
 

SOIL PROPERTIES 

 

Physical properties 

Soils, as they exist in nature, consist of solid particles (mineral grains, rock 
fragments) with water and air in the voids between the particles. The water and air 
contents are readily changed by changes in ambient conditions and location. 

As the relative proportions of the three phases vary in any soil deposit, it is useful to 
consider a soil model which will represent these phases distinctly and properly 
quantify the amount of each phase. A schematic diagram of the three-phase system 
is shown in terms of weight and volume symbols respectively for soil solids, water, 
and air. The weight of air can be neglected. 

 

 

 

Phase diagram 

 

The physical properties of soils and rocks are: 

- Specific gravity                                   ρs = 
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- Bulk density                                         ρn = 
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- Dry density                                          ρd= 
��
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 , g/cm3 

 



- Porosity                                                n= 
��

�
 , % 

 

- Void ratio                                              e= 
�
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- Water content                                     Wn= 
��

��
. 100 , % 

     
- Liquid limit                                          Ll –     the water content at which the                                                                      

behavior of a clayey soil              
changes from  plastic to liquid. 

- Plastic limit                                          Lp –   the water content at which the                                                                      
behavior of a clayey soil              
changes from  plastic to liquid. 

 
- Plasticity index                                    Ip= Ll- Lp  , %     

 

- Consistency Index                              Ic= 
����

����
            

 
 

- Bulk Unit Weight                                 γ= ρn . g , kN/m3         
 

-  Saturated Unit Weight                       γr= γd +n.γw , kN/ m3    
 

-  Buoyant Unit Weight                         γ’ = γr – γw ,  kN/m3 
 
or Effective Unit Weight 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Strengh, Stress, Strain 

The strength  of any material is measured by it’s “ability to withstand stress or 
deformation” (Webster). Under externally applied loads materials develop internal 
reactive forces which depend on the nature of the load. A load may cause tension or 
compression, shearing, bending or torsion in the material. 

Engineers employ relations to evaluate the magnitude of the tensile, compressive 
and shear forces which a material can resist on load application. 

Failure occurs when the strength of a material is exceeded. 

In rheology the deformation of materials by flow is investigated. 

Strength and rheology determine the mechanical behavior  of soils and rocks. This 
is important to those engineers and geologist concerned with predicting such 
variables as the stability of natural and artificial slopes, bearing capacity and 
settlement. 

Stress  is defined as a force per unit area. 

When a randomly directed stress is applied to a plane solid surface it can be 
resolved into two components one at right angles, and the other parallel, to the 
surface. 

The component which is to the right angle to the surface is defined as the normal 
stress σ , and the component which is parallel to the surface is defined as the shear 
stress τ . 

A plane acted on only by a normal stress is termed principal plane ; such a plane is 
acted on by no  shearing stress. 

In general there are three principal planes which intersect in 90o angle, three 
principal stresses known as the major principal stress σ1 , the intermediate 
principal stress σ2  and minor principal stress σ3 , which act normally to the 
corresponding principal planes. The difference between major and minor principal 
stresses is termed the stress difference. 

When a force is applied to a plane, which is inclined to the principal planes  it is 
acted on, by both a normal stress and a shear stress. 

 

 



Strain  is a change induced by stress in the volumetric or linear dimension of a 
material body. 

Distortion is change in shape and dilation is change in volume. 

 

The deformation properties of the materials are commonly represented graphically on 
a diagram in which stress is plotted as ordinate versus strain as abscissa. 
The graph generally shows an initial linear relationship between stress and strain as 
an applied force at first induced an elastic deformation in many materials. At higher 
stress the relationship between stress and strain ceases to be linear. 
The stress required to cause permanent strain may be termed the breaking 
strength. 

When the stress rises to a maximum and then falls to a lower value the maximum 
has been termed the peak stress  and the lower value the ultimate stress . 

Some clays show a stress-strain curve of the type shown on a figure. 

 

 

 



Nature of soils 

 
Soils consist of an assemblage of particles with water and air filling the void spaces 
between. 
The particles are generally either rock fragments  (gravel size or larger) or rock 
forming mineral  (size sand and smaller). 
The rock forming minerals are either massive minerals  (quartz and feldspars) or 
clay minerals  (kaolinite, illite, chlorite, montmorillonite and halloysite). 
The presence of water strongly influences the physical interaction of soil particles. 
Massive minerals do not absorb  much water as their surfaces are usually inactive. 
Clay minerals  are formed from sheets of silicates, which are frequently charged 
electrically and tend to absorb water readily. The ions present in the pore water can 
influence the electrochemical interaction between clay particles and thus the water 
may influence the shear strength parameters of a soil. 
 
