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ABSTRACT 

Shallow foundations are extensively used to support structures in order to safely 
transmit the structural load to the ground without exceeding the bearing capacity of the 
ground and causing excessive settlement. They are typically embedded up to a few 
meters into the soil. While designing foundations, two requirements need to be satisfied: 
complete failure of the foundation must be avoided with adequate margin of safety 
(bearing capacity) and relative settlement should be within limits that can be tolerated 
by superstructure, often the design is governed by allowable settlement criteria.  
 
The thesis aims to calculate the settlement of a foundation using soil parameters 
obtained from Oedometer Tests and Consolidated Drained Triaxial Tests (CD-Triaxial 
Tests) of over-consolidated Dhaka clay. Oedometer (consolidation) test results of Dhaka 
clay were collected from various sources such as private Sub-soil Investigation 
Company and BRTC, BUET. Similarly CD-Triaxial test results of Dhaka clay were also 
collected from BRTC, BUET. For this study, Oedometer and CD-Triaxial test were also 
performed using samples collected from Kurmitola, Dhaka and the tests were conducted 
at Geotechnical Laboratory, Department of Civil Engineering, BUET. 
 
In Dhaka city there is about 6-10 m over-consolidated clay under lain by dense sand in 
most of the places. Consolidation parameters of over-consolidated clay have been 
obtained from  laboratory test results and results collected from different sources. 
Laboratory test results and results collected from various sources are similar in nature. 
The water contents ranges from 20% to 25%. The past maximum over burden pressure 
ranges from 150 to 200 kPa. The Cr (re-compressive index) value ranges from 0.02 to 
0.05. The Cc (compressive index)  value ranges from 0.10 to 0.15. The drained modulus 
E50 obtained from CD-Triaxial Test ranges between 15 MPa and 20 MPa. 
 
Settlement was calculated for a typical  3m squre footing resting at 3m below ground 
level with 150 kPa net pressure using soil parameters obtained from Oedometer tests 
and using soil parameters obtained from CD-Triaxial tests. It was observed that the 
settlement (13m) obtained from CD-Triaxial test results is smaller than the settlement 
(24m) obtained from Oedometer test results. Thus the parameters obtained from 
Oedometer test over estimates settlement. Using Geological Factor, (µg) from Skempton 
and Bjerrum (1957)  with the settlement obtained using Oedometer test results is about 
90% of the settlement calculated using CD-triaxial test results. Using settlements 
correction factor (λ) from HRB (1973) with Settlements obtained using Oedometer test 
results is about 70% of  settlement calculated from CD-triaxial test results. For a typical 
raft foundation, settlement was also calculated and similar observation were observed.      
 
Therefore for settlement calculation it is recommend to use soil parameters from CD-
triaxial test results. On the other hand Oedometer test parameters may be used with 
Skempton and Bjerrum (1957) and HBR(1973) correction factor. 
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NOTATIONS 

 
 
av Coefficient of compressibility 
B Width of foundation 
Cc Compression index 
Cr recompression index 
E Modulus of elasticity 
Ed Deformation modulus 
Gs Specific gravity 
H Thickness 
Ip Influence factor 
LL Liquid limit 
mv Coefficient of volume compressibility 
OCR Over Consolidation Ratio 
PI Plasticity index 
PL Plastic limit 
qn Net foundation pressure 
S Settlement 
z Depth 
εa axial Strain 
εvol           Volumetric Strain 
ν Poisons ratio 
ρc Primary settlement 
ρi Immediate settlement 
ρs Secondary settlement 
σv Total vertical pressure 
σv’ Effective overburden pressure 
σz Effective vertical stress 
σvmax Past maximum overburden pressure 
ɣd Dry density 
ɣwet Wet density 
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CHAPTER 1: INTRODUCTION 

 

1.1 General 

A foundation is the element of an architectural structure which connects it to the ground 
and transfers loads from the structure to the ground. Foundations are generally 
considered either shallow or deep. Foundation settlement problems are very common. 
Mainly because buildings are heavy and many types of soils beneath their foundations 
have poor load-bearing capability. When a foundation settles, sections of the structure 
will shift unevenly and eventually break, causing cracks. These broken sections of 
foundation will start to drift, or “rotate,” which only furthers the damage creating larger 
or more uneven cracks. A foundation with serious settlement damage may have tilting 
chimneys, jamming doors or windows, bulging walls and uneven floors foundation. 

 
Common Symptoms of Foundation Settlement 

 Tilting or cracked chimneys 
 Horizontal or stair-step cracks along walls 
 Leaning, bowing or bulging walls 
 Uneven floors above crawlspace 
 Sagging or bouncy floors 
 Doors and windows that won’t shut/open 
 Cracks along windows & door openings 
 Seeping water or dirt in basement 
 Tilting or cracked chimneys 
 Concrete slabs that have cracked & shifted (garage, sidewalk, patio) 
 Warping of hardwood or uneven wear marks in carpet 
 Floor tiles lifting or cracking 
 Standing water around perimeter of home 
 Cracked brick on a building exterior 
 Sunken or shifted exterior precast stairway 

 

1.1.1 Factors affecting the foundation settlement 

Settlement is the downward movement of the ground caused by a load consolidating 
the soil below it or causing displacement of the soil. Settlement often refers to the 
downward movement of the ground. It is usual for buildings to experience some degree 
of settlement within the first few years after construction. Although the extent to which 
this ground movement impacts upon buildings depends on several factors, which may 
include: 
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 Existing soil conditions 
 Methods of construction 
 Size and depth of the construction works 
 Type of structure, its condition, and its foundations 

 
The impact of settlement is opposite to the effect of heave which is the upward 
movement of the ground, and is different from subsidence which occurs where soil is 
unstable and sinks downward without any imposed load. 
 

1.1.2 Causes of settlement 

Typically, settlement occurs within the foundation soils that surround and support the 
structure. The more common causes of settlement include: 
 
Weak bearing soils: Where soils are not capable of supporting the weight or bearing 
pressure exerted by a building’s foundation. This can occur when foundations are 
designed based upon general guidelines rather than site-specific soil information, such 
as in the case of some residential construction projects. 
 
Poor compaction: The leveling of a site prior to foundations being constructed often 
relies upon the placement of fill soils. Often these are imported from off-site locations 
and unless they are properly placed and compacted, may compress under loading and 
result in settlement of the structure. 
 
Changes in moisture content: The soil’s ability to support the load of a foundation 
settlement may be reduced by changes in moisture content within the soil. If soils are 
saturated, clays and silts may be softened. If soils are dried-out they have a tendency to 
shrink or contract. 
 
Maturing trees and vegetation: Acommon cause of settlement is root systems 
expanding from maturing trees and vegetation and drawing soil moisture from beneath 
a structure. A general rule is that the diameter of a tree’s root system is at least as large 
as its canopy. 
 
Soil consolidation: Applied loads force water out of clay soils which compress and 
result in downward movement or settlement of overlying structures. Settlement caused 
by consolidation may take a considerable amount of time to be ‘complete’. 
 

1.2 Problem Statement 

All foundations settle to some extent as the earth materials around and beneath them 
adjust to loads of the building. Foundations on bedrock settle a negligible amount. 
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Foundations in other types of soil may settle much more. Foundations in clay settle 
more. Where foundation settlement occurs at roughly the same rate throughout all 
portions of a building, it is termed uniform settlement. Settlement that occurs at 
differing rates between different portions of a building is termed differential settlement. 
 
When all parts of a building rest on the same kind of soil, and the loads on the building 
and the design of its structural system are uniform throughout, differential settlement 
is normally not a concern. However where soils, loads, or structural systems differ 
between parts of a building, different parts of the building structure may settle by 
substantially different amounts, the frame of the building may become distorted, floors 
may slope, walls and glass may crack, and doors and windows may not work properly. 
Most foundation failures are attributable to excessive differential settlement. Gross 
failure of a foundation, in which the soil fails completely to support the building, is 
extremely rare. 
 

 

1.2.1 Settlement of foundation 

Settlements of clay have always been the subject of intense research among the 
researchers and engineers. In fact, the settlement of the foundation under the load is 
one of the challenges of the structural design; as such immense effort has been put to 
predict the settlement, its prevention or at least its restriction to tolerable value. 
Terzaghi in his paper “settlement analysis- the backbone of Foundation Research”, that 
was presented in World Engineering Conference held in Tokyo in 1929, outlined the 
settlement analysis as five specific and successive steps: 

 Condense the results of the test borings to a geological profile 
 Determine the physical properties for a few typical samples 
 Reduce the physical conditions of the problem to terms simple enough to 

permit mathematical treatment 
 Estimate the settlement on the theoretical conceptions of the case and the 

results of the soil tests 
 Compare the results with what actually happened and make a careful 

investigation of the causes and the difference between theory and practice 
 
The First two steps are the initial but the significant steps for settlement analysis and 
equally difficult to perfect. First major obstacle is that soil deposits are hardly 
“homogenous” in nature; heterogeneity is more common trait of the soil layer in sites. 
As such accurate profiling of the soil and determination of representative properties is 
practically impossible. 
 
No matter how rigorous settlement analysis is, accuracy will always be corrupted by 
the “missed” information such as pocket of the compressible clay between the silt or 
sand lenses untracked during boring or samplings. Peck (1994) thus emphasized on 
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more use of sounding techniques such as cone penetrometer to identify the 
compressible layers. He stated “it is abuse of settlement analysis to idealize the 
subsurface conditions on the basis of too little information.” 
 
Another setback in the accurate estimation of field settlement is conventional practice 
of evaluation of mechanical/ chemical properties of soil using laboratory method. Soil 
samples obtained from the boreholes along different depths and different sections of 
the site under consideration are tested in laboratory in order to predict its behavior 
under similar field condition. This method is thus very often extrapolation or 
interpolation based on parameters obtained in controlled environment which may or 
may not be exact simulation of field state. 
 
In addition, conventional laboratory tests such as one dimensional Oedometer test or 
triaxial are quite time consuming and expensive to run, thus, putting the limitations on 
the number of tests to be performed. This, in turn, has significant impact on the 
reliability and accuracy of the predicted settlement. 
Consolidation of a clay layer takes place under the influence of an applied load. The 
applied load introduces excess pore-water pressure in the clay layer, which dissipates 
slowly and results in consolidation settlement. No method is available for estimation 
of coefficient of consolidation and final consolidation settlement, from field data or 
laboratory data, in the case of triangular loadings of pore-water pressure. 
 

 
 

Figure 1.1: Tower of Pisa in Italy (Leaning Tower of Pisa, 2017) 
 
The foundation of the tower of Pisa in Italy (Figure 1.1), only 3 meter deep, was built 
on a dense clay mixture and impacted the soil. As it turned out, the clay was not nearly 
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as strong enough as required to hold the tower upright, and so the weight of the tower 
began to diffuse downward until it had found the weakest point. 
 

1.2.2 Buildings cracking 

Buildings cracking generally related with the structural settlement. Cracking of the 
building can reduce the strength of the structure; reduce an aesthetical and 
serviceability values besides danger to the users of the structure. The loads that have 
transferred from structure to the soil will cause settlement problem. The settlement 
which is not keep in a tolerable limit will be impaired the desired use of structure and 
may reduce the structure’s design life (Amyrhul, 2011). 
 
The crucial part in design consideration of structure is non-uniformly settlement. This 
problem also known as differential settlement which can cause much defect to the 
structure especially that contributes large contact area with the ground. Differential in 
magnitudes of settlement from one point to another will shear the structure besides 
caused damages to electric power line, leaking of gas pipes, water supply and sewer 
line which might lead to serious environmental degradation. Differential settlement 
also causes the leaning of high-rise building and tower that can limit the function of 
buildings (Amyrhul, 2011). 
 
A building cracking is one of the most significant structural defects on the buildings 
especially which served for the public usage. The professionals especially surveyors 
and engineers have made mistakes in interpreting the significance of cracking in 
buildings. Many of them are not well-trained for autopsy and repair of the structural 
building defects (Amyrhul, 2011). 
 
Cracking is now prevalent than in earlier year before. The availability of the insurance 
cover for structural subsidence and landslip is the main reason it is now more apparent. 
The changes of climate also have much influenced in the building cracking problem 
and have major impact to the soil clay with high moisture content. Additional factors 
that can cause cracking problem are changes in using the industrial and building 
materials. The increasing of using hard construction materials like steel and concrete 
can produce an inflexible structure that cannot tolerate with structural movement 
(Amyrhul, 2011). 
 
It is generally believed that all buildings have movement either in one way or many. It 
is resulted by the way the building was designed, constructed or altered. External 
influence such as weather patterns or users itself can cause the structural movement. 
As the buildings are constructed with inflexible and materials differed, the cracking 
will present when the buildings have movement. The study of crack’s occurrence and 
expected rate for the future movement is an important analysis step and specification 
for cracking repairs (Amyrhul, 2011). 
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The settlement of foundation causes cracks in building walls, beams, slabs etc. and 
building can even fail in case of large settlement(Figure1.2). The soil investigation is 
necessary when the loads from the building are large and the bearing capacity cannot 
be estimated based on type of soil condition at site. 

 
 

Figure1.2: Settlement of foundation (The Constructor, 2017) 
 

1.2.3 Horizontal cracks (including diagonal or stepped) 

Usually appear along the mortar joints between brick work or block work (Figure 1.3).  
 

