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CONSOLIDATION OF SOILS 

A stress increase caused by the construction of foundations or other loads compresses soil 
layers.  The property of the soil due to which a decrease in volume occurs under 
compressive forces is known as compressibility of soil. Compressibility is related to the 
magnitude of effective stress acting on the soil at that time. The compression is caused by  

(a) Deformation and relocation of soil particles 
(b) Compression and expulsion of air in the voids 
(c) Expulsion of water from voids 

When the soil is fully saturated, compression of soil occurs mainly due to the expulsion of 
water.  The compression of a saturated soil under a steady static pressure is known 
as consolidation. 

Compression of the soil below a structure causes settlement of the structure, which, is the 
vertical downward movement of the structure due to volume decrease of the soil on which it 
is built.  In general, the total settlement in soil caused by loads may be divided into three 
broad categories: 

1. Immediate settlement (or elastic settlement) 

Immediate settlement (Si or i) is caused by the elastic deformation of dry soil and of 
moist and saturated soils without any change in the moisture content.   Immediate 
settlement calculations are generally based on equations derived from the theory of 
elasticity. 

2. Primary Consolidation Settlement 

Primary consolidation settlement (Spc or pc) 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 

Secondary consolidation settlement (Sc) 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. 

Consolidation test 

Oedometer test 

A disc of soil is enclosed in a stiff metal ring and 
placed between two porous stones in a cylindrical 
container filled with water. A metal load platen 
mounted on top of the upper porous stone 
transmits the applied vertical stress (vertical total 
stress) to the soil sample.  Both the metal platen 
and the upper porous stone can move vertically 
inside the ring as the soil settles under the applied 
vertical stress.  The ring containing the soil sample 
can be fixed to the container by a collar (fixed ring 
cell) or can move freely in the vertical direction 
(floating ring cell). 

The fixed ring cell can also be used as variable 
head permeability test apparatus.  For this purpose, a piezometers is attached to the base of 
the cell. 

Specimens with diameters ranging from 60 mm to 100 mm and thickness ranging from 15 
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mm to 30 mm are used.  The ratio of diameter to height is between 2.5 and 5.  This ratio is 
usually taken as 3.  Specimens with large diameter to height ratios suffer from disturbance to 
soil structure due to trimming, while those with smaller ratios have greater side friction. 

An initial seating load of 5 kN/m2 (2.5 kN/m2 for very soft soils) is applied to prevent swelling.  
The load is applied till there is no change in the dial guage reading or 24 hours whichever is 
less. 

Incremental loads, including unloading sequences, are applied to the platen.  A dial gauge 
measures the settlement of the soil at various fixed times, under each load increment.  Each 
loading increment is allowed to remain on the soil until the change in settlement is negligible 
and the excess pore water pressure developed under the current load increment has 
dissipated.  For many soils, this usually occurs within 24 hours, but longer monitoring times 
may be required for exceptional soil types, e.g. montmorillonite. 

It is usual practice to double the previous load in each increment.  The successive pressures 

usually applied are 20, 40, 80, 160, 320 and 640 kN/m2.  For each load increment or 

decrement, the dial guage readings are noted at 0.25, 1.0, 2.25, 4.0, 6.25, 9.0, 12.25, 16.0, 

20.25, 25, 36, 49, 64, 81, 100, 12, 144, 169, 196, 225, 289, 324, 400, 500, 600 and 1440 

minutes.   After consolidation under the final load increment is complete, the loads are 

reduced to one-fourth of the previous load and dial guage readings are noted for each load 

decrement till the load is reduced to initial seating load. 

The data obtained from the one-dimensional consolidation test are as follows: 

 Initial height of the soil, Ho, which is fixed by the height of the ring. 

 The current height of the soil at various time intervals under each load (time-
settlement data). 

 The water content at the beginning and at the end of the test, and the dry weight of 
the soil at the end of the test. 

 

Determination of void ratio at various load increments 

The results of the consolidation test are plotted in the form of a plot between the void ration 
and the effective stress.  It is therefore required to determine the void ratio at various load 
increments.  There are two methods: 
 

1. Height of solids method – Applicable to both saturated and unsaturated soils 
2. Change in void ratio method – Applicable only to saturated soils. 