The strength and rheological properties of soils and rocks depend upon the extend 
of aggregation and cementation of the minerals, the nature  of the minerals, their 
arrangement and packing density  and on the mechanical, physical and 
chemical interaction of the minerals with one another and with entrapped pore 
solutions and air.  
The physical nature of water in close proximity to mineral surface and the amount 
of water and composition of solutions actually present are also important. 

Soil strength is generally considered in terms of shear strength by soil engineers. 

It was proposed by Mohr (1900) that there are two general conditions under which 
permanent deformation or fracture of a body may take place. 

He considered that one possibility of failure  occurs when the shearing stress in the 
slip planes attains a limiting value.  The actual limiting value of shear will itself also 
generally depend upon the stress normal  to the slip planes so that on the plane of 
failure shear stress may be expressed as a function of the normal stress. 

The other proposed under which failure may occur is when the maximum tensile 
normal stress reaches a value of the material. 
It has been observed that samples which have been stressed to failure commonly 
show two sets of slip planes  which intersect along the intermediate principal stress 
direction and are symmetrically oriented with respect to the major and minor principal 
stress. 

The normal and the shearing stress on the probable plane of failure may be derived 
from mathematical equations or from a graphical construction  known as the 
Mohr diagram.  

 



A mathematical equation was proposed by Coulomb and is known as Coulomb’s 
Law.  

The stress on the inclined plane may be derived directly from the diagram. Such a 
plane is represented by AB.   
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This value of the normal stress on this plane may be read of the Mohr diagram by 
measurement of OC and the value of the shear stress is given by the measurement 
of BC. 

α  - predicted angle between share plane and horizontal    

In Mohr’s hypothesis the failure of the material is assumed not to be influenced by the 
intermediate principal stress. 

Data from a series of strength tests may be represented on the diagram. From the 
series of values for σ1  and σ3 obtained in the separate tests a series of Mohr circles 
are plotted together on the same diagram. 

A line which is approximately straight, may be drown as tangent  to the circles and is 
known as Mohr’s envelope.  It’s exact shape and position depends upon the material 
and in practice may be curved. 



The equation which represents a special case of Mohr’s strength theory, is as 
follows: 

τ σ ϕ= c + tan , where: 

τ −  shear strength; 
−c  apparent cohesion; 

σ −  pressure normal to the shear plane; 
tanϕ − angle of shearing resistant or internal friction; 

It defines a straight line known as Mohr’s envelope which may be plotted on a graph 
showing shear stress as ordinate versus normal stress as abscissa. 

Mohr’s introduced a diagrammatic method  for the derivation of shear and normal 
stress on a plane which is at right angles  to one principle plane  and which makes 
an angle α  with the minor principal stress. 

In the Mohr diagram shearing stresses are plotted in the direction of the ordinate 
versus normal stress in the direction of the abscissa. Shear stresses are zero on the 
principal planes so values which correspond toσ1  and σ3 , the major and minor 
principal stresses, are plotted along the abscissa  from the origin. 

Though these points a circle is constructed of radius: 

( )1
r = σ1 - σ3

2
 

The centre of the circle is on the abscissa at a distance from the origin of: 

( )1
d = σ1 + σ3

2
 

The difference between major and minor principal stresses, ( )σ1 − σ3  is sometimes 

called the deviator stress. 
Mohr’s envelope similarly represents the properties of the material under the 
conditions of the test. 
If the greatest test circle just touches the Mohr envelope the material is at the point of 
failure under the given set of stress conditions. 

Soils derive their strength from the contacts between particles which can transmit the 
normal and shear forces. In general these inter-particle contacts are primarily 
frictional, and so shear strength is directly governed by the effective stresses. 

Element of soil whose shear strength has been fully mobilized under principal 
stresses σ1  and σ3  are shown in the FIG. The Mohr circle for this condition is 
shown together with the circles for other similar tests on the same soil in which the 
strength has been fully mobilized under different combinations of stresses. 



 

 

The soil cannot sustain a state of stress given by point X as this lies outside the 
failure. 

If a circle does not touch the envelope, failure is unlikely at the conditions of the 
stress. 