 
 

Figure 1.3: Horizontal settlement crack in wall (Edwards, 2017) 
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It follows the mortar joints in a line or diagonally upwards in a staircase pattern. If the 
crack follows a straight line it is normally caused through applied, sideways pressures 
e.g. a retaining wall where this may be holding back a bank of soil in the garden, or in 
a basement where the retaining walls provide the support for the upper floors and also 
hold back the soil in-fill around the sides. Additionally, poor drainage issues can also 
contribute heavily to these issues. If the crack is running in a staircase pattern across 
and up a wall then this is normally caused through subsidence or settlement issues 
causing the foundations to shift. Another possible cause for this is wall tie failure. Wall 
ties can corrode and expand forcing mortar joints apart and creating cracks.  In some 
cases these cracks may also appear in the foundation itself.  
 

1.2.4 Vertical cracks  

Minor cracks of this type usually tend to appear on internal walls and are the result 
movement in materials such as plasterboard or brickwork causing the plaster to crack ( 
Figure1.4). In the case of major vertical cracks running on exterior walls of building 
(minimum of 3mm in width) this can indicate serious settlement issues or foundation 
problems.  
 

 
 

Figure1.4: Vertical stepped settlement crack in wall (Edwards, 2017) 
 

1.2.5 Background of the Present Research 

Calculation of foundation settlements is a basic and fundamental component of 
foundation engineering and is a common procedure performed by practicing 
geotechnical engineers. The deformation behavior of shallow foundations deriving 
their support from soil deposited. This is largely due to the fact that the limit 
equilibrium behavior, i.e., the bearing capacity, of shallow foundations resting on 
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granular deposits is typically of such a large magnitude, that the allowable settlement 
criteria established by the engineer will control the overall design. 
 
One of the most important concepts in soil mechanics is effective stress which 
calculated by having the total stress and pore water pressure in soil. Effective stress can 
cause a compression in soil skeleton and present the settlement. This compression can 
occur under various conditions and variety of causes such as construction process, 
vibration and groundwater lowering(Terzaghi, 1923).In fact, increased effective stress 
create a compression by make a deformation in soil elements and also by rearrangement 
of soil particles to each other or with discharging the water or air from the soil 
voids(Terzaghi, 1923). 
 
In transportation related construction, one of the most common uses of shallow 
foundations is in the support of bridge structures, especially in dry crossing situations, 
where highway overpasses are needed for crossing over other highways, railroads or 
other structures. Provided that settlements can be accurately estimated, a shallow 
foundation provides a more economical foundation then either driven or drilled deep 
foundations. 
 
A number of studies have been published in the past 40 years comparing the results of 
calculated settlements with observed settlement of shallow foundations on soils. Some 
of these studies have been related to proposing a new settlement prediction method, 
while others have attempted to provide a comparison among various methods to 
evaluate whether or not any one particular method appears to provide superior accuracy 
over another. Most notably, review papers which summarize settlement observations 
or provide comparisons between predicted and observed settlements have been 
presented by Alpan (1964); Schmertmann (1970); Jorden (1977); Arnold (1980); 
Burland and Burbidge (1985); Jeyapalan and Boehm (1986); Maail (1987); and Berardi 
and Lancellotta (1991).The reliability of settlement estimates for shallow foundations 
on soils has also received considerable attention and has been discussed by Schultze 
and Sievering (1977); Tan and Duncan (1991); Nova and Montrasio (1991a, 1991b); 
Cherubini and Greco (1991); and Berardi and Lancellotta (1994). 
 
The process of consolidation is the gradual reduction in volume of a saturated low 
permeability soil due to drainage of pore water. It continues until the excess pore water 
pressure is completely dissipated. Consolidation settlement is the vertical displacement 
of the ground surface corresponding to the volume change at any stage of the 
consolidation process (Craig, 2004). There are three main reasons for consolidation: 
 

 Compaction of soil particles 
 Compaction of air/water in the pores 
 Extrusion of air/water in the pores 
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Soil particles are usually composed of solid minerals which resist yielding a noticeable 
amount of compaction. Since the compressibility of water is also negligible, the 
compaction of pore water within a fully saturated soil will not be able to contribute to 
the consolidation either. All is left for consolidation to occur is the last option (pore 
water extrusion) which brings soil particles closer and decreases the overall volume of 
the soil. Hence the main reason for consolidation (especially in saturated soil) is the 
dissipation of pore water. Consolidation is the process of soil mechanics in which 
reduction of volume occurs and varying levels of permeability within a soil profile 
brings in the time factor. In order to investigate the consolidation of soil, stress-
deformation-time relationships must be elaborated. 
 
The process of swelling, on the other hand, is the gradual increase in the volume of a 
soil under negative excess pore water pressure proving that it is the reverse of 
consolidation. Consolidation settlement may occur due to a structure built over a layer 
of saturated clay or by lowering of groundwater table whereas excavation of saturated 
clay may result in heaving (reverse of settlement) which will cause swelling of clay at 
the bottom of the excavation (Craig, 2004). 
 
The common reason of the buildings movement is resulted by the soil conditions below 
the ground surface. Settlement of foundations is generally related with substructures 
problem. Foundation settlement generally occurs in buildings shortly after the 
buildings construction and alteration have completed. It is occurred as a result of 
applied load on the ground that has never been loaded before or with increasing load. 
The initial compression on the ground can result in structural cracking, depending on 
the soil quality and load bearing capacity of the ground. 
 
Due to rapid growth of urbanization, constructions of civil structures are increasing 
tremendously. For the civil structures, design and analysis of foundation plays a vital 
role. The bearing capacity calculation of foundation is one of the most interesting 
problems for geotechnical engineers and researchers. Over the course of many decades, 
the bearing capacity of footings has been widely investigated both theoretically and 
experimentally. In addition, the designer must ensure the superstructure does not suffer 
from excessive settlement. The settlement of foundation should be within allowable 
limits. The allowable limits for settlement depend on type of structure, type of soil, type 
of foundation and are provided in various building codes. In most of the cases 
foundation design is govern by the settlement criteria rather than bearing capacity 
(Santosh, 2013). 
 
The pioneering work on stress-strain behaviour during one-dimensional consolidation 
was done by (Terzaghi, 1923). He published a theory for one-dimensional 
consolidation and today it is regarded as the classic consolidation theory. Since then 
numerous researchers from various parts of the world have examined the problem of 
the behaviour of clay soils, including (Skempton and Bjerrum, 1957),(Bjerrum, 
1967),(Sällfors, 1975),(Mesri & Godlewski, 1977),(Leroueil et al., 1985), (Larsson, 
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1986),(Boudali et al., 1994) and (Claesson, 2003) to name but a few. Eurocodes-7 
refers to calculation of settlement using drained modulus of clay. Drained modulus of 
clay can be determined from triaxial consolidation test. It is generally observed that 
settlement calculated using soil parameters from Oedometer test is more than the 
settlement calculated using soil parameters from drained triaxial test. 
 
Prediction of the consolidation settlement can be based on a fully coupled numerical 
method. This method calculates the deformation of soil and the dissipation of excess 
pore water pressure simultaneously during the course of staged embankment 
construction (Indraratna et al., 2005). The accuracy of the finite element program has 
been assessed in several ground structure applications, involving consolidation by 
comparing numerical results to field measurements (Barron, 1948). 
 
There are various method for computation settlement in clay soil (Khan, 2012 & 
BahatinGündüz, 2010).  One of them is using Soil parameters from consolidation test 
data (Das,1983,1998,2002, 2008 and Bowles, 1979, 1986, 1997). Alternatively, soil 
parameters (elastic modulus) from consolidated drain (CD) triaxial test can also be used 
(Fang., 2004 and Brinkgreve et al, 2006). Generally calculated settlement using 
parameters of soil from triaxial test is less than the value calculated from Oedometer 
test. 
 

1.3 Objectives of the Thesis 

The objectives of this research are: 
 To obtain various soil parameters obtained from drained triaxial test and 

Oedometer test.  
 To calculate settlement using soil parameters obtained from Oedometer test for 

over-consolidated Dhaka clay. 
 To calculate settlement using soil parameters obtained from drained triaxial test 

for over-consolidated Dhaka clay.  
 To compare foundation settlements obtained from Oedometer test and drained 

triaxial test. 
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1.4 Organization of the Thesis 

This thesis has been presented in five chapters. These has been describing briefly 
below. 

 
Chapter 1 
Describes the introduction of the study, present status of the problem, background of 
the present research and the major objectives of the study. This chapter also discussed 
about the factors governing the selection of foundation. 

 
Chapter 2 
Foundation settlements related past researches have been presented in this chapter. 
Detail calculation procedures of settlements using soil parameters from consolidated 
triaxial test and consolidation test have been discussed here.  
 
Chapter 3 
The main objective of this chapter is to present the experimental programs of CD 
triaxial test and Oedometer test and collection of test Data. The laboratory test 
procedure has been discussed in this chapter. Undisturbed soil sample of Dhaka city 
was collected. CD triaxial test and Oedometer test were performed at the geotechnical 
laboratory. 

 
Chapter 4 
Soil parameters of Dhaka clay for settlement analysis obtained from data collection and 
Laboratory test results has been summarized in this chapter. 

 
Chapter 5 
Finally, this last chapter presents the major conclusions of the study and 
recommendations for future studies. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 General 

Foundation settlements related past researches have been presented in this chapter. 
Detail calculation procedures of settlements using soil parameters from consolidated 
triaxial test and consolidation test have been discussed here.  
 
When the load from the structure is applied on a foundation consisting of soil, the soil 
mass deforms. The ground surface where the structure is laid can undergo compression 
leading to structural settlement. This structural settlement occurs even if the conditions 
of structural integrity or bearing capacity of a foundation are satisfied. 
 
The compressibility of a soil mass is mostly dependent on the rigidity of the soil 
skeleton. The rigidity is dependent on the structural arrangement of particles and, in 
fine grained soils, on the degree to which adjacent particles are bonded together. Soils 
which possess a honeycombed structure possess high porosity and as such are more 
compressible. A soil composed predominantly of flat grains is more compressible than 
one containing mostly spherical grains. A soil in an undisturbed state is less 
compressible than the same soil in a remolded state. 
 
Soils are neither truly elastic nor plastic. When a soil mass is under compression, the 
volume change is predominantly due to the slipping of grains one relative to another. 
The grains do not spring back to their original positions upon removal of the stress. 
However, a small elastic rebound under low pressures could be attributed to the elastic 
compression of the adsorbed water surrounding the grains. 
 
In the case of cohesive soils, the dry state of the soils is not considered as this state is 
only of a temporary nature. When the soil becomes saturated during the rainy season, 
the soil becomes more compressible under the same imposed load. Settlement 
characteristics of cohesive soils are, therefore, considered only under completely 
saturated conditions. It is quite possible that there are situations where the cohesive 
soils may remain partially saturated due to the confinement of air bubbles, gases etc. 
Current knowledge on the behavior of partially saturated cohesive soils under external 
loads is not sufficient to evolve a workable theory to estimate settlements of structures 
built on such soils (Murthy, 2002). 
 
Calculations of settlement have been done using soil parameters from Oedometer test 
for clay soil. Structures are built on soils. They transfer loads to the subsoil through the 
foundations. The effect of the loads is felt by the soil normally up to a depth of about 
two to three times the width of the foundation. The soil within this depth gets 
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compressed due to the imposed stresses. The compression of the soil mass leads to the 
decrease in the volume of the mass which results in the settlement of the structure. 
 

2.2 Analysis Procedures of Foundation Settlements   

The displacements that develop at any given boundary of the soil mass can be 
determined on a rational basis by summing up the displacements of small elements of 
the mass resulting from the strains produced by a change in the stress system. The 
compression of the soil mass due to the imposed stresses may be almost immediate or 
time dependent according to the permeability characteristics of the soil. Cohesionless 
soils which are highly permeable are compressed in a relatively short period of time as 
compared to cohesive soils which are less permeable. 
 
It is quite reasonable and rational to assume that the solid matter and the pore water are 
relatively incompressible under the loads usually encountered in soil masses. The 
change in volume of a mass under imposed stresses must be due to the escape of water 
if the soil is saturated. But if the soil is partially saturated, the change in volume of the 
mass is partly due to the compression and escape of air from the voids and partly due 
to the dissolution of air in the pore water. 
 
Soil engineering problems are of two types. The first type includes all cases wherein 
there is no possibility of the stress being sufficiently large to exceed the shear strength 
of the soil, but wherein the strains lead to what may be a serious magnitude of 
displacement of individual grains leading to settlements within the soil mass. The 
second type includes cases in which there is danger of shearing stresses exceeding the 
shear strength of the soil. Problems of this type are called Stability Problems which are 
dealt with under the chapters of earth pressure, stability of slopes, and foundations. Soil 
in nature may be found in any of the following states: 

 Dry state 
 Partially saturated state 
 Saturated state 

 
Settlements of structures built on granular soils are generally considered only in two 
states: either dry or saturated. The stress-strain characteristics of dry sand depend 
primarily on the relative density of the sand, and to a much smaller degree on the shape 
and size of grains. Saturation does not alter the relationship significantly provided the 
water content of the sand can change freely. However, in very fine-grained or silty 
sands the water content may remain almost unchanged during a rapid change in stress. 
Under this condition, the compression is time dependent (Murthy, 2002). 
 



14 
 

2.3 The Principle of Effective Stress 

The best way to visualize the structure of the soil is as a skeleton of solid particles 
enclosing continuous voids that contain either water or air. The volume of soil skeleton 
can change due to rearrangement of soil particles. In fully saturated soil a reduction of 
volume is only possible by escape of water (which is incompressible) from the voids. 
The concept of effective stress is introduced when this water extrusion occurs.  
 