 
1.  Height of solids method 

The equivalent height of solids is determined from the dry mass of the soil.  The height of 
solids is given by  
 

𝐻𝑒 =  
𝑉𝑠

𝐴
=  (

𝑀𝑠

𝐺𝜌𝑤
) .

1

𝐴
 

 
Where He = height of solids, Vs = volume of solids, Ms = dry mass of solids, G = specific 
gravity of solids, A = cross sectional area of specimen. 
From the definition of voids ratio 

𝑒 =  
𝑉 − 𝑉𝑠

𝑉𝑠
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𝑒 =  
(𝐴𝑥 𝐻) −  (𝐴𝑥𝐻𝑠)

(𝐴𝑥𝐻𝑠)
=  

𝐻 −  𝐻𝑠

𝐻𝑠
 

 
Where H is the total height (total thickness). 
 
The total thickness is measured once either at  the beginning or at the end of the test.  At 
other stages of loading, the thickness H is worked out form the measured thickness and the 
difference in dial guage readings. 
 
 
2.  Change in void ratio method 

The final void ratio 𝑒𝑙 corresponding to the complete swelling conditions after the load has 
been removed, is determined from its water content, using the equation  
 

𝑒𝑙 = 𝑤𝐺 

 
From the definition of void ratio  

𝑒 =  
𝑉 − 𝑉𝑠

𝑉𝑠
=  

𝑉

𝑉𝑠
−  1 

 

𝑉 =  𝑉𝑠(1 + 𝑒) 

 

𝐴 𝑥 𝐻 = 𝑉𝑠(1 + 𝑒)  ……………….(a) 

By partial differentiation, 
  

𝐴 𝑑𝐻 =  𝑉𝑠 . 𝑑𝑒…………….(b) 
 

From (a) and (b) 
 

𝑑𝐻

𝐻
=  

𝑑𝑒

1 + 𝑒
 

 
 

∆𝑒 =  
(1 + 𝑒)∆𝐻

𝐻
 

 

H is the change in thickness at the end of the test. 
 
Consolidation test results 

(1) Dial guage reading-time plot 
 

This plot is useful for the determination of coefficient of 
consolidation, which is useful for the determination of 
rate of consolidation in the field. This plot is drawn for 
each increment of load.  The figure below shows a 
typical plot of Dial guage reading Vs time for sand and 
clay.  The thickness just after the application of the load 
increment (t = t0) is maximum which decreases as the 
time increases.  The decrease is rapid initially but 
decreases as time passes.  There is practically no 
change in thickness after 24 hours.  For sand, change 

in thickness occurs very rapidly and stops after a few minutes due to high 
permeability of sand.  
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(2) Final void ratio-effective stress plot 
 
 

This plot is required for determination of the magnitude 
of the consolidation settlement in the field.  The 
thickness of the specimen after 24 hours of application 
of the load increment is taken as the final thickness for 
that increment.  The final void ratio corresponding to the 
final thickness for each increment is determined using 
the height of solids or change in void ratio method. 

  
 
 

(3) Final void ratio – log ’ plot 
 
 
 
 
 
 
 
 
 
 
 
 

The plot of e Vs log ’ is practically a straight line for a normally consolidated clay 
within the range of pressure usually encountered in practice. 
 
 

(4) Unloading and reloading plot 
 
The changes in void ratio or settlement are not linearly related to vertical effective 
stress.  Typical plots by which soil settlement versus vertical effective stress is 
presented are shown below.  The amount of settlement depends on the history of 
loading the soil and the vertical effective stress to be applied.  The history of loading 
is described by the over-consolidation ratio - the ratio of the past vertical effective 
stress to the current vertical effective stress. 
 

1. During the initial stages for 
pressures less than the past effective 
stress, the soil sample follows 
recompression curve, AB. 

 
2. At pressures greater than the 

past effective stress, the sample 
follows virgin compression curve,   BC, 
also known as normal consolidation 
line 

 

 
3. From ‘C’ when the sample is unloaded, sample expands and traces path CD 

(expansion curve - unloading) 
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4. Sample undergoes permanent strain due to irreversible soil structure and there is a 
small elastic recovery. 

5. The deformation recovered is due to elastic rebound 
6. When the sample is reloaded-reloading curve lies above the rebound curve and 

makes an hysteresis loop between expansion and reloading curves. 
7. The reloaded soils show less compression. 
8. Loading beyond ‘C’ makes the curve to merge smoothly into portion EF as if the soil 

is not unloaded. 
 