 
According to the theory of failure the angle α  between the shear plane and the 
horizontal should equal ( )45 2/ϕ+ but in practiceα  is often larger that the value 

measured on Mohr’s constructions. The apparent cohesion  may be read directly 
from the value of the ordinate at the point at which it is intercepted by Mohr’s 
envelope. The angle between Mohr’s envelope and the horizontal axis isϕ , the 
angle of internal friction. 

One modification of Coulomb’s Law makes allowance for the pressure of pore 
solutions which develops due to shearing. 

The minerals in the soil may be thought of as forming a framework of skeleton  
which carries the shear stress. 

The normal stress on any plane, however results not only from the stress carried by 
the solid particles but also from the pressure of the pore fluids. 

Therefor the total stress normal to the shear plane is replaced in Coulomb equation 
by the “effective stress ”, 'σ . 
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This is given byσ - u , the difference between the total stress,σ , and the pore water 
pressure u. 
The principle of effective stress has been developed from the work of Terzaghi 
(1932). 

 

 

The Coulomb equation may be further modified and expressed in following form: 

 

( )  where'        rτ σ ϕ τ σ ϕ= cr + tan = c + tan  

−cr true cohesion which depends only on water content at failure, 

rϕ − true angle of internal friction, 

'σ − effective normal stress on the plane of failure, 



' uσ σ= −  

σ − total stress, 

u − pore pressure. 

'w wτ σ ϕ= c + tan  

Total stress is equal to the total force per unit area acting normal to the plane, and 
pore pressure may vary independently. 

The effective stress cannot be measured directly but the total stress and pore 
pressure must first be determined separately. 

Where stresses applied to the soil are wholly supported by the pore fluid pressure, 
they are not felt by the contacts between particles and the soil behaviour is not 
affected. 

If a soil has not been subjected to a greater vertical effective stress in the past than it 
is carrying at present it is said to be normally-consolidated.  

If in the past the soil has carried a larger vertical effective stress than at present, it is 
said to be over-consolidated.  

Normally-consolidated soils are weaker and more compressible than over-
consolidated soils under the same state of stress.  

Mohr’s envelope similarly represent the properties of the material under the 
conditions of the test. 

If the greatest test circle just touches the Mohr envelope the material is at the point of 
failure under the given set of stress conditions. 

Mohr’s circle is a graphical representation of the applied stress. 

Mohr’s envelope similarly represents the properties of the material under the 
conditions of the test. 

If the greatest circle just touches the Mohr’s envelope the material is at the point of 
failure under the given set of stress conditions. 

In order to obtain a proper estimate of soil strength the effective stress has to be 
evaluated. It is the difference between the total stress and pore pressure of the liquid 
phase. In laboratory tests the pore pressure may be measured by a device which is 
in a hydraulic continuity with the soil-pore fluid via the porous plates which are in 
contact with the soil sample in the testing machine. As another alternative the 
experiment may be carried out under such conditions that changes in pore pressure 
are known. 

 

 

 



Compressive force

Shear force
Pre-determined

plane of failiure

Direct shear test  

In the direct shear test the split container is employed. The soil sample is stressed to 
failure by moving one part of the container relativ e to the other. 
The soil sample is made to fit snugly into the box and is loaded vertically by a 
constant compressive force. In the horizontal plane one box is sheared relative to the 
other. 

If shear force is increased at a given rate and the resulting strain is measured the test 
is termed stress controlled. 
If the separated parts of the container are moved relative to one another at a given 
rate and the force is measured the test is termed strain controlled.  
The plane of shear failure is pre-determined by the nature of the test and this plane is 
unlikely to be the weakest in the sample as a whole. 
 

 

 

 

 

 

 

 

Triaxial test 

The apparatus is designed so that stress may be applied in both vertical and 
horizontal directions. A cylindrical sample is subjected to a constant confining in the 
horizontal or radial direction and an increasing axial or vertical stress until the sample 
fails in shear. The axial pressure represents the major principal stress. The pressure 
in the horizontal plane which represents the other two principal stresses is equal in all 
the directions as it is applied hydraulically through water, oil or air.  

The triaxial apparatus may be either stress- controlled or strain- controlled.  

The triaxial test is more involved than the direct shear test but the apparatus is more 
adaptable. Also the plane of failure is not pre- determined, the conditions of the test 
are more controllable and the state of stress can be ascertained throughout the test.  



 

 

 

 

 

 


