate the

in situ hydraulic conductivity of compacted clay layers;

DANIEL, D. E. ( 1989 .(“ In Situ Hydraulic Conductivity Tests for Compacted Clay ,”
Journal of Geotechnical Engineering, ASCE, Vol.115 , No. 9 ,1205–1226.



1. Boutwell Permeameter:
37



Constant-Head Borehole Permeameter:



Porous Probes:



PERMEABILITY

Examples



Example 1







Example 2





Example 3





Example 4





SEEPAGE



•In the preceding chapter, we considered some simple cases for 

which direct application of Darcy’s law was required to calculate 
the flow of water through soil.

•In many instances, the flow of water through soil is not in one 

direction only, nor is it uniform over the entire area perpendicular 
to the flow.

•In such cases, the groundwater flow is generally calculated by the 

use of graphs referred to as flow nets. The concept of the flow net 

is based on Laplace’s equation of continuity, which governs the 
steady flow condition for a given point in the soil mass.



Laplace’s Equation of Continuity

➢ The steady state flow of water from the 
upstream to the downstream side through 
the permeable layer is a two dimensional 
flow.

•The rate of flow of water into 

the elemental block in the 

horizontal direction is equal 

to vxdz.dy, and in the vertical 
direction it is vzdx.dy.



Laplace’s Equation of Continuity
Derivation …..

The rates of outflow from the block in the horizontal and vertical directions are, respectively,

…Assuming that water is incompressible and that no volume change in the soil mass 
occurs, we know that the total rate of inflow should equal the total rate of outflow. Thus,



Assuming the soil is isotropic with respect to the hydraulic conductivity ,( (kx=kz) ,
then;

***continuity equation for two-

dimensional flow



Laplace’s Equation of Continuity
Derivation…..(continue (…

Laplace Equation which governs seepage in 
homogeneous, isotropic soil deposits.
(***general form)



❑ Possible Methods for Solving the Laplace Equation.

1. Analytical, closed form or series solutions of the PDE.
 ·quite mathematical, and not very general.

2. Numerical solution methods

•typically, the finite element method or the finite difference 
method.
•very powerful and easy to apply

•can deal with heterogeneity, anisotropy, 2D, 3D

3. Graphical Techniques − Flow−net Methods

•commonly used in engineering practice to solve 2D flow 

problems.
•the ideas behind this method are now explained.



Flow Nets

Solutions of Laplace  equation 
consist of two families of 

orthogonal curves in the (x,z) 
plane.

These families of curves make a 
flow net.

flow net: is the combination of a 

number of flow lines and 

equipotential lines.



•

•Flow line: is a line along 

which a water particle will 

travel from upstream to 

the downstream side in 

the permeable soil 
medium.

• Equipotential line: is a 

line along which the 

potential head at all points 
is equal.



Flow net
To complete the graphic construction

of a flow net, one must draw the flow and equipotential lines 

in such a way that

1. The equipotential lines intersect the flow lines at right 

angles.

2. The flow elements formed are approximate squares.

Example of flow net in isotropic permeable layer is given in 

Figure 8.4. In these figures, Nf is the number

of flow channels in the flow net, and Nd is the number of 

potential drops



Drawing a flow net takes several trials. While constructing 

the flow net, keep the boundary conditions in mind. For 

the flow net shown in Figure 8.3b, the following four

boundary conditions apply:

Condition 1: The upstream and downstream surfaces of 

the permeable layer (lines ab and de) are equipotential 

lines.

Condition 2: Because ab and de are equipotential lines, all 

the flow lines intersect them at right angles.

Condition 3: The boundary of the impervious layer—that 

is, line fg—is a flow line, and so is the surface of the 

impervious sheet pile, line acd.

Condition 4: The equipotential lines intersect acd and fg at 

right angles.



• Seepage Calculation from a Flow Net:
..Consider the adjacent flow channel ….