Primary Consolidation parameters 

Coefficient of compressibility, av 

The coefficient of compressibility, av, is defined as decrease in void ratio per unit increase in effective 

stress.  It is equal to the slope of the z  vs  ez curve at the point under consideration. 

 

Coefficient of volume change or coefficient of volume compressibility or Modulus of volume 
compressibility, mv 

The slope BC in fig. 1c is called the  modulus of volume compressibility, mv, and is obtained from the 

plot of z vs z as 
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where the subscripts 1 and 2 denote two arbitrarily selected points on the NCL.  For most clays mv = 
1 x 10-3 to 1 x 10-4 m2/kN. 

mv may also be expressed as volumetric strain per unit increase in effective stress (this is inverse of 
bulk modulus). Thus,  
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where Vo is the initial volume, V is the change in volume and ’z is the change in effective stress.    

The volumetric strain (V/ Vo) can be expressed in terms of either void ratio or the thickness of the 
specimen. 

a. Let eo be the initial void ratio and the volume of solids be unity.  Therefore, the initial 

volume Vo is equal to (1 + eo).  If e is the change in voids ratio due to change in volume V, 

then V = e.  Thus,  
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b. As the area of cross-section of the sample in the cosolidometer remains constant, the 

change in volume is also proportional to the change in height. Thus V = H. 
Therefore,  

oo H

H

V

V 



 

where Ho is the initial height.  Therefore, mv becomes, 
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The relationship between av and mv can now be written as  
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The coefficient of volume change depends upon the effective stress at which it is determined.  Its 
value decreases with an increase in the effective stress. 

Coefficient of compression or compression index, Cc 

The coefficient of compression or compression index, Cc, is obtained from the plot of   log z  vs e as 
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where the subscripts 1 and 2 denote two arbitrarily selected points on the NCL.   

The compression index of a clay is related to its index properties, especially the liquid limit.  Terzaghi 
and Peck gave the following empirical relationship for clays of low to medium sensitivity: 

 

(a) for undisturbed soils: Cc = 0.009(wL – 10) 

(b) for remoulded soils:  Cc = 0.007(wL – 10) 
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where wL = liquid limit (%).  The value of Cc normally varies between 0.1 to 0.8. 

Expansion index, Ce 

The expansion index or swelling index (Ce) is the slope of the e Vs log z plot obtained during 
unloading. 

𝐶𝑒 =  
∆𝑒

1
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log

z

z
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Expansion index is much smaller than compression index. 

Recompression index, Cr 

The recompression index, Cr,(slope BC in fig. 1b) is obtained from the plot of log z  vs e  as 
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where the subscripts 1 and 2 denote two arbitrarily selected points on the URL. 

The recompression index is appreciably smaller than the compression index.  It is usally in 
the range of 1/10 to 1/5 of the compression index. 

Normally consolidated, over-consolidated  and under-consolidated clays 

A normally consolidated clay is one which had not been 

subjected to a pressure greater than the present existing 

pressure. A soil is said to be over-consolidated if it had been 

subjected in the past to a pressure in excess of the present 

pressure. 

The portion AB of the curve shown in figure represents the 

soil in normally consolidated condition. 

The ratio of the past maximum vertical effective stress (’zc) 

to the current vertical effective stress (’zo) is called the over 

consolidation ratio (OCR) or degree of overconsolidation.   

For example, if the past maximum vertical effective stress is 100 kPa and the current vertical 

effective stress is 100 kPa, the OCR =1.  A soil with OCR =1 is called normally consolidated; 

a soil with 2 < OCR < 1 is called a lightly over-consolidated soil; a soil with OCR > 2 is called 

an over-consolidated soil.  A normally consolidated soil settles much more than an over-

consolidated soil. 

Under-consolidated clays:  If a clay deposit has not reached equilibrium under the applied 

overburden loads, it is said to be under-consolidated.  This normally occurs in areas of 

recent land fill. 
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Casagrande’s method to determine the pre-consolidation effective stress 

The maximum past effective stress to which the soil is subjected to in the past is called the 

pre-consolidation effective stress.        