In 1923, Terzaghi presented the principle of effective stress and the importance of the 
forces transmitted through the soil skeleton was recognized. The principle is a 
relationship based on experimental data, applies only to fully saturated soils and 
involves following three stresses:  

 the total normal stress, σ : the force per unit area on a plane within the soil mass  
 the pore water pressure, u : the pressure of water in voids  
 the effective normal stress, σ’ : the stress transmitted through the soil skeleton 

only.  
 
The relationship is: σ = σ’ + u                                                                                  (2.1)                                                                                         
 
An increase in pore water pressure results in transient flow of pore water towards free-
draining zone. This drainage continues until steady-state pore water pressure is reached. 
The increase in pore water pressure above this value is referred to as excess pore water 
pressure. Dissipation is the reduction of the excess pore water pressure back to steady-
state value and the soil is considered to be in drained condition. As pore water drainage 
takes place (for reasons such as, external loading, tunnel excavation, groundwater 
pumping, etc.), the reducing space cannot be replaced by air and particles of soil are 
taking up new positions. With the dissipating excess pore water pressure, loading will 
be entirely carried by the soil skeleton increasing the vertical effective stress, making 
the soil particles become more condensed and therefore creating a reduction in volume. 
This is the process of consolidation settlement and the time taken to complete this 
process depends on the permeability of the soil. Since this behavior usually occurs in 
cohesive soil such as clay which has low permeability and slow drain ability, 
consolidation could become a long-term process with more than one phase.  
 
The mechanics of consolidation could be explained by the aid of a basic analogy. Figure 
2.1 displays a spring inside a water-filled cylinder with a valve fitted piston on top. 
Spring represents the compressible soil skeleton, water in the cylinder is the pore water 
and the valve deploys the permeability of soil. With the valve closed (Figure 2.1a - b), 
a load placed on top will not move the piston because the water is incompressible. This 
situation corresponds to the undrained condition in the soil. However, with the valve 
opened (Figure 2.1c - d), the water will be forced out allowing the piston to move and 
squeeze the spring to which the load is transmitted to. Increase in the load on spring 
will represent the decrease in pore water pressure. Load will be totally lifted by the 
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piston and the spring, resembling the drained condition in the soil. Load carried by the 
spring is assumed to be the effective normal stress in the soil and the movement of the 
piston is the change in volume of the soil (Craig, 2004). 
 
 

 
Figure 2.1: Consolidation analogy (Altinbilek, 2006). 

 

2.4 Consolidation 

When a saturated clay-water system is subjected to an external pressure, the pressure 
applied is initially taken by the water in the pores resulting thereby in an excess pore 
water pressure. If drainage is permitted, the resulting hydraulic gradients initiate a flow 
of water out of the clay mass and the mass begins to compress. A portion of the applied 
stress is transferred to the soil skeleton, which in turn causes a reduction in the excess 
pore pressure. This process, involving a gradual compression occurring simultaneously 
with a flow of water out of the mass and with a gradual transfer of the applied pressure 
from the pore water to the mineral skeleton is called consolidation. 
 
The process opposite to consolidation is called swelling, which involves an increase in 
the water content due to an increase in the volume of the voids. Consolidation may be 
due to one or more of the following factors: 

 External static loads from structures 
 Self-weight of the soil such as recently placed fills 
 Lowering of the ground water table 
 Desiccation 

 
The portion of the settlement of a structure which occurs more or less simultaneously 
with the applied loads is referred to as the initial or immediate settlement. This 
settlement is due to the immediate compression of the soil layer under undrained 
condition and is calculated by assuming the soil mass to behave as an elastic soil. 
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If the rate of compression of the soil layer is controlled solely by the resistance of the 
flow of water under the induced hydraulic gradients, the process is referred to as 
primary consolidation. 
 
The portion of the settlement that is due to the primary consolidation is called primary 
consolidation settlement or compression. At the present time the only theory of 
practical value for estimating time-dependent settlement due to volume changes, that 
is under primary consolidation is the one-dimensional theory. 
 
The third part of the settlement is due to secondary consolidation or compression of the 
clay layer. This compression is supposed to start after the primary consolidation ceases, 
that is after the excess pore water pressure approaches zero. It is often assumed that 
secondary compression proceeds linearly with the logarithm of time. However, a 
satisfactory treatment of this phenomenon has not been formulated for computing 
settlement under this category. 
 

2.4.1 The process of consolidation 

The process of consolidation of a clay-soil-water system may be explained with the 
help of a mechanical model as described by Terzaghi and Frohlich (1936). The model 
consists of a cylinder with a frictionless piston as shown inFigure 2.2. The piston is 
supported on one or more helical metallic springs. The space underneath the piston is 
completely filled with water. The springs represent the mineral skeleton in the actual 
soil mass and the water below the piston is the pore water under saturated conditions 
in the soil mass. When a load of p is placed on the piston, this stress is fully transferred 
to the water (as water is assumed to be incompressible) and the water pressure 
increases. The pressure in the water is u = p 
 
This is analogous to pore water pressure, u, that would be developed in a clay-water 
system under external pressures. If the whole model is leak proof without any holes in 
the piston, there is no chance for the water to escape. Such a condition represents a 
highly impermeable clay-water system in which there is a very high resistance for the 
flow of water. It has been found in the case of compact plastic clays that the minimum 
initial gradient required to cause flow may be as high as 20 to 30. 
 
If a few holes are made in the piston, the water will immediately escape through the 
holes. With the escape of water through the holes a part of the load carried by the water 
is transferred to the springs. This process of transference of load from water to spring 
goes on until the flow stops 
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Figure 2.2: Mechanical model to explain the process of consolidation 

(Murthy, 2002) 
When the entire load will be carried out by the spring and none is by the water. The 
time required to attain this condition depends upon the number and size of the holes 
made in the piston. A few small holes represent a clay soil with poor drainage 
characteristics. When the spring-water system attains equilibrium condition under the 
imposed load, the settlement of the piston is analogous to the compression of the clay-
water system under external pressures. 
 

2.4.2 Consolidation (Oedometer) Test 

The properties of a soil during one-dimensional consolidation or swelling can be 
determined by means of the consolidation test carried out by Oedometer device (Figure 
2.3).  
 

 
 

Figure 2.3: Schematic diagram of consolidation test apparatus (Das, 2002) 
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The test specimen is disc-shaped (6.35 cm. in diameter and 2.54 cm. in height) and 
placed inside a metal ring and lying between two porous stones. The porous stone on 
top is fixed below a loading cap through which pressure can be applied to the specimen. 
The whole assembly is situated in an open cell filled with water to which the pore water 
in the specimen has free access. The confining ring imposes a condition of zero lateral 
strain on the specimen. The ring must have a smooth and polished surface at the inner 
face for reduced side friction. The compression level of the specimen under pressure is 
measured by use of a dial gauge. According to the standardized test procedure load on 
the specimen is applied (initial pressure depending on the type of soil) followed by a 
sequence of pressures each being double the previous value. Each pressure is 
maintained for a 24 hour period during which compression readings are taken at 
suitable intervals. These are usually ¼, ½, 1, 2, 5, 10, 30 min.; 1, 2, 4, 8, 24 hr. intervals. 
At the end of the increment period the excess pore water pressure has completely 
dissipated and the applied pressure is equal to the vertical effective stress within the 
specimen. This way it is possible to determine the consolidation settlement caused by 
various incremental loadings (Cernica, 1995). 
 
After the desired consolidation pressure is reached, the specimen is gradually unloaded 
allowing it to swell. From the e-log p graph, three parameters can be derived that will 
be essential in calculation of settlement. These are:  
 
a. Pre-consolidation pressure, pc: It is the maximum past effective overburden pressure 
to which the soil has been subjected. A simple graphical procedure was proposed by 
Casagrande (1936) to obtain this value from e-log p curve. Comparing this value to the 
applied pressure will reveal the level of consolidation (overconsolidation ratio, OCR). 
Soil deposits are found in either normally consolidated or overconsolidated state in the 
nature. The soil is normally consolidated if the present effective overburden pressure 
p0 is equal to pre-consolidation pressure (p0=pc) and overconsolidated if present 
effective overburden pressure is less than pre-consolidation pressure (p0<pc).  
 
b. Compression index, Cc: It is the slope of linear portion of the loading curve. The 
value determined from curve may be somewhat different from that encountered in the 
field primarily due to the remolding of soil. It can vary widely based on soil type and 
there are some empirical correlations that have been suggested.  
 
c. Swelling Index, Cs: It is important in the consolidation settlement estimation for 
overconsolidated clays. It is about 1/4 to 1/5 of the compression index in most cases. 
At the time of compression, soil structure goes through continuous changes and the 
clay does not bounce back to the original structure after the expansion. Studies have 
shown that overconsolidated clay will be much less compressible than normally 
consolidated form. There are two parameters that represent the compressibility of the 
clay, one of which is the compression index that is described above. The other is the 
coefficient of volume compressibility, mv, which is defined as the change in volume 
per unit volume per unit increase in effective stress. It is not a constant value for 
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particular soil but instead it depends on the stress range over which it is calculated 
(Altinbilek, 2006). 
 

2.4.3 Terzaghi’s theory of one-dimensional consolidation 

This theory relates three main quantities:  
 excess pore water pressure (u)  
 depth (z)  
 time (t)  

 
It is based on following assumptions:  

1) The soil is homogeneous  
2) The soil is fully saturated  
3) The solid particles and water are incompressible  
4) Compression and flow are one-dimensional (vertical)  
5) Strains are small  
6) Darcy’s Law is valid at all hydraulic gradients  
7) Both the coefficient of permeability and the coefficient of volume 

compressibility remain constant throughout the process  
8) There is a unique relationship between void ratio and effective stress that is 

independent of time.  
 
When these assumptions are investigated carefully some shortcomings of the theory 
become evident. From studies made it is known that a deviation from Darcy’ Law exists 
at low hydraulic gradients. Considering assumption 7, the coefficient of permeability 
and the coefficient of volume compressibility both decrease during consolidation since 
the void ratio and effective stress have a non-linear relationship. On the other hand, it 
is a reasonable assumption for the case of small stress increments. The most important 
limitations of Terzaghi’s theory arise from the eighth assumption. There is evidence 
from the experimental results that the void ratio-effective stress relationship is 
dependent of time (Altinbilek, 2006). 
 

2.4.4 One-Dimensional Consolidation 

In many instances the settlement of a structure is due to the presence of one or more 
layers of soft clay located between layers of sand or stiffer clay as shown in Figure 2.4. 
The adhesion between the soft and stiff layers almost completely prevents the lateral 
movement of the soft layers. The theory that was developed by Terzaghi (1925) on the 
basis of this assumption is called the one-dimensional consolidation theory. In the 
laboratory this condition is simulated most closely by the confined compression or 
consolidation test. 
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Figure 2.4: Clay layer sandwiched between sand layers (Murthy, 2002) 
 
At any point within the consolidating layer, the value u of the excess pore water 
pressure at a given time may be determined from 
u = ui-∆pz 
Where, u = excess pore water pressure at depth z at any time t 

ui = initial total pore water pressure at time t = 0 
∆pz = effective pressure transferred to the soil grains at depthz and time t 

 
At the end of primary consolidation, the excess pore water pressure u becomes equal 
to zero. This happens when u = 0 at all depths. 

2.4.5 Normally consolidated and over-consolidated clays 

A clay is said to be normally consolidated if the present effective overburden pressure 
po is the maximum pressure to which the layer has ever been subjected at any time in 
its history, whereas a clay layer is said to be over-consolidated if the layer was subjected 
at one time in its history to a greater effective overburden pressure, pc, than the present 
pressure, po. The ratio pc/po is called the over-consolidation ratio (OCR). Over-
consolidation of clay stratum may have been caused due to some of the following 
factors: 

 Weight of an overburden of soil which has eroded 
 Weight of a continental ice sheet that melted 
 Desiccation of layers close to the surface 

 
Experience indicates that the natural moisture content, wn, is commonly close to the 
liquid limit,wl, for normally consolidated clay soil where as for the overconsolidated 
clay, wn is close to plastic limit wp. Figure 2.5 illustrates schematically the difference 
between a normally consolidated clay strata such as B on the left side of Section CC 
and the overconsolidated portion of the same layer B on the right side of section CC. 
Layer A is overconsolidated due to desiccation. 
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All of the strata located above bed rock were deposited in a lake at a time when the 
water level was located above the level of the present high ground when parts of the 
strata were removed by erosion, the water content in the clay stratum B on the right 
hand side of section CC increased slightly, whereas that of the left side of section CC 
decreased considerably because of the lowering of the water table level from position 
DoDo to DD. Never the less, with respect to the present overburden, the clay stratum B 
on the right hand side of section CC is overconsolidated clay, and that on the left hand 
side is normally consolidated clay. 
 

 
 

Figure 2.5: Diagram illustrating the geological process leading to over-
consolidation of clays (After Terzaghi and Peck, 1967) 

 
While the water table descended from its original to its final position below the floor 
of the eroded valley, the sand strata above and below the clay layer A became drained. 
As a consequence, layer A gradually dried out due to exposure to outside heat. Layer 
A is therefore said to be overconsolidated by desiccation. 