•The rate of seepage through the flow channel per unit length can be calculated as 
follows.
Because there is no flow across the flow lines,



if the flow elements are drawn as approximate squares, the potential 

drop in the piezometric level between any two adjacent equipotential 
lines is the same. Thus,



•If the number of flow channels in a flow net is equal to Nf , the total rate of flow through all 

the channels per unit length can be given by;
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The rate of flow through the channel



Example ….
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SEEPAGE

Part 11



Flow Nets in Anisotropic Soil:

•To account for soil anisotropy with respect to hydraulic conductivity, we must modify the 
flow net construction.

•The differential equation of continuity for a two-dimensional flow

▪For anisotropic soils, (kx≠ kz) In this case, the 
equation represents two families of curves that 
do not meet at 90.

• New transformed coordinate
(x replaced by x’)



Procedure to construct the flow net in Anisotropic Soil:
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Mathematical Solution for Seepage:

The seepage under several simple hydraulic structures can be solved 
mathematically.

Harr (1962) has analyzed many such conditions.



•A nondimensional plot for the rate of seepage around a single row 
of sheet piles.

S: the depth of 
penetration of the 
sheet pile

T’: is the thickness of 
the permeable soil 
layer.



•A nondimensional plot for the rate of seepage under a dam.
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Uplift Pressure Under Hydraulic Structures:

The uplift force per unit 

length can be calculated 

by finding the area of the 
pressure diagram.



Seepage Through an Earth Dam onan Impervious Base:

•a’bc is parabolic.

•The slope of the free surface can be assumed to be equal to the hydraulic 
gradient.



➢It also is assumed that hydraulic gradient is constant with depth (Dupuit, 
1863);

…

➢ Considering the triangle cde, we can give the rate of seepage per unit length 
of the dam;



…



This solution is known as: 
Schaffernak’s solution (1917)

with Casagrande’s correction
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L. Casagrande’s Solution for SeepageThrough an Earth Dam:

Casagrande (1932) showed that , when the downstream slope ngle in Figure 8.13 
becomes (a 30) ,deviations from Dupuit’s assumption (i ≈dz/dx). become more 
noticeable. Thus, L. Casagrande (1932) suggested that:









Filter Design:
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In situ Stress



• Stresses in Saturated Soil without Seepage



The total stress, σ, given by the following equation can be divided into two 

parts:

1. A portion is carried by water in the continuous void spaces. This portion acts 

with equal intensity in all directions.

2. The rest of the total stress is carried by the soil solids at their points of contact. 

The sum of the vertical components of the forces developed at the points of 

contact of the solid particles per unit cross-sectional area of the soil mass is 

called the effective stress.



The value of a`s is small and can be neglected in practical problems

The value of (a`s) is 
extremely small and 
can be neglected



5

❑ effective stress: is approximately the force per unit area carried by 

the soil skeleton.

❑ The effective stress in a soil mass controls its volume change and 

strength.

❑ Increasing the effective stress induces soil to move into a denser 

state of packing.



➢ The effective stress principle is probably the most important concept in geotechnical 

engineering.

➢ The compressibility and shearing resistance of a soil depend to a great extent on the 

effective stress.

➢ The concept of effective stress is significant in solving geotechnical engineering 

problems, such as:

1. the lateral earth pressure on retaining structures

2. The load-bearing capacity

3. settlement of foundations

4. the stability of earth slopes



•Submerged soil in a tank

with no seepage.



•For fine-grained soils, intergranular contact may not physically be there, because 

the clay particles are surrounded by tightly held water film. In a more general sense, 

we can be write:

For granular soils, silts, and clays of low plasticity, the magnitudes of A’ 
and R’ are small. Hence, for all practical purposes,







• Stresses in Saturated Soil with Upward Seepage

➢The total stress at any 
point in the soil mass is 
due solely to the weight 
of soil and water above it.





➢ If the rate of seepage and thereby the hydraulic gradient gradually are increased, 
a limiting condition will be reached, at which point:

❑ where icr critical hydraulic gradient (for zero effective stress). Under such a 
situation, soil stability is lost. This situation generally is referred to as 
boiling, or a quick condition.