1. Identify the point of maximum 
curvature, D, on the initial part of the 
curve. 

2. Draw a horizontal line through D. 
3. Draw a tangent to the curve at 

D. 
4. Bisect the angle formed by the 

tangent and horizontal line at D. 
5. Extend backward the straight 

line portion of the curve (the normal 
consolidation line), BA, to intersect the 
bisector line at F. 

6. The abscissa of F is the pre-

consolidation stress,
'

zc . 

 

Terzaghi’s one dimensional consolidation theory - Derivation of differential equation 

Assumptions   

1. The soil is homogeneous, isotropic and fully saturated 
2. The solid particles and water in the voids are incompressible.  The consolidation 

occurs due to expulsion of water from the voids. 
3. The coefficient of permeability of the soil has the same value at all points, and its 

remains constant during the entire period of consolidation. 
4. Darcy’s law is valid throughout the consolidation process. 

 

 

Consider a saturated clay layer of thickness 2d (= H) sandwiched between two layers of 

sand as shown in the figure below.  When a uniform pressure z is applied on the surface 
of the top sand layer, the total stress developed at all points in the clay layer is increased by 
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z.  Initially the whole of the pressure is taken up by the water, and the excess pore water 

pressure of z/w develops.  Excess pore water pressure is shown on the right side of the 
figure.  Assume that various points along the thickness of the clay layer are connected by 
flexible tubes to the piezometers.  At t = 0, just after the application of the load, the excess 

pore water pressure uo is equal to z/w throughout the layer.  This is represented by the 
horizontal line AB.  The excess pore water pressure is independent of the position of the 
water table.   

Water starts escaping towards the upper and lower sand layers due to excess pore water 

pressure developed.  The excess pore water pressure at the top and bottom of the clay layer 

indicated by points C and E in the pressure diagram drops to zero.  However, excess pore 

water pressure in the middle portion of the clay layer at D remains high.  The curves 

indicating the distribution of excess pore water pressure are known as isochrones.  The 

isochrone CDE indicates the distribution of excess pore water pressure at time t.   

As the consolidation progresses, the excess pore water pressure in the middle of the clay 

layer decreases.  Finally at time t = tf, the whole of the excess pore water pressure has been 

dissipated, and the pressure distribution is indicated by the horizontal isochrone CFE.    

Consider the equilibrium of an element of the clay at a depth z from its top at time t.  The 

consolidation pressure z is partly carried by water and partly by solid particles as  

z = z
’ + u 

where z
’ is the pressure carried by solid particle and u is the excess pore water pressure. 

The hydraulic gradient (i) at that depth is equal to 

the slope of the isochrone CDE at a horizontal 

distance z from the point C in the pressure 

diagram. 

Thus,     
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where u is the excess porewater pressure at depth z. 
 
From Darcy’s law, the velocity of flow at depth z is given by 
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The velocity of flow at the bottom of the element of thickness z can be written as  
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The discharge entering the element Qin is  

Qin = v(x x y) 

Where x and  y are the dimensions of the element in plan. 

The discharge leaving the element Qout is  
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Therefore, the net discharge squeezed out of the element is given by  
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As the water is squeezed out, the effective stress increases and the volume of the soil mass 

decreases. Therefore from the definition of modulus of volume compressibility,  
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where oV  = initial volume of soil mass and  
'

z  = increase in effective stress. 

The decrease in volume of soil mass per unit time is  
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As the decrease in volume of soil mass per unit time is equal to the volume of water 

squeezed out per unit time, eqns. (b) and (c) give 
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For a given pressure increment )( z = 0. Therefore, eqn.(d) becomes 
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From eqns. (1) and (2)  
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where cv is the coefficient of consolidation and is given by 
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Eqn. (3) is the governing differential equation for one-dimensional consolidation.  It allows to 

predict the changes in excess porewater pressure at various depths within the soil with time. 

Solution of governing consolidation equation using Fourier series 

The solution of any differential equation requires knowledge of the boundary conditions.  By 

specifying the initial distribution of excess porewater pressures at the boundaries, solutions 

for the spatial variation of excess porewater pressures with time and depth can be obtained.  

Various distributions of porewater pressures within a soil layer are possible.  Two of these 

are shown below.  One of these is a uniform distribution of initial excess porewater pressure 

with depth.  This may occur in a thin layer of fine-grained soils.  The other is a triangular 

distribution.  This may occur in a thick layer of fine-grained soils. 