2.4.6 Determination of pre-consolidation pressure 

Several methods have been proposed for determining the value of the maximum 
consolidation pressure. They method includes the following categories:  

 Field method, and 
 Graphical procedure based on consolidation test results. 

2.4.6.1 Field method 

The field method is based on geological evidence. The geology and physiography of 
the site may help to locate the original ground level. The overburden pressure in the 
clay structure with respect to the original ground level may be taken as the pre-
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consolidation pressure pc. Usually the geological estimate of the maximum 
consolidation pressure is very uncertain. In such instances, the only remaining 
procedure for obtaining an approximate value of pc is to make an estimate based on the 
results of laboratory tests or on some relationships established between pc and other 
soil parameters. 

2.4.6.2  Graphical procedure 

Pre-consolidation pressure can be obtained from e – log p curve by use of a simple 
graphical procedure (Casagrande, 1936). Firstly, the point of inflection where the 
sharpest curvature is achieved on e – log p curve is found. This point is shown on  
Figure 2.6 as point O. Next, two lines passing through this point are plotted, one being 
a tangent to e – log p curve (line OB in Figure 2.6) and the other being a horizontal line 
(line OA in Figure 2.6). Then, the straight line portion of the e – log p curve is produced. 
The point where these two lines intersect with the bisector of the two lines on point O 
shows the value of pre-consolidation pressure. This point is displayed as point D on  
Figure 2.6. 
 

 
 

Figure 2.6: Calculation of pre-consolidation pressure from e – log p curve (Das, 
2002) 
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2.4.7 Computation of Consolidation Settlement 

2.4.7.1 Settlement equations for normally consolidated clays 

For computing the ultimate settlement of a structure founded on clay the following data 
are required: 
The thickness of the clay stratum, H 
The initial void ratio,eo 
The consolidation pressure poor pc 
The field consolidation curve Kf, 
 
The slope of the field curve Kf on a semi-logarithmic diagram is designated as the 
compression index Cc (Figure 2.7). The equation for Cc may be written as 
 
𝐶𝑐 =

e0−e

logp−logp0
=

e0−e

logp/po
=

∆e

logp/p0
                                                                    (2.2)                            

 
 

 
 

Figure 2.7: Normally consolidated clay soil (Peck et al., 1974) 
 
 

(a)  
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Figure 2.8: Pre-consolidated clay soil (Peck et al., 1974) 
 
In one-dimensional compression, the change in height ∆𝐻per unit oforiginal H may be 
written as equal to the change in volume ∆𝑉per unit of original volume V (Figure 2.9). 
 
∆𝐻

𝐻
=

∆𝑉

𝑉
                                                                                                               (2.3) 

                    
Considering a unit sectional area of the clay stratum, we may write 
 

𝑉 = 𝐻,     𝑉1 = 𝐻1 
∆𝑉 = (𝐻 − 𝐻1) = 𝐻𝑠(1 + 𝑒0) − 𝐻𝑠(1 + 𝑒1) = 𝐻𝑠(𝑒0 − 𝑒1) 
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Figure 2.9: Change of height due to one-dimensional compression (Murthy, 2002) 
 
Therefore, 
∆𝑉

𝑉
=

𝐻𝑠(𝑒0−𝑒1)

𝐻𝑠(1+𝑒0)
=

𝑒0−𝑒1

(1+𝑒0)
=

∆𝑒

1+𝑒0
                                                                          (2.4)                           

Substituting for ∆𝑉/𝑉 in Eq. (2.3) 
∆𝐻 = 𝐻

∆𝑒

1+𝑒0
                                                                                                       (2.5)                      

 
If we designate the compression ∆𝐻 of the clay layer as the total settlement St of the 
structure built on it, we have 
∆𝐻 = 𝑆𝑡 = 𝐻

∆𝑒

1+𝑒0
                                                                                               (2.6)                     

 

2.4.7.2 Settlement calculation from e-log p curves 

 
Substituting for ∆e in Eq. (2.6) we have 
 
𝑆𝑡 =

𝐶𝑐

1+𝑒0
𝐻𝑙𝑜𝑔

𝑝

𝑝0
                                                                                                (2.7)                   

 
𝑜𝑟𝑆𝑡 =

𝐶𝑐

1+𝑒0
𝐻𝑙𝑜𝑔

𝑝0+∆𝑝

𝑝0
                                                                                      (2.8)  

                     
The net change in pressure ∆p produced by the structure at the middle of a clay stratum 
iscalculated from the Boussinesq or Westergaard theories (Murthy, 2002). 
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In general use, 
 
∆p = qo× m× Iσ                                                                                                                                                  (2.9)                                  
 
Where, Iσ is all terms to the right of qo in Eq. (2.9) as tabulated for selected values of 
M and N in TABLE (D-1) in Appendix-D (Bowles,1997). 
 
If the thickness of the clay stratum is too large, the stratum may be divided into layers 
ofsmaller thickness not exceeding 3m. The net change in pressure ∆p at the middle of 
each layer will have to be calculated. Consolidation tests will have to be completed on 
samples taken from themiddle of each of the strata and the corresponding compression 
indices will have to be determined. The equation for the total consolidation settlement 
may be written as: 
 
𝑆𝑡 = 𝐻𝑖

𝐶𝑐

1+𝑒0
𝑙𝑜𝑔

𝑝0+∆𝑝

𝑝0
                                                                                       (2.10)                     

Where the subscript i refers to each layer in the subdivision. If there is a series of clay 
strata of thickness H1, H2, etc., separated by granular materials, the same Eq. (2.8) may 
be used for calculating the total settlement. 
 

2.4.7.3 Settlement calculation from e-p curves 

We can plot the field e-p curves from the laboratory test data and the field e-log p 
curves. The weight of a structure or of a fill increases the pressure on the clay stratum 
from the overburden pressure photo the value po +∆p (Figure 2.10). The corresponding 
void ratio decreases from eoto e. Hence, for the range in pressure from photo (po +∆p), 
we may write,  
                                             
eo– e = ∆𝑒 = av∆𝑝 
 
or    av (cm2/gm) = ∆𝑒

𝑝 (𝑐𝑚2/ 𝑔𝑚) 
                                                                            (2.11)                   

 
Where, avis called the coefficient of compressibility. For a given difference in pressure, 
the value of the coefficient of compressibility decreases as the pressure increases. Now 
substituting for ∆e in Eq. (2.6) from Eq. (2.10), we have the equation for settlement, 
 
𝑆𝑡 =

𝑎𝑣𝐻

1+𝑒0
∆𝑝 = 𝑚𝑣𝐻∆𝑝                                                                                      (2.12)                    

Where, mv = av/( 1 + eo) is known as the coefficient of volume compressibility. It 
represents the compression of the clay per unit of original thickness due to a unit 
increase of the pressure. 
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Figure 2.10: Settlement calculation from e-p curves (Murthy, 2002) 

 

2.4.7.4 Settlement calculation from e-log p curve for over consolidated clay soil 

 
Figure 2.8 gives the field curve Kf for pre-consolidated clay soil. The settlement 
calculation depends upon the excess foundation pressure ∆p over and above the 
existing overburden pressure po. Settlement Computation, if po+ ∆p≤pc (Figure 2.8). In 
such a case, use the sloping line AB. If Cs = slope of this line (also called the swell 
index), we have 
 
𝐶𝑠 = 𝑙𝑜𝑔

∆𝑒

𝑙𝑜𝑔
(𝑝0+∆𝑝)

𝑝0

                                                                                               (2.13)                    

𝑜𝑟   ∆𝑒 = 𝐶𝑠𝑙𝑜𝑔
𝑝0+∆𝑝

𝑝0
                                                                                          (2.14)                    

 
By substituting for ∆𝑒 in Eq. (2.6), we have 
 
𝑆𝑡 =

𝐶𝑠𝐻

1+𝑒0
𝑙𝑜𝑔

𝑝𝑜+∆𝑝

𝑝0
                                                                                              (2.15)                   

 
Settlement Computation, if p0< pc< p0 + ∆p, we may write from Figure 2.8 
 
∆𝑒 = ∆𝑒1 + ∆𝑒2 = 𝐶𝑠𝑙𝑜𝑔

𝑝𝑐

𝑝0
+ 𝐶𝑐𝑙𝑜𝑔

𝑝0+∆𝑝

𝑝𝑐
                                                         (2.16)               
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In this case the slope of both the lines AB and EC in Figure 2.8 are required to be 
considered. Now the equation for St may be written as [from Eq. (2.6) and Eq. (2.16)] 
 
𝑆𝑡 =

𝐶𝑠𝐻

1+𝑒0
𝑙𝑜𝑔

𝑃𝑐

𝑝0
+

𝐶𝑐𝐻

1+𝑒0
𝑙𝑜𝑔

𝑝0+∆𝑝

𝑝𝑐
                                                                       (2.17)                    

 
The swell index Cs ≈1/5 to 1/10 Cc can be used as a check. Nagaraj and Murthy (1985) 
have proposed the following equation for Cs as 
 
𝐶𝑠 = 0.0463 

𝑤1

100
𝐺𝑠                                                                                            (2.18)                     

 
Where,wl = liquid limit, Gs = specific gravity of solids. 
 
Calculating the compression Index, Cc 
Another important value derived from the e – log p curve is the compression index (Cc). 
It is the slope of the linear portion of the loading curve on e – log p plot. Therefore, the 
following expression is obtained.  
 
Cc= 

𝑒1−𝑒2

log 𝑝2−log 𝑝1

 = 
𝑒1−𝑒2

log(
𝑝2

𝑝1
)
                                                                                          (2.19)                    

 
Calculating the swellingIndex,Cs 
Similar to that of compression index, the swelling index (Cs) is also found using e – log 
p plot. The attention this time is diverted to the un-loading part of the e – log p curve 
(Figure 2.6) and it is again the slope that gives the value of swelling index: 
 
Cs = 

𝑒3−𝑒4

log 𝑝4−log 𝑝3

 = 
𝑒3−𝑒4

log(
𝑝4

𝑝3
)
                                                                                         (2.20)                  

 

2.4.8 Empirical Relationships of Compression Index Cc: 

Research workers in different parts of the world have established empirical 
relationships between the compression indexCcand other soil parameters. A few of the 
important relationships are given below. 
 
Skempton's Formula: Skempton (1944) established a relationship between Cc, and 
liquid limits for remolded clays as 
 
Cc=0.007(wl-10)                                                                                                  (2.21)                 
 
Where, wl is in percent. 
Terzaghi and Peck Formula: Based on the work of Skempton and others, Terzaghi and 
Peck (1948) modified Eq. (2.18) applicable to normally consolidated clays of low to 
moderate sensitivity as 
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Cc = 0.009 (wl -10)                                                                                            (2.22)                    
 
Azzouz et al., Formula:Azzouz et al., (1976) proposed a number of correlations based 
on the statistical analysis of a number of soils. The one of the many which is reported 
to have 86 percent reliability is 
 
Cc=0.37(eo+0.003wl+0.0004wn-0.34)                                                              (2.23)                      
Where, eo = in-situ void ratio, wl and wn are in percent. For organic soil they proposed 
 
Cc = 0.115wn                                                                                                                                                        (2.24)                               
 
Hough's Formula: Hough (1957), on the basis of experiments on pre-compressed soils, 
has given the following equation 
 
Cc = 0.3 (eo- 0.27)                                                                                              (2.25)                      
 
Nagaraj and Srinivasa Murthy Formula: Nagaraj and Srinivasa Murthy (1985) have 
developed equations based on their investigation as follows: 
 
Cc = 0.2343 el                                                                                                                                                         (2.26)                            
 
Cc= 0.39eo                                                                                                                                                                 (2.27)                              
 
Where, el is the void ratio at the liquid limit, and eois the in-situ void ratio. 
 

2.5 Calculation of Settlement using Soil Parameters from Drained Triaxial Test 

2.5.1 Triaxial Test 

Ideally, the triaxial test should permit independent control of the three principal stresses 
(Figure 2.11), so that generalized states of stress can be examined, including the 
important special case corresponding to plane strain. However, the relatively high 
compressibility of the soil skeleton and the magnitude of the shear strains required to 
case failure lead to mechanical difficulties which make independent control too 
complicated for other than special research tests. The type of triaxial test most 
commonly used in research work and in routine testing is the cylindrical compression 
test.  

 
In this test, shown diagrammatically in Figure 2.12, the cylindrical specimen is sealed 
in a water-tight rubber membrane and enclosed in a cell in which it can be subjected to 
fluid pressure. The water pressure, usually called cell pressure, can be measured 
directly from a manometer or gauge, and an adaptation also enables the pore water 
pressure inside the sample to be recorded.  
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Figure 2.11: Stress system in Triaxial Test 
 
During the application of this load the sample experience shortening in the vertical 
direction with a corresponding expansion in the horizontal direction. Under these 
conditions the axial stress is the major principal stress σ1; the intermediate and minor 
principal stresses (σ2 and σ3, respectively) are both equal to the cell pressure. 
Connections to the ends of the sample permit either the drainage of water and air from 
the voids in the soil or, alternatively, the measurement of the pore pressure under 
conditions of no drainage.  
 

2.5.2 Types of Triaxial Test 

The triaxial test will be classified according to the conditions of drainage obtaining 
during each stage.  
 
Unconsolidated – Undrained (UU) Test: 
In this, cell pressure is applied without allowing drainage. Then keeping cell pressure 
constant, deviator stress is increased to failure without drainage. In this test to drainage 
and no dissipation of pore pressure is permitted during the application of the all-round 
stress which indicates that the sample will not have any volume change due to 
dissipation of water and no drainage is allowed during the application of the deviator 
stress.  
 