• Stresses in Saturated Soil with Downward Seepage



•Seepage Force
The effect of seepage is to increase or decrease the effective stress at a point in a layer 
of soil. Expressing the seepage force per unit volume of soil is convenient.







• Heaving in Soil Due to Flow Around Sheet Piles

•Terzaghi (1922) concluded that heaving generally occurs within a distance 
of D/2 from the sheet piles (when D equals depth of embedment of sheet 
piles into the permeable layer).









• Effective Stress in Partially Saturated Soil
In partially saturated soil, water in the void spaces is not continuous, and it is a three-phase 
system—that is, solid, pore water, and pore air.

❑Bishop, et al. (1960) gave the following equation for effective stress in partially 
saturated soils…





•Bishop, et al. have pointed out that the intermediate values of x will depend primarily 
on the degree of saturation S.
27



• Capillary Rise in Soils



•The height of rise of water in the capillary tube can be given by 
summing the forces in the vertical direction, or







•Effective Stress in the Zone of Capillary Rise

The pore water pressure u at a point in a layer of soil fully saturated by capillary rise is 
equal to -gh.

(h = height of the point under consideration measured from the
groundwater table)

➢where S = degree of saturation, in percent.

❑If partial saturation is caused by capillary action, pore water 
pressure u can be approximated as:
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Stresses in a soil mass



• Normal and Shear Stresses on a Plane

σn : normal stress

τn: shear stress



➢ The normal stress and shear stress that act on any plane can also be 

determined by plotting a Mohr’s circle.



The question that Mohr’s Circle helps to answer is:

Given the stresses on any two perpendicular planes passing through a 

point A, what are the stresses on all other planes passing through the 

same point?





(*special case only when the 
stresses acting on the planes are 
principal stresses).





❑ The Pole Method of Finding Stresses Along a Plane

According to the pole method, we draw a line from a known point on the 

Mohr’s circle parallel to the plane on which the state of stress acts. The point of 

intersection of this line with the Mohr’s circle is called the pole.



❑ The Pole Method of Finding Stresses Along a Plane

To find the stresses on a plane of any orientation:

1. draw a line through the pole P parallel to the plane;

2. the point where this line intersects the Mohr’s circle gives the stresses (σ, ζ) on 

the plane of interest.







• Stresses Caused by a Point Load
Boussinesq (1883) solved the problem of stresses produced at any point in a 

homogeneous, elastic, and isotropic medium as the result of a point load applied on 

the surface of an infinitely large half-space.





• Vertical Stress Caused by a Vertical Line Load





• Vertical Stress Caused by a Horizontal Line Load







Vertical Stress Caused by a Vertical Strip Load (Finite
Width and Infinite Length)

use table 10:4







• Vertical Stress Due to Embankment Loading







• Vertical Stress Below the Center of a Uniformly Loaded
Circular Area







• Vertical Stress at Any Point Below a Uniformly Loaded 
Circular Area









See Example 10:8…



• Vertical Stress Caused by a Rectangularly Loaded Area











•Vertical stress below the center of a uniformly loaded flexible rectangular 
area









• Stress Isobars



• Stress Isobars



• Influence Chart for Vertical Pressure



•Using the values of R/z obtained for various pressure ratios, Newmark (1942) 

presented an influence chart that can be used to determine the vertical pressure at 

any point below a uniformly loaded flexible area of any shape.

IV=1/N

N=No. of elements



•The procedure for obtaining vertical pressure at any point below a loaded 

area is as follows:

1. Determine the depth z below the uniformly loaded area at which the stress increase is 

required.

2. Plot the plan of the loaded area with a scale of z equal to the unit length of the chart ( 

AB).

3. Place the plan (plotted in step 2) on the influence chart in such a way that the point 

below which the stress is to be determined is located at the center of the chart.