 

The boundary conditions for a uniform 

distribution of initial excess porewater 

pressure in which double drainage 

occurs are 

When t = 0, u = uo = z. 

                                                                                                                                 

At the top boundary, z = 0, u = 0. 

At the bottom boundary, z =  H = 2d, where d is the length of the drainage path,  u = 0 
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A solution for the governing one-dimensional consolidation equation satisfying these 

boundary conditions is obtained using the Fourier series, 

𝑢 =  
4𝑢𝑖

𝜋
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                      …………..(4) 

where 𝑢𝑖 is the initial excess pore water pressure and N is a positive integer with values from 

0 to , and  

    
2d
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T v

v                                                                                  ………….(5) 

Tv is known as the time factor; it is a dimensionless term. 

A plot of eqn.(4) gives the variation of excess pore water pressure with depth at different 

times.   

Consider any arbitrarily selected isochrone at any time t or time factor Tv as shown in figure.  

At time t = 0 (Tv = 0), the initial excess porewater pressure, uo, is equal to the applied 

vertical stress throughout the soil layer.  As soon as drainage occurs, the initial excess 

porewater pressure will immediately fall to zero at the permeable boundaries.  The maximum 

excess porewater pressure will occur at the center of the soil layer because the drainage 

path there is the longest. 

At time t > 0, the total applied vertical stress increment z at a depth z is equal to the sum 

of the vertical effective stress increment z
’ and the excess porewater pressure uz.  After 

considerable time (t  ), the excess porewater pressure decreases to zero and the vertical 

effective stress increment becomes equal to the vertical total stress increment.   

The degree of consolidation or consolidation ratio, uz, which gives the amount of 

consolidation completed at a particular time and depth can mathematically expressed as  

i

i
z

u

uu
u


  

𝑢𝑧 = 1 − ∑
2

𝑀
𝑠𝑖𝑛 (

𝑀𝑧

𝑑
) 𝑒−𝑀2𝑇𝑣

∞

𝑁=0

 

Where 𝑀 =  
𝜋

2
(2𝑁 + 1) 

The consolidation ratio is zero everywhere at the beginning of the consolidation but 

increases to unity as the initial excess porewater pressure dissipates. 

The average degree of consolidation, U, of a whole layer at a 

particular time rather than the consolidation at a particular depth 

is more often required.  The shaded area in the figure 

represents the amount of consolidation of a soil layer at any 

given time.  The average degree of consolidation can be 

mathematically expressed as  
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𝑈 =  
𝑈𝑖 − 𝑈𝑡

𝑈𝑖
 

The figure below shows the variation of the average degree of consolidation with time factor 

Tv for a uniform and a triangular distribution of excess porewater pressure.  A convenient set 

of equations for double drainage found by curve fitting this figure is  

 

 

 

 

 

 

 

 

60%  for U  
1004

2











U
Tv


 

and   60% for U   )100log(933.0781.1  UTv  

The time factors corresponding to 50% and 90% consolidation are often used in interpreting 

consolidation test results.  For 90 % consolidation Tv = 0.848 and for 50% consolidation            

Tv = 0.197. 

Determination of coefficient of consolidation 

(a)  Square root time method 

1. Plot the dial guage readings versus square 
root of times. 

2. Draw a line AB through the early portion of 
the curve. 

3. Draw a line AC such that OC = 1.15 OB.  
The abscissa of point D, which is the intersection of 
AC and the consolidation curve, gives the square 

root of time for 90% consolidation (√𝑡90). 

4. For 90 % consolidation, Tv = 0.848, 
therefore,  

𝑐𝑣 =  
0.848𝑑2

𝑡90
 

where d is the length of the drainage path. 
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Drainage path (d): For specimens drained at both top and bottom, d equals one-half of the 
average height of the specimen during consolidation.  For specimens drained on only one 
side, d equals the average height of the specimen during consolidation 

(b)  Logarithm of time method 

1. Extend the straight line portions of the 
primary and secondary consolidations to 
intersect at point A.  The ordinate of A is 
represented by d100, the deformation at the end 
of 100% primary consolidation. 