Consolidated – Undrained (CU) Test:  
In this, drainage is allowed during cell pressure application. Then without allowing 
further drainage, deviator stress is increased keeping cell pressure constant. In this test 
drainage will be permitted during the application of all-round pressure (σ3) and the 
sample will considered under this pressure and no drainage is allowed during the 
application of deviator stress and this test can be carried out on undisturbed or 
compacted samples of earth-fill, in particular when the degree of saturation is not 
enough to result in a sufficient range of strengths in the undrained test to define a 
satisfactory failure envelope.  
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Figure 2.12: General set-up of a soil specimen inside a triaxial cell 
(Gdsinstruments.com, 2017). 
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Figure 2.13: Specimen stress state during triaxial compression 
 (Gdsinstruments.com, 2017). 

 
Consolidated Drained (CD) Test:  
This is similar to CU test except that as deviator stress is increased, drainage is 
permitted. The rate of loading must be slow enough to ensure no excess pore water 
pressure develops. In this test drainage is permitted throughout the test so that full 
consolidation occurs under the all-round stress and no excess pore pressure is set up 
during the application of the deviator stress. When the consolidation takes place the 
sample is then sheared by increasing the axial load at a sufficiently slow rate to prevent 
any build-up of excess pore pressure. The minor principal stress “σ3” at failure is this 
equal to “F”, the consolidation pressure, the major principal stress “σ1” in the axial 
stress, since the pore pressure is zero, the effective stresses are equal to the applied 
stresses, and the strength envelope in terms of effective stress is obtained directly from 
the stress circles.  

 
The stresses applied to a soil or rock specimen when running a triaxial compression 
test are displayed in Figure 2.13. The confining stress σcis applied by pressurising the 
cell fluid surrounding the specimen – it is equal to the radial stress σr, or minor principal 
stress σ3. The deviator stress q is generated by applying an axial strain εato the soil – 
the deviator stress acts in addition to the confining stress in the axial direction, with 
these combined stresses equal to the axial stress σa, or major principal stress σ1. The 



33 
 

stress state is said to be isotropic when σ1 = σ3, and anisotropic when σ1 ≠ σ3. Note the 
principal stress directions rotate by 90° when a triaxial extension test is performed – in 
such a case the radial stress corresponds to the major principal stress direction, with the 
axial stress providing the minor principal stress. 
 
The triaxial test is carried out in a cell on a cylindrical soil sample having a length to 
diameter ratio of 2. The usual sizes are 76 mm x 38 mm and 100 mm x 50 mm. Three 
principal stresses are applied to the soil sample, out of which two are applied water 
pressure inside the confining cell and are equal. The third principal stress is applied by 
a loading ram through the top of the cell and is different to the other two principal 
stresses.  
 
The soil sample is placed inside a rubber sheath which is sealed to a top cap and bottom 
pedestal by rubber O-rings. For tests with pore pressure measurement, porous discs are 
placed at the bottom, and sometimes at the top of the specimen. Filter paper drains may 
be provided around the outside of the specimen in order to speed up the consolidation 
process. Pore pressure generated inside the specimen during testing can be measured 
by means of pressure transducers.The triaxial compression test consists of two stages: 
 
First stage: In this, a soil sample is set in the triaxial cell and confining pressure is then 
applied. 
 
Second stage: In this, additional axial stress (also called deviator stress) is applied 
which induces shear stresses in the sample. The axial stress is continuously increased 
until the sample fails. During both the stages, the applied stresses, axial strain, and pore 
water pressure or change in sample volume has been measured. 
 
The first stage simulates in the laboratory the in-situ condition that soil at different 
depths is subjected to different effective stresses. Consolidation will occur if the pore 
water pressure which develops upon application of confining pressure is allowed to 
dissipate. Otherwise the effective stress on the soil is the confining pressure (or total 
stress) minus the pore water pressure which exists in the soil. 
 
During the shearing process, the soil sample experiences axial strain, and either volume 
change or development of pore water pressure occurs. The magnitude of shear stress 
acting on different planes in the soil sample is different. When at some strain the sample 
fails, this limiting shear stress on the failure plane is called the shear strength. 
 
CD tests can be performed on all types of soils. Drainage is allowed in both phases of 
triaxial testing; isotropic consolidation & shearing. Soil is consolidated under a chosen 
confining pressure; and after completion of consolidation it is tested for shear by 
applying deviator stress gradually at slow strain rate while allowing full drainage. It 
takes more time to complete a test as compared to CU test, and commonly known as 
"slow" test, which is seldom conducted except for research interest. 
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2.5.3 Consolidated Drained Triaxial Test Procedure 

The triaxial test as described by geotechnical test standards typically consists of four 
main stages: specimen preparation, saturation, consolidation, and shearing. 
 

2.5.3.1 Specimen preparation 

The test specimen firstly has been prepared from a sample of soil before placing into 
the triaxial cell. Undisturbed specimens extruded from Shelby tubes and trimming the 
specimens have been taken. A membrane suction stretcher can be used to place the 
rubber membrane around the soil once in position on the pedestal. Note that disturbance 
to the specimen has been kept to a minimum during preparation. 

2.5.3.2 Saturation 

The saturation process is designed to ensure all voids within the test specimen are filled 
with water, and that the pore pressure transducer and drainage lines are properly de-
aired. This may be achieved by firstly applying a partial vacuum to the specimen to 
remove air and draw water into the transducer and drainage lines, followed by a linear 
increase of the cell and back pressures. The latter process is shown in Figure 2.14, 
during which a constant effective stress have been maintained. At no point should the 
effective stress increase above the value required for shearing, as this leads to specimen 
over-consolidation. To assist the specimen in reaching full saturation, the following 
steps may be taken: 

 Use of de-aired water to fill specimen voids. 
 Increase of back pressure to force air into solution. 

 
Note that a significant period of time, and back pressures in the range of 500 kPa to700 
kPa may be required to fully saturate a specimen. 
 
 

 
Figure 2.14: Specimen saturation by increasing back pressure 

(Gdsinstruments.com, 2017). 
To check the degree of specimen saturation is sufficiently high before moving to the 
consolidation stage, a short test is performed to determine Skempton’s B-value. This is 
called a B-check, and requires specimen drainage to be closed whilst the cell pressure 
is raised by approximately 50 kPa. Figure 2.15 details this test, with B ≥ 0.95 typically 
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used to confirm full specimen saturation. Note however that B is soil-dependent, so 
whilst normally-consolidated soft clay will produce B ≈ 1.00 at full saturation, a very 
dense sand or stiff clay may only show B ≈ 0.91, even if full saturation has been reached 
(Skempton, 1957). 

 

 
Figure 2.15: B-check to confirm specimen saturation 

 (Gdsinstruments.com, 2017). 
 

2.5.3.3 Consolidation 

The consolidation stage is used to bring the specimen to the effective stress state 
required for shearing. It is typically conducted by increasing the cell pressure whilst 
maintaining a constant back pressure (often equal to the pore pressure reached during 
the final saturation B-check), as shown in Figure 2.16. This process is continued until 
the volume change ΔV of the specimen is no longer significant, and at least 95% of the 
excess pore pressure has dissipated. The consolidation response has been also used to 
estimate a suitable rate of strain when shearing cohesive specimens. 
 

 
Figure 2.16: Consolidation of test specimen (Gdsinstruments.com, 2017). 

 



36 
 

2.5.3.4 Shearing 

The soil has been sheared by applying an axial strain εa to the test specimen at a constant 
rate through upward (compression) or downward (extension) movement of the load 
frame platen. This rate, along with the specimen drainage condition, is dependent on 
the type of triaxial test being performed.  

 
Table 2-1 summarizes the conditions for each test type (note a constant confining 
pressure is maintained for each). 

 
 

Table 2-1: Summary of test conditions during shear stage 
(Gdsinstruments.com, 2017) 

 
Test 
type 

Rate of axial strain Drainage 

CD Slow enough to result in 
negligible pore pressure 

variation 

Open, record ΔV 
& maintain 

constant back 
pressure 

CU Slow enough to allow 
adequate equalization of 

excess pore pressures 

Closed, record 
excess pore 

pressure 
UU Typically fastest, reaching 

failure criterion in 
5 – 15 minutes 

Closed, no 
excess pore 

pressure 
measurement 

 
Specimen response during the shear stage is typically monitored by plotting the 
deviator stress q or effective principal stress ratio σ΄1/σ'3 against the axial strain εa. The 
stage is continued until a specified failure criterion has been reached, which may 
include identification of the peak deviator stress or peak effective principal stress ratio, 
observation of constant stress and excess pore pressure / volume change values, or 
simply a specific value of axial strain being reached (for example εa = 25%). 
 

2.6 Deformation Modulus of Soil 

Deformation modulus of soil (E), a property of elastic material, is defined as a constant 
of proportionality between stress and strain as  
 
E = ∆𝜎

∆𝜀
                                                                                                                  (2.28)                    
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This soil parameter is most commonly used in the estimation of settlement from static 
loads. It describes the tendency of an object to deform along an axis when forces are 
applied along that axes which is defined as the ratio of compressive stress to 
compressive strain. It is used to measure the stiffness of a material. 
 

2.7 Determination of Deformation modulus from Triaxial Test 

Deformation modulus from the triaxial test (E50) is derived by the stress-strain curve 
obtained from the laboratory testing as shown in (Figure 2.17) below: 
 
 

 
 

Figure 2.17: Stress-Strain Curve for E50 
 

Find the peak deviator stress, σpeak, from the test curve, divide the σpeak into two equal 
parts, to get σ50. Then, read the corresponding strain value, ε50 along the curve from the 
σ50. The Deformation modulus value have been determined as ((BahatinGündüz, 2010 
and Brinkgreve et al.,2006),  
E50 = σ50

ε50
                                                                                                               (2.29)                    

 
In the triaxial test, usually the tests are done by varying the confining pressure, σ3. And 
it appears that the E value varies with the confining pressure. The greater the confining 
pressure the greater the E. Therefore, it is necessary to take an E value at a referenced 
confining pressure, which is usually taken at 100 kPa. This referenced E value is termed 
as E50-ref, and it is determined as shown (Figure 2.18) below:  
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Figure 2.18: Deriving E50-ref 
 

2.8 Settlement computations from Different Method using Soil Parameters from 
 Drained Triaxial Test 

2.8.1 Settlement computations from (Murthy, 2002) method 

If the results of drained triaxial tests are not available, the drained modulus for over-
consolidated clays can be obtained approximately from the relationship Ed=0.6Eu.  
Alternatively, if mv values from Oedometer tests are available, Ed is the reciprocal of 
mv. If the values of Ed are available, settlement of a soil layer is calculated from the 
formula 
St = mv H ΔP = 1

𝐸𝑑
× 𝐻 × ΔP                                                                               (2.30)                    

 
Where, mv= average coefficient of volume compressibility obtained for the effective 
pressure increment in the particular layer under consideration, 
∆P= average effective vertical stress imposed on the particular layer resulting from   the 
net foundation pressure. 
Ed = Drained modulus 
H = thickness of the particular layer. 
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2.8.2 Settlement computations from (Tomlinson et al, 2001) method 

The total settlements of foundation can be calculated from the equation, 

St= qn×B×
(1−ʋ2)

𝐸𝑑
×Ip                                                                                                                                        (2.31)                             

Where,  
St = total settlements of foundation 
B = Width of foundation,                                                                                                                                                               
Ed = Drained modulus 
ʋ =Poisson’s ratio 
qn= Net foundation pressure 
Ip = Influence factor 
 
Eurocode 7 refers to calculations of settlement using equation (2.31) as the adjusted 
elasticity method. The drained modulus Ed is used for calculating the total (immediate 
+ consolidation) settlement of the foundations on gravels, sand, silts and clays. The 
undrained modulus Eu is use to calculate the immediate settlement of foundations on 
clays or clayey silts. It is the general practice to obtain drained E- values of clays from 
laboratory tests on undisturbed samples taken from boreholes. The values of Poisson’s 
ratio of equation (2.31) are given below: 
 

Table 2-2: Poisson’s ratio for different types of soil 
 

Material Type Poisson’s ratio 
Clays (Undrained) 0.5 
Clays (stiff,undrained) 0.1-0.2 
Silt 0.3 
Sands 0.1-0.3 
Rocks 0.2 

 
 
Ip is a function of the length-to-breadth ratio of the foundation, and the thickness (H) 
ofthe compressible layer Terzaghi (1936) had given a method of calculating Ip, from 
curvesderived by Steinbrenner (1934). 
For Poisson’s ratio of 0.5,  
Ip = F1                                                                                                                                                                              (2.32)                    
For Poisson’s ratio of 0,  
Ip = F1 + F2                                                                                                                                                                  (2.33)                      
 
Values of F1 and F2 for various ratios of H/B and L/B are given below in fig settlements 
should not be calculated for thickness (H) greater than 4B 
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Figure 2.19: Values of F1 and F2 used for influence factor Ip (Tomlinson, 2001) 
 
However, in most natural soil and rock formations the modulus increases with depth 
such that calculation based on a constant modulus give exaggerated estimates of 
settlement. Butler (1974) has developed a method, based on the work of Brown and 
Gibson (1973), for calculating the settlement for conditions of a modulus of 
deformation increasinglinearly with depth within a layer of finite thickness. 
 