4. Count the number of elements (M) of the chart enclosed by the plan of the loaded area.

The increase in the pressure at the point under consideration is given by
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Compressibility of soil



A stress increase caused by the construction of foundations or other loads 

compresses soil layers.

The compression is caused by : (a)deformation of soil particles,
•relocations of soil particles, and

•Expulsion (removal) of water or air from the void spaces.



A stress increase caused by the construction of foundations or
other loads compresses soil layers.
The compression is caused by :

(a)deformation of soil particles,

(b) relocations of soil particles, and

(c) Expulsion (removal) of water or air from the void spaces.



The Soil settlement caused by loads may be divided into
three broad categories:

1. Elastic settlement (or immediate settlement), which is caused by
the elastic deformation of dry soil and of moist and saturated soils
without any change in the moisture content. Elastic settlement
calculations generally are based on equations derived from the
theory of elasticity.

2. Primary consolidation settlement, which is the result of a volume
change in saturated cohesive soils because of expulsion of the water
that occupies the void spaces.

3. Secondary consolidation settlement, which is observed in saturated
cohesive soils and is the result of the plastic adjustment of soil fabrics.
It is an additional form of compression that occurs at constant
effective stress.



ELASTIC SETTLEMENT

• Contact Pressure and Settlement Profile

A perfectly flexible : If the foundation is subjected to a uniformly distributed load, the 

contact pressure will be uniform and the foundation will experience a sagging profile. 

foundation resting on an elastic material such as saturated clay. (Fig 11.1a).

A perfectly rigid : the ground surface subjected to a uniformly distributed load, the 

foundation will undergo a uniform settlement and the contact pressure will be 

redistributed. The contact pressure and foundation settlement profile will be as shown in 

Figure 11.1b:





In the case of cohesionless sand:

1. the modulus of elasticity increases with depth.
2. there is a lack of lateral confinement on the edge of the foundation at the ground 

surface. The sand at the edge of a flexible foundation is pushed outward, and the 

deflection curve of the foundation takes a concave downward shape.

The distributions of contact pressure and the settlement profiles of a flexible and a 

rigid foundation resting on sand and subjected to uniform loading are shown in 

Figures 11.2a and 11.2b, respectively.



8



• Relations for Elastic Settlement Calculation
If the foundation is perfectly flexible, the settlement may be expressed as:



























• CONSOLIDATION SETTLEMENT Fundamentals of 

Consolidation

1. Sandy soils:
When a saturated soil layer is subjected to a stress increase, the pore water

pressure is increased suddenly. In sandy soils that are highly permeable, the

drainage caused by the increase in the pore water pressure is completed

immediately. Pore water drainage is accompanied by a reduction in the volume of

the soil mass, which results in settlement. Because of rapid drainage of the pore

water in sandy soils, elastic settlement and consolidation occur simultaneously.



• CONSOLIDATION SETTLEMENT Fundamentals of Consolidation
2. Clayey soils:

When a saturated compressible clay layer is subjected to a stress increase, elastic settlement occurs

immediately. Because the hydraulic conductivity of clay is significantly smaller than that of sand ,
the excess pore water pressure generated by loading gradually dissipates over a long period .
Thus, the associated volume change (that is, the consolidation) in the clay may continue long after

the elastic settlement. The settlement caused by consolidation in clay may be several times

greater than the elastic settlement.

The time-dependent deformation of saturated clayey soil best can be understood by considering a 

simple model that consists of a cylinder with a spring at its center.







Compressibility of soil
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❑ CONSOLIDATION SETTLEMENT

Fundamentals of Consolidation

1. Sandy soils:
When a saturated soil layer is subjected to a stress increase, the pore water

pressure is increased suddenly. In sandy soils that are highly permeable, the

drainage caused by the increase in the pore water pressure is completed

immediately. Pore water drainage is accompanied by a reduction in the volume of

the soil mass, which results in settlement. Because of rapid drainage of the pore

water in sandy soils, elastic settlement and consolidation occur together.