2. The initial curved portion of the plot of 
dial guage reading versus log t is approximated 

to be a parabola on the natural scale.  Select 
times t1 and t2 on the curved portions such that 
t2 = 4t1.  Let the difference of specimen 
deformation during time     (t2 – t1) be equal to 
x. 

3. Draw the horizontal line DE such that 
the vertical distance BD is equal to x.  The deformation corresponding to the line DE 
is d0, deformation at 0% consolidation. 

4. The ordinate of point F on the on the consolidation curve  represents the deformation 

at 50% consolidation, 𝑑50 =  
𝑑0+𝑑100

2
, and its abscissa represents the time t50. 

5. For 50% average degree of the consolidation, Tv = 0.197, therefore,  

𝑐𝑣 =  
0.197𝑑2

𝑡90
 

where drainage path, d, is determined in a manner similar to that in square root of 

time method.  

Effects of loading history 

The history of loading of a soil is locked in its fabric and the soil maintains a memory of the 
past maximum effective stress.  If a soil were to be consolidated to stresses below its past 
maximum vertical effective stress, then the settlement would be small because the soil fabric 
was permanently changed by a higher stress in the past.  However, if the soil were to be 
consolidated beyond its past maximum effective stress, settlement would be large for 
stresses beyond  its past maximum effective stress, settlement would be large for stresses 
beyond its past maximum effective stress because the soil fabric would now undergo further 
change from a current loading that is higher than its past maximum effective stress.    The 
preconsolidation stress defines the limit of elastic behaviour.  For stresses that are lower 
than the preconsolidation stresses the soil will follow the unloading-reloading line (URL) and 
it can be reasonably assumed that the soil will behave like an elastic material.  For stresses 
greater than the preconsolidation stresses the soil will behave like an elastoplastic material. 

COMPUTATION OF SETTLEMENT 
 
Primary consolidation settlement of normally consolidated fine grained soils 

Volume of solids Vs is assumed as unity and the void volume equal to eo – the void ratio of 
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the soil before compression.  If ef is the void ratio of the sample after primary consolidation is 

complete, the decrease in void ration is (eo – ef).  Then H, the change in height of the 

consolidating layer or its settlement (pc) is given by  
∆𝐻

𝐻𝑜
=  

∆𝑒

1 + 𝑒𝑜
 

∆𝐻 =  𝜌𝑝𝑐 =  
∆𝑒

1 + 𝑒𝑜
𝐻𝑜 

When the consolidation test results are plotted between void ratio and effective stress, the 
slope of the curve for the pertinent stress range, that is, the coefficient of compressibility av 
can be used in the settlement computation, 
 

𝑎𝑣 =  
∆𝑒

∆𝜎′
   𝑜𝑟  ∆𝑒 = 𝑎𝑣  ∆𝜎′ 

 

∆𝐻 =  𝜌𝑝𝑐 =  (
𝑎𝑣

1 + 𝑒𝑜
) 𝐻𝑜  ∆𝜎′ 

 
But  

𝑚𝑣 =  (
𝑎𝑣

1 + 𝑒𝑜
) 

Therefore, 
 

𝜌𝑝𝑐 =  𝑚𝑣𝐻𝑜∆𝜎′ 

  
 
Thus, the magnitude of settlement is a function of the soil compressibility mv, boundary 

condition Ho (thickness) and the loading condition ’. 

 
 
The compression index Cc is  

𝐶𝑐 =  
∆𝑒

log
𝜎𝑓

′

𝜎𝑜
′

   𝑜𝑟  ∆𝑒 =  𝐶𝑐 log
𝜎𝑓

′

𝜎𝑜
′   

 
𝜎𝑓

′ =  𝜎𝑜
′ + ∆𝜎′ 

 
where 𝜎𝑜

′  is the present or initial effective stress or overburden pressure and 𝜎𝑓
′ = 𝜎𝑜

′  + 

additional stress ∆𝜎′ induced by the imposed load. 
 
The equation may  
 

∆𝐻 =  𝜌𝑝𝑐 =  𝐶𝑐
𝐻𝑜

1+ 𝑒𝑜
log

𝜎𝑓
′

𝜎𝑜
′     

 
is the settlement equation for normally consolidated soils 

 
Cc is constant independent of the stress range. 
 