Ed = Ef (kz+ B)                                                                                                      (2.34)                    
 
Where, Ef  is the modulus of deformation at foundation level. The value of k is obtained 
by plotting measured values of Ed against depth and drawing a straight line through the 
plotted points to obtain values for substitution in equation (2.34). Having obtained k, 
the appropriate influence factor Ip is obtained from Butler's curves shown in Figure 
2.20. These are for different ratios of L/B, and are applicable for compressible layer of 
thickness not greater than nine times B. The curves are based on the assumption of a 
Poisson's ratio of 0.5. This ratio is applicable to saturated clays forundrained 
conditions, i e immediate application of load. 
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Figure 2.20: Values of influence factor for deformation modulus increasing 

linearly with depth and modular ratio of 05 (Butler, 1974). 
 
It may be preferable to determine the settlement from relationships established by 
(Burland et al,1977). 
 
For stiff over-consolidated clays,  
Immediate settlement, ρi = 0.5 to 0.6 ρoed 
Consolidation settlement, ρc = 0.5 to 0.4 ρoed 
Final Settlement = ρoed 

 
For soft normally-consolidated clays, 
Immediate settlement, ρi = 0.5 to 0.6 ρoed 
Consolidation settlement, ρc = 0.5 to 0.4 ρoed  
Final Settlement = ρoed  
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2.8.3 Geological factor (µg) from Skempton and Bjerrum (1957) 

Skempton and Bjerrum(1957)  have shown that the actual consolidation settlement (ρc) 
may be less than the calculated values based on Oedometer tests. They give the 
formulations: 
 
ρc =μg ρoed                                                                                                                                                                  (2.35)                         
 
Where,  
μg = a coefficient (geological factor) which depends on the type of clay. 
ρoed = settlement as calculated from Oedometer tests. 
 
Skempton and Bjerrum (1957) have related μg to the pore pressure coefficient of the 
soils as determined from undrained triaxial compression tests, and also to the 
dimensions of the loaded area. For most practical purposes it is sufficient to take the 
following values for µg. 
 

Table 2-3: Geological factor (μg) values for different types of clay 
 

Type of clay Geological 
factor (μg) 

Very sensitive clays (soft alluvial, estuarine, and 
marine clays) 

1.0-1.2 

Normally consolidated clays 0.7-1.0 
Overconsolidated clays (London clay, 
wealdkimmeridge, Oxford, and lias clays) 

0.5-0.7 

Heavy Overconsolidated clays (glacial till, keuper 
Marl) 

0.2-0.5 

 
Settlements calculation using soil parameters of from triaxial test is less than the value 
calculated from Oedometer test.So we should use µg (geological factor) to reduce the 
value obtained from Oedometer test. 

2.8.4 Settlements correction factor (λ) from HRB (1973) 

The settlement correction factor λ is given in figure as a function of stress history. The 
figure, taken from HRB (1973), is a modification of that given by Skempton and 
Bjerrum (1957). It is applicable to determination of the settlement correction factor for 
an approximately axisymmetric loading of width B near the surface of a compressible 
stratum of thickness H. The stress history is expressed by the over consolidation ratio 
OCR,  
 
OCR=𝜎′𝑝

𝜎′𝑜
 

Where 𝜎′𝑝 is the preconsolidation pressure and 𝜎′𝑜 is the overburden pressure.  
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Figure 2.21: Settlement correction factor for three-dimensional effects on initial 
excess pore pressure distribution as a function of over-consolidation ratio (HBR, 

1973). 
 

2.8.5 Settlement computations from (Bowles, 1997) method 

“The settlement of the corner of a rectangular base of dimensions B' × L' on the surface 
of an elastic half-space can be computed from an equation from the Theory of Elasticity 
[e.g., Timoshenko and Goodier (1951) as follows: 
 

St = qoB' 1−𝜇2

𝐸𝑑
 (I1+

1−2𝜇

1−𝜇
I2)IF                                                                                                                            (2.36)                       

 
Where,  
qo = intensity of contact pressure in units of Ed 
B' = least lateral dimension of contributing base area in units of St 
I1= influence factors, which depend on L'/B' thickness of stratum H, Poisson's ratio 𝜇, 
and base embedment depth D 
Ed, 𝜇 = elastic soil parameters 
 
The influence factors (Figure 2.22) I1 and I2 can be computed using equations given by 
Steinbrenner (1934) as follows: 
 

I1=
1

𝜋
[𝑀𝑙𝑛

( 1+√𝑀2+1)√𝑀2+𝑁2

𝑀(1+ √𝑀2+𝑁2+1)
 +  𝑙𝑛

(𝑀+√𝑀2+1)√1+𝑁2

𝑀+ √𝑀2+𝑁2+1)
]                                            (2.37)                         

I2 =
𝑁

2𝜋
tan−1 (

𝑀

𝑁√𝑀2+𝑁2+1)
)    (tan−1 in radians)                                                 (2.38)                   

 

Where, M = 𝐿′

𝐵′
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Figure 2.22: Influence factor IF for footing at a depth D (Bowles, 1997). 

 
 Use actual footing width and depth  
N = 𝐻

𝐵′ 

B' = 𝐵

2
 for center; = B for center Ii 

L' = L/2 for center; = L for center Ii 
 
The influence factor IF is from the Fox (1948b) equations, which suggest that the 
settlement is reduced when it is placed at some depth in the ground, depending on 
Poisson's ratio and L/B (Table D-4 of Appendix-D). Figure 2.22 can be used to 
approximate IF and also using (Table D-2 &Table D-3) of Appendix-D, which gives a 
select range of I1 and I2 values, to compute the composite Steinbrenner influence factor 
Is  as: 
Is = I1 + 1−2𝜇

1−𝜇
I2                                                                                                                                                     (2.39)                             

 
Equation (2.36) can be written more compactly as follows: 
 

St = qoB'1−𝜇2

𝐸𝑑
 (I1+

1−2𝜇

1−𝜇
I2) mIs IF                                                                                                                (2.40)                           

 
Where Is is defined in Eq. (2.39) and m = number of corners contributing to settlement 
St. At the footing center m = 4; at a side m = 2, and at a corner m = 1.  
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CHAPTER 3: GEOTECHNICAL DATA COLLECTION AND 

EXPERIMENTAL PROGRAM 

3.1 General 

The main objective of this chapter is to present the experimental programs of CD 
triaxial test and Oedometer test and collection of test Data. The laboratory test 
procedure has been discussed in this chapter. Undisturbed soil sample of Dhaka city 
was collected. Laboratory tests were performed at the geotechnical laboratory of 
BUET. 
 

3.2 Geotechnical Data Collection 

Over-consolidated clay of Dhaka City have been selected for this research work. The 
main targeted areas are over-consolidated clay soil at various location of Dhaka City. 
Oedometer test reports and Consolidated Drained Triaxial Test reports of Over-
consolidated Dhaka clay have been collected from various published and unpublished 
sources (BRTC, BUET and Subsoil Investigation Company). Typical e-log p curve of 
Dhaka clay is shown in Appendix-A. Collection of Oedometer test Data of Over-
consolidated Dhaka clay shown in Appendix-A have been presented in Table 3-1. 
 

Table 3-1: The main parameter of e-log p curve of Figures shown in Appendix-A 
 

Location  Depth, 
(m) 

Water 
content, 
w (%) 

Dry 
unit 

weight, 
γd 

(kN/m2) 

Compression 
Index , (Cc) 

Re-
compression 
Index , (Cr)   
 

Void 
Ratio, 
(eo) 

Moghbazar, 
Ramna, 

3.00 25.73 16.3 0.134 0.044 0.737 

Baridhara  1.5 22.68 16.5 0.125 0.042 0.616 
Jamgara, 
Savar. 

4.0 20.53 16.2 0.131 0.044 0.878 

Ashulia, 
Savar. 

2.5 23.37 16.4 0.141 0.047 0.731 

BSMMU 2.5 20.30 15.2 0.160 0.030 0.655 

BB Avenue 3.66 25.70 15.6 0.190 0.040 0.714 
Monipuri 
Para 

4.5 22.10 16.0 0.10 0.030 0.651 
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e-log p curve is a not a straight line. The slope of e-log p curve depends on stress level. 
In Figure 3.1 methodology for determining the slope of e-log p curve is presented.  

 
  (A)    (B)    (C) 

Figure 3.1: Determination of the slope of e-log p curve at various stress levels at 
Cr = (0.5-1) kg/cm2 (A), at Cr = (0.5-1.5) kg/cm2 (B), and at Cr = (0.5-2) kg/cm2 (C) 
 

Table 3-2: Slope of e-log p curve (Cr /Cc) at different vertical Pressure 
 

Location Depth 
(m) 

Re-
compression 
Index , (Cr) 

at pressure 
(0.5-1.0) 
kg/cm2 

Re-
compression 
Index , (Cr)   
at Pressure 
(0.5-1.5) 
kg/cm2 

Re-
compression 
Index , (Cr)  
at pressure 

(0.5-2) 
kg/cm2 

Compression 
Index , (Cc) 

at pressure 
(4-8) 

kg/cm2 

Moghbazar, 
Ramna 

3.00 0.031 0.039 0.045 0.134 

Jamgara, 
Savar 

4.0 0.038 0.041 0.044 0.131 

Ashulia, 
Savar.        

2.5 0.0625 0.0725 0.0825 0.141 

 
It is observed from the Table 3-2 that the slope of e-log p curve between pressure range 
0.5-1.0 kg per cm2  ranges from 0.031 to 0.063, between pressure range 0.5-1.5 kg per 
cm2  ranges from 0.039 to 0.0725, between pressure range 0.5-2.0 kg per cm2  ranges 
from 0.044 to 0.087. 
 

3.3 Collection of CD-Triaxial test Data 

There are limited number of CD-triaxial test Data. All the Data have been collected 
from BRTC, BUET. Typical Deviator stress Vs Axial Strain curve is presented in 
Appendix B. The Drain modulus E25 is presented in Table 3-3: Soil parameters (E25) 
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from CD-Triaxial test using Data from Appendix-B. It is interested to note that E50 does 
not depends on confining pressure (25 to138 kPa). This is most likely due to over-
consolidation Dhaka clay.  The value of Ed is ranges from 15 MPa to 52 MPa.  
Drained modulus E50 and E25 has been calculated. The methodology shown in the 
Figure 3.2. 
 

 
 

Figure 3.2: Methodology for Determination of E50 and E25 
 

3.3.1 Deformation modulus (E50) 

After finding the peak deviator stress, σmax, from the test curve, divide the σmax into two 
equal parts, to get σ50. Then, read the corresponding strain value, ε50 along the curve 
from the σ50. The Deformation modulus (E50) value have been determined as 
 
E50 = σ50

ε50
 

 

3.3.2 Deformation modulus (E25) 

The Deformation modulus (E25) value have been determined as 
 
E25 = σ25

ε25
 

 
The strain value, ε25 have been obtained as corresponding to stress 0.25σmax value. 
Both Consolidation (Oedometer) test and Consolidation Drained Triaxial test have 
been carried out is presented in brief. 
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Table 3-3: Soil parameters (E25) from CD-Triaxial test 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 3-4: Drained modulus (E50) from CD-Triaxial test 

 
Location E50 

(MPa) 
at 

confining 
pressure, 

σ3=25 
(KPa) 

E50 

(MPa) 
at 

confining 
pressure,  
σ3 = 50 
(KPa) 

E50 

(MPa) 
at 

confining 
pressure, 

σ3=69 
(KPa) 

 

E50 (MPa) 
at 

confining 
pressure, 
σ3=100 
(KPa) 

 

E50 

(MPa) 
at 

confining 
pressure, 
σ3=138 
(KPa) 

Shahbagh, 
Dhaka 

60 46 - - - 

Bangabandhu 
Avenue, 
Dhaka 

- - 21  17 

Monipuri 
para 

- - 16 - 27 

Rajarbagh, 
Dhaka 

16 21 - - - 

Green Road - 16 - 20 - 
Mirpur, 
Dhaka  

21 16 - 19 - 

Location E25 
(MPa) 

at 
confining 
pressure, 

σ3=25 
(KPa) 

E25 
(MPa) at 
confining 
pressure, 

σ3=50 
(KPa) 

E25 
(MPa) 

at 
confining 
pressure, 

σ3=69 
(KPa) 

E25 
(MPa) 

at 
confining 
pressure, 
σ3=100 
(KPa) 

E25 (MPa) 
at 

confining 
pressure, 
σ3=138 
(KPa) 

Shahbagh, 
Dhaka 

70 82 - - - 

Bangabandhu 
Avenue, 
Dhaka 

- - 26 - 24 

Monipuri 
para 

- - 48 - 52 

Rajarbagh, 
Dhaka 

30 64 - - - 

Green Road - 22 - 21 - 
Mirpur, 
Dhaka  

46 43 - 45 - 
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It can be observed fromTable 3-3 & 3-4 that effect of all round pressure on E50 is 
negligible upto σ3 (confining pressure)=138 kPa for Dhaka city. Normally E50 increase 
with increase of all round pressure. Dhaka clay is highly over-consolidated clay, this 
may be the reasons that E50 does not increase with increase of all round pressure. 