❑ CONSOLIDATION SETTLEMENT
Fundamentals of Consolidation

2. Clayey soils:

When a saturated compressible clay layer is subjected to a stress increase, elastic settlement occurs

immediately. Because the hydraulic conductivity of clay is significantly smaller than that of sand ,
the excess pore water pressure generated by loading gradually dissipates over a long period .
Thus, the associated volume change (that is, the consolidation) in the clay may continue long after

the elastic settlement. The settlement caused by consolidation in clay may be several times

greater than the elastic settlement.

The time-dependent deformation of saturated clayey soil best can be understood by considering a 

simple model that consists of a cylinder with a spring at its center.







 

❑  One-Dimensional Laboratory Consolidation Test 

 
- The one-dimensional consolidation testing procedure was first 
suggested by Terzaghi. This test is performed in a consolidometer 
(sometimes referred to as an oedometer). 

 
• The test simple procedure: 

• The soil specimen is placed inside a metal ring with two porous stones, 
one at the top of the specimen and another at the bottom. 

• The specimens are usually 64 mm ( 2.5 in.) in diameter and 25 mm. ( 1 
in.) thick. 

• The load on the specimen is applied through a lever arm, and 
compression is measured by a micrometer dial gauge. 

• The specimen is kept under water during the test. 
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-The general shape of the plot of deformation against time for a given load 

increment during consolidation test.





THE THREE STAGES DURING CONSOLIDATION TEST:

Stage I: Initial compression, which is caused mostly by preloading.

Stage II: Primary consolidation, during which excess pore water pressure gradually is 

transferred into effective stress because of the expulsion of pore water.

Stage III: Secondary consolidation, which occurs after complete dissipation of the excess 

porewater pressure, when some deformation of the specimen takes place because of the 

plastic readjustment of soil fabric.



• Void Ratio–Pressure Plots
•step-by-step procedure for studying the change in the void ratio of the specimen with 

pressure:







• Normally Consolidated and Overconsolidated Clays

•A soil in the field at some depth has been subjected

to a certain maximum effective past pressure in its

geologic history.

•This maximum effective past pressure may be equal to or

less than the existing effective overburden pressure at the

time of sampling.

•The reduction of effective pressure in the field may be

caused by natural geologic processes or human processes.

•During the soil sampling, the existing effective overburden pressure is also released, 

which results in some expansion.



•When this specimen is subjected to a consolidation test, a small 

amount of compression (that is, a small change in void ratio) will 

occur when the effective pressure applied is less than the 

maximum effective overburden pressure in the field to which the 

soil has been subjected in the past.

•When the effective pressure on the specimen becomes greater 

than the maximum effective past pressure, the change in the void 

ratio is much larger, and the e–log σ’ relationship is practically 

linear with a steeper slope.

•This leads us to the two basic definitions of clay based on stress

history: Normally Consolidated, and Overconsolidated.



1. Normally consolidated, whose present effective overburden pressure is the maximum 

pressure that the soil was subjected to in the past.

2. Overconsolidated, whose present effective overburden pressure is less than that which 

the soil experienced in the past. The maximum effective past pressure is called the 

preconsolidation pressure.

3. Under consolidated, A soil deposit that has not consolidated under the present 

overburden pressure (effective stress) is called Under Consolidated Soil. These soils 

are susceptible to larger deformation and cause distress in buildings built on these 

deposits .





 *Graphic construction to 

determine preconsolidation 

pressure ’σc from the 

laboratory e–log  ’σplot 

Casagrande (1936).



Compressibility of soil
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The overconsolidation ratio (OCR) for a soil can now be defined as:

Empirical relationships are available to predict the
preconsolidation pressure:



• Effect of Disturbance on Void Ratio–Pressure Relationship

A soil specimen will be remolded when it is subjected to some degree of disturbance. 