 
 
Primary consolidation of over-consolidated fine grained soils 

If the soil is overconsolidated, two cases have to be considered depending on the magnitude 
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of z.  The curve in the log(z
’) versus e is approximated as two straight lines. 

 

 

 

Case 1: The increase in z is such that zof   ''
 is less than 

'

c  (effective pre-

consolidation stress).  In this case consolidation occurs along the URL and  
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Case 2: The increase in z is such that zcf   ''
 is greater than

'

c  (effective 

preconsolidation stress).  In this case two components of settlement are considered – one 
along the URL and the other along the NCL.  The primary consolidation settlement is  
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'
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 ;  log)log(
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c
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
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  

 

The primary consolidation settlement using mv is pc = Homvz.  Unlike Cc which is 
constant, mv varies with stress levels.  Therefore, an average value of mv over the stress 

range 
'

c  to 
'

f  should be computed. 

Procedure to calculate primary consolidation settlement 

1. Calculate the current vertical effective stress (
'

o ) and the current void ratio (eo) at 
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the center of the soil layer for which settlement is required. 

2. Calculate the applied vertical stress increase (z) at the centre of the soil layer 
using the appropriate method. 

3. Calculate the final vertical effective stress, zcf   ''
. 

4. Calculate the primary consolidation settlement  
 

a. If the soil is normally consolidated (OCR = 1), the primary consolidation 
settlement is  







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log
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b. If the soil is over consolidated and 
''

cf   , the primary consolidation 

settlement is  

 log
)1( '

'


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











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c. If the soil is over consolidated and 
''

zcfin   , the primary consolidation 

settlement is  

  log)log(
)1( '

'


















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f
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o
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e

H




  

  where Ho is the thickness of the soil layer. 

The primary consolidation settlement can also be calculate using mv.  However, unlike Cc, 
which is constant, mv varies with the stress level.  An average value of mv should be 

calculated  over the stress range 
'

zo  to 
'

fin .  The primary consolidation settlement, using 

mv is pc = Homvz.  The advantage of using this equation is that mv is readily determined 
from the displacement data in consolidation tests; void ratio changes need not be calculated 
from the test data as required to determine Cc. 

Secondary compression settlement 

The physical reasons for secondary 

compression are not fully understood.  One 

plausible explanation is the expulsion of water 

from micropores; another is viscous 

deformation of the soil structure.  To 

determine the secondary compression index, 

C, a plot of void ratio versus logarithm of time 

is made from the consolidation test data as 

shown in the figure. 

p

pp

pt
tt

tt

e

tt

ee
C 





 ;

)log()log(

)(
 . 

Where (tp, ep) is the coordinate at the intersection of the tangents to the primary 

consolidation and secondary compression parts of the void ratio versus logarithm of time 
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curve and (t, et) is the coordinate of any point on the secondary compression curve as 

shown in the figure above.  The secondary consolidation settlement is  


















pp
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log
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  

Overconsolidated soils do not creep significantly but creep settlements in normally 

consolidated soils can be very significant. 
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Example 1: A 3 m thick layer of saturated clay in the field under a surcharge loading will achieve 
90% consolidation in 75 days in double drainage conditions. Find the coefficient of consolidation 

of the clay. 

 
 

 

Solution: 
 
As the clay layer has two-way drainage, H = 1.5 m = 150 cm 
t90 = 75 days = 75 x 24 x 60 x 60 seconds 
 
For 90% consolidation (U = 90%) 
 

T90  = 0.848  

 

Example 2: A 3 m thick clay layer in the field under a given surcharge will undergo 7 cm of total 

primary consolidation.If the first 4 cm of settlement takes 90 days, calculate the time required for 

the first 2 cm of settlement. 

 

Solution:  

 

Total consolidation = 7 cm 

For 4 cm settlement, U1 = 4/7 x100 = 57.14% 

For 2 cm settlement, U2 = 2/7 x 100 = 28.57% 

t1 = 90 days. 
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Example 3: For a laboratory consolidation test on a soil specimen that is drained on both sides, 
the following were obtained: 
 
Thickness of the clay specimen = 25 mm 
P1 = 50 kN/m2 ; e1 = 0.92 
P2 = 120 kN/m2 ;e2 = 0.78 
 
Time for 50% consolidation = 2.5 min 
 

Determine the soil permeability for the loading range. 

Solution:  
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