3.4 Geotechnical Laboratory Investigation Programme 

Undisturbed soil sample has been collected at Dhaka cantonment, Kurmitola, Dhaka. 
The depth of the sample was 4 meter from ground level. Consolation test was done on 
the undisturbed sample. Details are discussed below: 
 

3.4.1 Consolidation (Oedometer) test procedure 

Undisturbed specimens extruded from Shelby tubes and trimming the specimens. The 
soil sample is enclosed in a metal ring and is placed on a porous stone. When preparing 
the sample, filter papers has been added between the soil and the porous stones. The 
sample is then mounted in the consolidation cell and the loading unit such as that shown 
in Figure 3.3. Water is added into the cell around the sample, so the sample remains 
saturated during the test. The two porous stones at the top and bottom of the sample 
allow a two-way drainage of the sample. 
 

 
 

Figure 3.3: The consolidation cell and the loading unit at Laboratory. 
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The test involves applying increments of vertical static load to the sample and recording 
the corresponding settlements. When the full consolidation at the maximum applied 
load is reached, the sample is unloaded at several stages and the swelling of the sample 
is recorded. At the end of the test, the sample is carefully removed and its water content 
is measured. 
 

 
 

Figure 3.4: e-log p Curve from Oedometer Test performed at Laboratory. 
 
 
The soil parameters obtained from Oedometer Lab Test Data of Figure 3.4 are shown 
Table 3-5. 
 

Table 3-5: Results from Oedometer Test performed at Laboratory. 
 
Location  Depth 

of 
Sample 
(m) 

Water 
content, 
w (%) 

Specific 
Gravity, 
(Gs) 

Compression 
Index, (Cc) 

Re-
compression 
Index , (Cr) 

Void 
Ratio, 
(eo) 

past 
maximum 
overburden  
pressure, 

σvmax 
(kPa) 

Kurmitola, 
Dhaka 

4.0 23.37 2.73 0.134 0.045 0.714 150 

 
The consolidation test results include the presentation of stress-void ratio in a semi-
logarithmic scale. From this test, Compression Index (Cc), recompression Index (Cr) 
have been determined. The values of determined from collected data and the test data 
in the Laboratory found similar. 
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3.4.2 Consolidated drained triaxial test procedure 

The triaxial test as described by geotechnical test standards (ASTMD7181-11) 
typically consists of four main stages: specimen preparation, saturation, consolidation, 
and shearing. 
 

3.4.2.1 Specimen preparation 

 
The test specimen firstly have been prepared from a sample of soil before placing into 
the triaxial cell. Undisturbed specimens extruded from Shelby tubes and trimming the 
specimens such as that shown in Figure 3.5. A membrane suction stretcher can be used 
to place the rubber membrane around the soil once in position on the pedestal. Note 
that disturbance to the specimen has been kept to a minimum during preparation. The 
triaxial test has been carried out in a cell on a cylindrical soil sample having a length to 
diameter ratio of 2. The usual sizes is 76 mm x 38 mm. The soil sample is placed inside 
a rubber sheath which is sealed to a top cap and bottom pedestal by rubber O-rings. 
Filter paper drains may be provided around the outside of the specimen in order to 
speed up the consolidation process. 
 

 
 

Figure 3.5: Trimmed cohesive specimen and Spilt-part mould for specimen 
preparation. 

Following the placement of the specimen, the triaxial cell and other system components 
are assembled. During this stage the cell is filled with fluid, pressure / volume 
controllers connected, and transducer readings set as required. 
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Specimen Details, 
Height (mm): 76.2 
Diameter (mm): 38.1 
Volume (cm3): 86.875 
Cross-sectional area (cm2): 11.40 
 

3.4.2.2 Saturation 

 
The saturation process is designed to ensure all voids within the test specimen are filled 
with water, and that the pore pressure transducer and drainage lines are properly de-
aired. This may be achieved by firstly applying a partial vacuum to the specimen to 
remove air and draw water into the transducer and drainage lines, followed by a linear 
increase of the cell and back pressures.  
 
Table 3-6: Results from CD-Triaxial Test of saturation Stage performed at 
Laboratory for specimen No-1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

 

Cell 
Pressure 
(kPa) 

Back 
Pressure 
(kPa) 

Cell 
volume 
(ml) 

Back 
volume 
(ml) 

Pore 
Pressure 
(kPa) 

B Value 

50 --------- 75.874 Close 20-16 0.20 
50 40 75.560 60.487 37 --------- 
100 --------- 73.067 Close 55 0.36 
100 90 73.145 56.750 86 --------- 
150 --------- 71.634 Close 112 0.52 
150 140 71.451 54.605 136 --------- 
200 --------- 70.425 Close 170 0.68 
200 190 70.770 53.450 186 --------- 
300 --------- 68.198 Close 266 0.8 
300 290 67.920 51.745 284 --------- 
400 --------- 66.911 Close 370 0.86 
400 390 66.982 51.118 384 --------- 
500 --------- 66.155 Close 474 0.9 
500 490 66.199 50.595 483 --------- 
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Table 3-7: Results from CD-Triaxial Test of saturation Stage performed at 
Laboratory for specimen No-2 

 

3.4.2.3 Consolidation 

The consolidation stage is used to bring the specimen to the effective stress state 
required for shearing. The consolidation response have been also used to estimate a 
suitable rate of strain when shearing cohesive specimens. 
 

Table 3-8: Results from CD-Triaxial Test of consolidation stage for specimen No-
1.at cell pressure=50kPaforspecimen No-1. performed at Laboratory. 

 
Elapse time 
(min) 

Back 
Volume 
Reading (ml) 

Volume 
Chance (cc) 

0 56.202 0.000 
1 56.447 0.245 
4 56.774 0.327 
9 56.843 0.069 
16 56.917 0.074 
25 56.985 0.068 
36 57.033 0.048 
49 57.081 0.048 
64 57.112 0.031 

Cell 
Pressure 
(kPa) 

Back 
Pressure 
(kPa) 

Cell 
volume 
(ml) 

Back 
volume 
(ml) 

Pore 
Pressure 
(kPa) 

B Value 

50 --------- 74.350 Close 21-17 0.20 
50 40 74.163 47.318 37 --------- 
100 --------- 71.254 Close 55 0.36 
100 90 70.444 43.079 87 --------- 
150 --------- 68.923 Close 112 0.50 
150 140 68.892 41.179 136 --------- 
200 --------- 67.822 Close 168 0.64 
200 190 67.384 39.824 186 --------- 
300 --------- 65.157 Close 257 0.71 
300 290 65.258 38.728 286 --------- 
400 --------- 64.203 Close 365 0.80 
400 390 64.413 38.021 384 --------- 
500 --------- 63.553 Close 470 0.86 
500 490 63.420 37.529 484 --------- 
600 --------- 62.717 Close 574 0.90 
600 590 62.315 36.918 583 --------- 
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2h 57.213 0.101 
4h 57.369 0.156 
8h 57.627 0.258 
 58.656 1.029 
 59.978 1.322 
  Change in 

volume, ΔVc 
=  3.78 cc 

 
Volumetric strain,εvol=     𝐂𝐡𝐚𝐧𝐠𝐞𝐢𝐧𝐯𝐨𝐥𝐮𝐦𝐞

𝐈𝐧𝐢𝐭𝐢𝐚𝐥𝐕𝐨𝐥𝐮𝐦𝐞
   =   3.78

86.875
 = 0.043 

 
Table 3-9: Results from CD-Triaxial Test of consolidation stage for specimen No-

1. at cell pressure=100kPa for specimen No-2. performed at Laboratory. 
 

Elapse time 
(min) 

Back Volume 
Reading (ml) 

VolumeChance 
(cc) 

0 41.918 0.000 
1 41.922 0.004 
4 42.128 0.206 
9 42.260 0.132 
16 42.367 0.107 
25 42.458 0.091 
36 42.567 0.109 
49 42.670 0.103 
64 42.776 0.106 
2h 43.110 0.334 
4h 43.603 0.493 
8h 44.013 0.410 
 45.371 1.358 
  Change in 

volume, ΔVc 
=  3.453 cc 

 
Volumetric strain,εvol =

𝐂𝐡𝐚𝐧𝐠𝐞𝐢𝐧𝐯𝐨𝐥𝐮𝐦𝐞

𝐈𝐧𝐢𝐭𝐢𝐚𝐥𝐕𝐨𝐥𝐮𝐦𝐞
   = 3.453

86.875
=     0.040 

 

3.4.2.4 Shearing stage 

The soil have been sheared by applying an axial strain εa to the test specimen at a 
constant rate (.0025 mm/min.) through upward (compression) or downward (extension) 
movement of the load frame platen. Specimen response during the shear stage is 
typically monitored by plotting the deviator stress against the axial strain εa. 
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Table 3-10: Results from CD-Triaxial Test of Shearing stage for specimen No-1. at 
cell pressure=50 kPa for specimen No-1. performed at Laboratory. 

Strain 
dial 
(mm) 

Percentage of 
Axial Strain, 

εa= ∆𝑳

𝑳
(%) 

load, 
(N) 
 

Corrected 
area, cm2 
 
Ac= 𝟏− 𝛆𝐯𝐨𝐥

𝟏−𝛆𝐚
 

Dev. Stress 
(kPa) 
 

0.00 0.00 0 10.909 0.00 
0.25 0.33 6.00 10.945 5.48 
0.50 0.66 22.00 10.981 20.04 
0.75 0.98 75.00 11.017 68.06 
1.00 1.31 122.00 11.054 110.35 
1.25 1.64 164.00 11.091 147.85 
1.50 1.97 200.00 11.128 179.71 
1.75 2.30 228.00 11.165 204.19 
2.00 2.62 245.00 11.203 218.69 
2.25 2.95 255.00 11.241 226.85 
2.50 3.28 260.00 11.279 230.52 
3.00 3.94 264.00 11.356 232.46 
3.50 4.59 269.00 11.434 235.26 
4.00 5.25 268.00 11.513 232.76 
4.50 5.91 270.00 11.594 232.86 
5.00 6.56 270.00 11.675 231.24 
5.75 7.55 267.00 11.799 226.27 
6.50 8.53 267.00 11.926 223.86 
7.25 9.51 267.00 12.056 221.47 
8.00 10.50 267.00 12.189 219.05 
8.75 11.81 268.00 12.370 216.65 
10.00 13.12 269.00 12.557 214.22 

11.25 14.76 270.00 
12.798 
 218.27 
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Table 3-11: Results from CD-Triaxial Test of Shearing stage for specimen No-2. at 
cell pressure=100 kPa for specimen No-2. performed at Laboratory.   

 
Strain 
dial, 
mm 

Percentage of  
Axial Strain , 

εa  =∆𝑳

𝑳
(%) 

load, N 
 

Corrected 
area, cm2 

Ac= 𝟏− 𝛆𝐯𝐨𝐥

𝟏−𝛆𝐚
 

Dev. Stress 
kPa 

 

0.00 0.00 0.00 10.944 0.0 
0.25 0.33 19.00 10.980 17.3 
0.50 0.66 50.00 11.016 45.4 
0.75 0.98 52.00 11.053 47.0 
1.00 1.31 54.00 11.090 48.7 
1.25 1.64 110.00 11.127 98.9 
1.50 1.97 150.00 11.164 134.4 
1.75 2.30 205.00 11.201 183.0 
2.00 2.62 241.00 11.239 214.4 
2.25 2.95 266.00 11.277 235.9 
2.50 3.28 290.00 11.315 256.3 
3.00 3.94 323.00 11.393 283.5 
3.50 4.59 345.00 11.471 300.8 
4.00 5.25 366.00 11.550 316.9 
4.50 5.91 373.00 11.631 320.7 
5.00 6.56 383.00 11.713 327.0 
5.75 7.55 388.00 11.837 327.8 
6.50 8.53 388.00 11.965 324.3 
7.25 9.51 390.00 12.095 322.5 
8.00 10.50 390.00 12.228 318.9 
8.75 11.81 390.00 12.228 318.9 
10.00 13.12 390.00 12.410 314.3 
11.25 14.76 383.00 12.597 309.6 
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Figure 3.6:  Dev. Stress Vs Axial Strain Curve from CD-Triaxial Laboratory 

Test Data 
 

CD-Triaxial test results include the presentation of Dev. Stress Vs Axial Strain Curve. 
From this test, Drained modulus (E50), Drained modulus (E25) has been determined and 
presented below. 

 
Table 3-12: Drained modulus (E50) from CD-Triaxial test 

 
Location Depth 

(m) 
Water 

content, 
w (%) 

Dry unit 
weight, γd 
(KN/m3) 

E50 (MPa)  
at σ3=50 

(KPa) 

E50 (MPa)  
at σ3=100 

(KPa) 
Kurmitola, 
Dhaka 

4.0 23.42 17.32 20 16 

 
 

Table 3-13: Drained modulus (E25) from CD-Triaxial test 
 

Location Depth 
(m) 

Water 
content, 
w (%) 

Dry unit 
weight, γd 
(KN/m3) 

E25 (MPa)  
At σ3=50 

(KPa) 

E25 (MPa)  
At σ3=100 

(KPa) 
Kurmitola, 
Dhaka 

4.0 23.42 17.32 39 40 

 
The values of determined from collected data and the test data in the laboratory   has 
been found similar. 
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CHAPTER 4: RESULTS AND DISCUSSIONS 

 

4.1 General 

Oedometer test data and Consolidated Drained Triaxial Test data of Over-consolidated 
Dhaka clay have been collected from various published and unpublished sources 
(BRTC, BUET and Subsoil Investigation Company). Undisturbed soil sample have 
been collected from Kurmitola, Dhaka. The depth of the samples was 2 to 4 meter from 
ground level. This chapter presents settlement calculation using soil parameters 
obtained from Laboratory test results and various sources of Dhaka city. 
 