This remolding will result in some deviation of the e–log σ’ plot as observed in the 

laboratory from the actual behavior in the field. The field e–log σ’ plot can be 

reconstructed from the laboratory test results in the manner described by (Terzaghi and 

Peck, 1967).



• Calculation of Settlement from One-Dimensional
Primary Consolidation

average vertical strain
=

q kPa

GL
DH

q kPa

GL

Ho

saturated clay

e = eo
saturated clay

e = eo - De

Time = 0+
Time = 



• Calculation of Settlement from One-Dimensional Primary 
Consolidation (continue…)

Consider an element where Vs = 1 initially.

eo

De

1

Time = 0+ Time  =

so the average vertical strain=



• Calculation of Settlement from One-Dimensional

Primary Consolidation (continue…)

Equating the two expressions for average vertical 
strain,

consolidation 
settlement

change in void ratio

initial thickness of clay layer
initial void ratio

•Note That DH = Sc



(a) using e-log svtolp ’

q kPa

H

Dsq=

eo, svo’, Cc,
Cr, sp’, mv

-oedometer test



Cc ~ compression index

Cr ~ recompression
index (or swelling index Cs)

Cr

Cc

Cs



If the clay is normally consolidated,

the entire loading path is along the VCL.

eo

initial

De

so’
so’+ Ds

VCL



If the clay is overconsolidated, and remains so by the end of consolidation,

initial

eo

De

note the use of Cs

VCL

so’ so’+ Ds



If an overconsolidated clay becomes normally consolidated by the end 

of consolidation,

initial

eo

De

VCL

so’ sp’ so’+ Ds



• Compression Index (Cc):

•The compression index for the calculation of field settlement caused by consolidation can be 

determined by graphic construction (as discussed previously) after one obtains the laboratory 

test results for void ratio and pressure.
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Swell Index (Cs):

The swell index is appreciably smaller in magnitude than the compression index 

and generally can be determined from laboratory tests. In most cases,



• Secondary Consolidation Settlement:





• Time Rate of Consolidation:

Terzaghi (1925) proposed the first theory to consider the rate of one-

dimensional consolidation for saturated clay soils.
Mathematical derivation assumptions:
•The clay–water system is homogeneous.
•Saturation is complete.
•Compressibility of water is negligible.
•Compressibility of soil grains is negligible.
•The flow of water is in one direction only.
•Darcy’s law is valid.



• Time Rate of Consolidation:

Consider a layer of 

clay of thickness 2Hdr

(Hdr :length of 

maximum drainage

path) located 

between two highly 

permeable sand layers 

and is subjected to an 

increased pressure.



 (

(a)

(b)

From (a) & (b)



•During consolidation, the rate of change in the volume of the soil element is equal to the 

rate of change in the volume of voids. Thus,

•Assuming that soil solids are incompressible:

(d) Combining eqs. (c) and (b )…

Sub. Into eq. (c)

(c)



The change in the void ratio is caused by the increase of effective stress (i.e., a 

decrease of excess pore water pressure). Assuming that they are related linearly, we 

have:

 *Basic differential equation of Terzaghi’s

consolidation theory (important)

By combining eqs. (d) and (e)



•Solution of Terzaghi’s basic differential equation of consolidation theory:

•Boundary conditions:

•Important

Consolidation progresses by the dissipation of excess pore water pressure, 

thus, degree of consolidation at a distance z at any time t is:

•Important



 *To obtain the variation of degree of consolidation at any depth z. the following figure can also be provided.



-The values of the time factor and their corresponding average degrees 

of consolidation may be approximated by the following simple 

relationship:

 *Also, see the next figure and table .(Important…)

Average degree of consolidation

( *important)



*Important…



 *Important…
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 *To obtain the variation of degree of consolidation at any depth z. the 

following figure can also be provided.



-The values of the time factor and their corresponding average degrees 

of consolidation may be approximated by the following simple 

relationship:

 *Also, see the next figure and table .(Important…)

Average degree of consolidation

( *important)





 *Important…











❑ Coefficient of Consolidation:

❖ The coefficient of consolidation cv generally decreases as the liquid limit of soil 

increases. The range of variation of cv for a given liquid limit of soil is wide.

❖ For a given load increment on a specimen, two graphical methods commonly are 

used for determining cv from laboratory one-dimensional consolidation tests.

➢ The first is the logarithm- of-time method proposed by Casagrande and Fadum

(1940),

➢ The other is the square-root-of-time method given by Taylor (1942).

❖ More recently, at least two other methods were proposed. They are

➢ the hyperbola method (Sridharan and Prakash, 1985) and

➢ the early stage log-t method (Robinson and Allam, 1996).

Only the first two methods will be presented here…



• Coefficient of Consolidation

(logarithm- of-time method)



• Coefficient of Consolidation
(square-root-of-time method)







• Calculation of Consolidation Settlement Under a Foundation

Assuming that the pressure increase varies parabolically, using Simpson’s rule, we can 

estimate the value of D sa ’σ:

Also, we can use the 2:1 method or other method stated in Chapter10 for 

estimating the average stress increase.

For the estimation of settlement; we can divide the clay layer into sub- layers 

and estimate the consolidation settlement for the hole layer by summing up 

each sub-layer settlement to get more accurate estimation for the settlement.









Shear Strength of soil



Strength of different materials

Steel Concrete Soil

Tensile strength Compressive strength Shear

strength

Complex 

behavior

Presence of pore water



Shear failure of soils

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

Strip footing

Failure surface

Mobilized shear 

resistance

Soils generally fail in shear



Shear failure of soils

Retaining wall

Soils generally fail in shear



Shear failure of soils
Soils generally fail in shear

Retainin wall

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

Failure surface

Mobilized shear resistance



Shear failure mechanism

failure surface

❑ The soil grains slide over each other along the failure surface.

❑ No crushing of individual grains.



Shear failure mechanism

At failure, shear stress along the failure surface (τ) reaches the 

shear strength (τf)



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

f

Cohesion
Friction angle

c

tf

s
s

tf lamron rednu ,eruliaf tuohtiw ekat nac lios eht sserts raehs mumixam eht si

 fo ssertss.

t



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

f’

Effective 
cohesion

u = pore water pressure

c’

tf

Effective friction 
angle

s’ s’

tf lamron rednu ,eruliaf tuohtiw ekat nac lios eht sserts raehs mumixam eht si

 fo sserts evitceffes ’.

t



Mohr-Coulomb Failure Criterion
Shear strength consists of two components: cohesive and frictional

. t

tf

f’

s’f tan f’

c’

s’f

frictional 
component

c’

s'

c and f are measures of shear strength .
Higher the values, higher the shear strength.



Mohr Circle of stress

s1

Soiltnemele

s3

Resolving ni secrof s and t directions,
s1

s3



Mohr Circle of stress


s`, t



’



Mohr Circles & Failure Envelope

Failure surface

t

Y

Y

X
X

s’

Soil elements at different locations

Y   elbats ~
X   eruliaf ~



Mohr Circles & Failure Envelope

Y
sc

sc sc+Ds

Initially,tniop a si elcric rhoM

Ds

The soil element does not fail 

if the Mohr circle is contained 

within the envelope

GL

Ds

sc



Mohr Circles & Failure Envelope

GL

Ds

sc

Y
sc

sc

 ..and finally failure occurs rhoM nehw

epolevne eht sehcuot elcric

As loading progresses, Mohr circle 

becomes larger…



Mohr circles in terms of total and effective stresses 

sv sv’ u

X

sh

= X
sh’

+ X
u

t

effectivesesserts
total stresses

sh’ sv’ sh

s or s’

u

sv



Failure envelopes in terms of total & effective stresses

sv sv’ u

X

sh

= X

sh’

+ X
u

If X is on failure

t
Failure envelope in terms of 

effective stresses
F`

effective stresses

Failure envelope in terms 

of total stresses

f

total stresses

c’ c

sh’ sv’ sh
s or s’

u

sv



Mohr Coulomb failure criterion with Mohr circle of stress

s’v  =s ’1

s’h  =s ’3

t
Failure envelope in terms of 

effective stresses

X

effective stresses

X is on failure

f’ c’

s’

c’ Cotf (s1’+s3`)/2

Therefore,



Mohr Coulomb failure criterion with Mohr circle of stress

**Very important 





Laboratory tests

How to take undisturbed samples



Laboratory tests
Field conditions

A representative soil sample

svc
z z

svc + D s

shc shc shc shc

svc svc + D s

Beforenoitcurtsnoc After and during construction



Laboratory tests
Simulating field conditions in the laboratory

Representative soil sample taken from the site  

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

Step 2
Apply the corresponding field stress conditions



Direct shear test

Schematic diagram of the direct shear apparatus



Direct shear test

Preparation of a sand specimenComponents of the shear box

Direct shear test is most suitable for consolidated drained tests specially on granular soils 

(e.g.: sand) or stiff clays

Preparation of a sand specimen



Direct shear test
Preparation of a sand specimen

Pressure plate

Specimen preparation completedLeveling the top surface of specimen



Direct shear test





Direct shear test

Analysis of test results

Note: Cross-sectional area of the sample changes with the horizontaldisplacement



Direct shear tests on sands
Stress-strain relationship

t

Dense sand/ OC clay

f

t
f

Loose sand/ NC clay

Shear displacement

Shear displacement

Loose sand/NC Clay

Dense sand/OC Clay





Direct shear tests on sands

Sand is cohesionless 

hence c = 0

Direct shear tests are 

drained and pore water
pressures

Therefore,
f ’ = f and c`= c= 0

Some important facts on 

strength parameters c 

and f of sand

are dissipated ,

Hence u = 0



Direct shear tests on clays
Failure envelopes for clay from drained direct shear tests



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)

Where,

ca = adhesion,

f =angle of internal friction



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



Shear Strength of Soil
Part II



Triaxial shear Test

The specimen is
enclosed in a thin
rubber membrane.
• The specimen is
then placed in a
chamber confined by
compressing the fluid
in the chamber
• Axial stress is
applied through a
vertical ram



Triaxial Test
Specimen preparation (undisturbed sample)



 

Triax ial Shear Test 

Spec im en preparat ion (undist urbed sam ple) 
 

  
 

Setting up the sample 

in the triaxial cell 

Edges of the sample 

are carefully trimmed 



 

Triax ial Shear Test 

Spec im en preparat  ion (undist urbed sam ple) 

Sample is 

with a 

covered 

rubber 

membrane and sealed 

Cell is completely 

filled with water 



 
 
 

 

Triax ial Shear Test 
Spec im en preparat ion (undist urbed sam ple) 

 
Proving ring to 

measure the 

deviator load 

 

Dial gauge to 

measure vertical 

displacement 

In some tests 



 

Types of Triax ial Test s deviatoric stress 

( = q) 

Step 1 
c Step 2 

c c 
c c 

c 
c+ q 

Is the drainage valve open? Is the drainage valve open? 

yes no yes no 

Unconsolidated 

sample 

Undrained 

loading 

Drained 

loading 

Consolidated 

sample 

Shearing (loading) 
Under all-around cell pressure c 



Type of triaxial tests



Consolidated- drained test (CD Test)



Consolidated- drained test (CD Test)



Consolidated- drained test (CD Test)



Consolidated- drained test (CD Test)



Consolidated-Undrained Triaxial Test



Consolidated-Undrained Triaxial Test



❑ Results from UU are always plotted using total stresses.

❑ Thus, the shear strength is expressed in terms of total stress, 
using c and ϕ. 

❑ Pore water pressures are not measured and are unknown

Unconsolidated-Undrained (UU)  



Unconsolidated-Undrained Triaxial Test



Example 1





Example 2