4.2 Soil Parameters for Settlement Evaluation 

Soil parameters for settlements analysis areobtained from laboratory test results 
performed by BRTC, BUET and Subsoil Investigation Company for different locations 
at Dhaka city have been summarized.To verify these soil parameters undisturbed soil 
sample have been collected from Kurmitola, Dhaka. Consolidated Drained Triaxial 
Test and Oedometer tests have been conducted on undisturbed soil sample. Soil 
parameters of Dhaka clay for settlement analysis obtained fromOedometer tests data 
collected and Laboratory test results are presented in Table 4-1. 
 

Table 4-1: Oedometer test results obtained from various sources and from 
Laboratory test results. 

 
Sources of 
Data 

Dry 
unit 

weight,  
γd 

(kN/m3) 

Water 
content, 
w (%) 

Initial 
Void 
Ratio, 
eo 

Re-
compression 
Index,  Cr 

Compression 
Index,  Cc 

past 
maximum 
overburden  
pressure, 

σvmax (kPa) 
various 
sources 

15.2 to 
16.4 

20 to 26 0.600 
to 

0.878 

0.02 to 0.05 0.10 to 0.14 150 to 200 

Laboratory 
test. 

15.2 22 0.714 0.04 0.13 150 
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From the Table 4-1 it can be observed that, 

Dry unit weight, (γd) obtained from various sources ranges from 15.2 to 16.4 kN/m3 for 
Dhaka city and from Laboratory test it was found 15.2 kN/m3. 
Water content, (w) obtained from various sources ranges from 20% to 26% for Dhaka 
city and from Laboratory test it was found 22%. 
Initial Void Ratio, (eo) obtained fromvarious sources ranges from 0.600 to 0.878 and 
from Laboratory test it was found 0.714. 
Re-compressive Index, (Cr) obtained fromvarious sources ranges from 0.025 to 0.050 
and from Laboratory test it was found 0.04. 
Compressive Index, (Cc) obtained fromvarious sources ranges from 0.10 to 0.14 and 
from Laboratory test it was found 0.13. 
Past maximum over burden pressure (σvmax) obtained fromvarious sources ranges 
from150 kPa to 200 kPa and from Laboratory test it was found150 kPa. 
The value of soil parameters obtained from Laboratory test results have been found 
within the range of collected soil parameters. 
 
Table 4-2: CD-Triaxial test parameters obtained from BRTC, BUET and Soil 

parameters obtained from Laboratory test. 
 

Sources Dry unit 
weight, γd 
(kN/m3) 

Water 
content,  
W (%) 

E50 (MPa) E25 (MPa) 

Data obtained from 
various sources 

15.2 to 16.4 20 to 26 16 to 60 21 to 82 

Data obtained from 
Laboratory test 

15.2 23 18 39 

 
For settlement analysis E50 may be used when the pressure under Foundation is equal 
to 1/2 of the ultimate bearing capacity that is the Factor of safety against bearing 
capacity is about 2. For settlement analysis E25 may be used when the pressure under 
Foundation is equal to 1/4 of the ultimate bearing capacity that is the Factor of safety 
against bearing capacity is about 4. E50 and E25 are shown in Figure 3.2 
 

4.3 Calculation of Foundation Settlements 

During calculation of settlement of footing, soil profile has been considered as single 
layer (6m) and double layer (3m+3m). During calculation of settlement of raft 
foundation, settlement has been calculated at the center and corner of raft foundation. 
Calculation of settlement of a typical square footing and a typical raft foundation using 
Oedometer test and CD-Triaxial test data has been shown below. 
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4.3.1 Calculation of settlement of a typical square footing using Oedometer test 

and CD-Triaxial test data 

A footing with a base of 3m by 3m, founded at a depth of 3m resting in a typical Dhaka 
soil profile is shown in Figure 4-1. The column load is 1350 kN and the net pressure 
under the footing is 150 kN/m2. Settlement was calculated considering a single layer of 
6m thickness and settlements was also calculated using double layers. Each layer was 
3m depth. For calculating stress due to foundation load 2:1 method was used. 
 

 
 

Figure 4.1: A typical footing with soil parameters for settlement analysis 
 
 
Details calculation of settlements of these footing have been described in Appendix-C. 
Calculated settlements of those footing are presented below. 
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Table 4-3: Settlements of footing obtained from Oedometer test and CD-Triaxial 
test 

 
Number of soil Layers settlements obtained 

from Oedometer test 
Data (mm) 

settlements obtained from CD-
Triaxial test Data 

(mm) 

Single layer (6m) 19.0 11.0 
Double layer (3m+3m) 24.0 13.0 
 
It is observed that settlements considering double layer is greater than that of single 
layer and Settlements obtained from Oedometer test is larger than settlements obtained 
from CD-triaxial test.  
 

4.3.2 Calculation of Settlement of a typical raft foundation using Oedometer 

test and CD-Triaxial test data 

A raft with a base of 30m long and 20m wide, founded at a depth of 3m. The average 
net contact pressure between 150 kPa. The subsoil profile at a proposed site is shown 
in below. 
 

 
Figure 4.2: A typical raft foundation resting on clay 

 
Details calculation of settlements of this raft foundation have been described in 
Appendix-C. Calculated settlements of this raft foundation are presented below. 
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Table 4-4: Settlements of raft foundation obtained from Oedometer test Data and 
CD-Triaxial test Data 

 
Position settlements obtained from 

Oedometer test Data 
(mm) 

settlements obtained from CD-
Triaxial test Data 

(mm) 

At center 54.0 43.0 
At corner 18.5 11.0 

 
It is observed that Settlements obtained from Oedometer test is larger than settlements 
obtained from CD-triaxial test and settlements at center is greater than that of a corner. 

4.4 Comparisons of Foundation Settlements using Oedometer Test Results and 
CD Triaxial Test Results 

Skempton and Bjerrum (1957) have shown that the actual settlement may be less than 
the calculated values based on Oedometer tests. They propose the formulation, 
Actual settlement =μg ρoed  
 
Where,  
μg = a coefficient (geological factor) which depends on the type of clay. 
ρoed = settlement as calculated from Oedometer tests. 
 
Skempton and Bjerrum (1957) have related μg to the pore pressure coefficient of the soils 
as determined from undrained triaxial compression tests, and also to the dimensions of 
the loaded area. For most practical purposes it is sufficient to take the following values 
for µg. 
 

Table 4-5: Geological factor (μg) values for different types of clay 
 

Type of clay Geological 
factor (μg) 

Normally consolidated clays 0.7-1.0 
Over consolidated clays (London clay, wealdkimmeridge, 
Oxford, and lias clays) 

0.5-0.7 

Heavy Over consolidated clays (glacial till, keuper Marl) 0.2-0.5 
 
In this study it has been observed that calculated settlements calculation using soil 
parameters of from drain triaxial test is less than the value calculated from Oedometer 
test. Therefore to calculate actual settlement as proposed by Skempton and Bjerrum 
(1957), Actual settlement =μg ρoed may be used. 
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The figure (4.3), taken from HRB (1973) reported by HSAI-YANG FANG, is a 
modification of that given by Skempton and Bjerrum (1957). It is applicable to 
determination of the settlement correction factor (λ) for an approximately axisymmetric 
loading of width B near the surface of a compressible stratum of thickness H. The stress 
history is expressed by the over consolidation ratio OCR,  
                  OCR=𝜎′𝑝

𝜎′𝑜
 

Where 𝜎′𝑝 is the preconsolidation pressure and 𝜎′𝑜 is the overburden pressure. 
 
For footing (size = 3 m × 3 m, Df = 3m, figure 4.1) 
OCR= 200/52.5= 3.81≈ 4, B/H= 3/6= 0.5 
Using figure 4.3, Settlement correction factor (λ) = 0.8 
 
For Raft Foundation (size = 20 m × 30 m, Df = 3m, figure 4.2) 
OCR= 200/52.5= 3.81≈ 4, B/H=20/6= 3.3≈3 
Using figure 4.3, Settlement correction factor (λ) = 0.90 
 
 

 
 

Figure 4.3: Settlement correction factor for three-dimensional effects on initial 
excess pore pressure distribution as a function of over-consolidation ratio (HBR, 

1973). 
According to Skempton and Bjerrum (1957) and HRB (1973), it can be observed that 
actual settlement is less than the calculated settlement using Oedometer test results. It 
is also observed from this study that the settlement using soil parameters obtained from 
CD-triaxial is less than the settlement calculated using soil parameters obtained from 
Oedometer test. The settlement estimated by using soil parameters obtained from 
Oedometer test over estimates actual settlement.  
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4.4.1 Comparisons of settlements for footing 

Calculated settlement using soil parameters using Oedometer test is higher than actual 
settlements. Geological Factor (μg) from Skempton and Bjerrum (1957) and settlements 
correction factor (λ) from HRB (1973) as a correction factor using soil parameters 
obtained from Oedometer test are presented in table 4-4.  

 
Table 4-6: Comparisons of Settlements using Geological Factor (μg) and settlements 

correction factor (λ) considering Single layer of footing (6 m) 
 

settlements 
obtained from 

Oedometer 
test Data 

(mm) 

settlements 
obtained 
from CD-

Triaxial test 
Data (mm) 

using Geological Factor from 
Skempton and Bjerrum (1957) 

and settlements using soil 
parameters obtained from 
Oedometer test Data (mm) 

using settlements 
correction factor (HBR, 
1973) with settlements 

obtained from Oedometer 
test Data (mm) 

19.0 11.0 19.0*0.6= 11.4  19.0*0.8= 15.2 
 
 

 
Calculated settlement using soil parameters obtained from Oedometer test is larger than 
settlements using soil parameters obtained from CD-triaxial test. Calculated settlement 
using Geological Factor from Skempton and Bjerrum (1957) with Oedometer test is 
almost equal with that of CD-triaxial test. Calculated settlement using settlements 
correction factor (HBR, 1973) is slightly higher than the calculated settlement using 
CD-triaxial test.  

 
Table 4-7: Comparisons of Settlements using Geological Factor (μg) and 

settlements correction factor (λ) considering double layer of footing (3m + 3m) 
 
settlements 

obtained from 
Oedometer 
test Data 

(mm) 

settlements 
obtained 
from CD-

Triaxial test 
Data (mm) 

using Geological Factor from 
Skempton and Bjerrum 

(1957) and settlements using 
soil parameters obtained from 

Oedometer test Data (mm) 

using settlements 
correction factor (HBR, 
1973) with settlements 

obtained from Oedometer 
test Data (mm) 

24.0 13.0 24.0*0.6= 14.4 24.0*0.8= 19.2 
 
 

 
Calculated settlement using soil parameters obtained from Oedometer test is larger than 
settlements using soil parameters obtained from CD-triaxial test. Calculated settlement 
using Geological Factor from Skempton and Bjerrum (1957) with Oedometer test is 
almost equal with that of CD-triaxial test. Calculated settlement using settlements 
correction factor (HBR, 1973) is slightly higher than the calculated settlement using 
CD-triaxial test.  
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4.4.2 Comparisons of settlements for raft foundation 

Settlement using soil parameters obtained from Oedometer test estimates the over 
settlement than actual settlements. Geological Factor (μg) from Skempton and Bjerrum 
(1957) and settlements correction factor (λ) from HRB (1973) have been used to reduce 
the over settlements using soil parameters obtained from Oedometer test. Using figure 
4.2, Settlements have been calculated of Raft Foundation considering at center and at 
corner. Comparisons of Settlements using soil parameters obtained from Oedometer 
test with different reduction factor have been shown below. 

 
Table 4-8: Comparisons of Settlements at center of Raft Foundation 

 
settlements 

obtained from 
Oedometer 
test Data 

(mm) 

settlements 
obtained 
from CD-

Triaxial test 
Data (mm) 

using Geological Factor from 
Skempton and Bjerrum 

(1957) and settlements using 
soil parameters obtained from 

Oedometer test Data (mm) 

using settlements 
correction factor (HBR, 
1973) with settlements 

obtained from Oedometer 
test Data (mm) 

54.0 43.0 54.0*0.6= 32.4 54.0*0.90 = 48.6 

 
Calculated settlement using soil parameters obtained from Oedometer test is larger than 
settlements using soil parameters obtained from CD-triaxial test. Calculated settlement 
using Geological Factor from Skempton and Bjerrum (1957) with Oedometer test is 
smaller than that of CD-triaxial test. Calculated settlement using settlements correction 
factor (HBR, 1973) is slightly higher than the calculated settlement using CD-triaxial 
test.  

 
Table 4-9: Comparisons of Settlements at cornerof Raft Foundation 

 
settlements 

obtained from 
Oedometer test 

Data (mm) 

settlements 
obtained from 
CD-Triaxial 

test Data (mm) 

using Geological Factor 
(1957) with settlements 

obtained from Oedometer 
test Data (mm) 

using settlements correction 
factor (HBR, 1973) with 

settlements obtained from 
Oedometer test Data (mm) 

18.5 11.0 18.5*0.6= 11.1 18.5*0.9= 16.65 

 
Calculated settlement using soil parameters obtained from Oedometer test is larger than 
settlements using soil parameters obtained from CD-triaxial test. Calculated settlement 
using Geological Factor from Skempton and Bjerrum (1957) with Oedometer test is 
almost equal with that of CD-triaxial test. Calculated settlement using settlements 
correction factor (HBR, 1973) is slightly higher than the calculated settlement using 
CD-triaxial test.  
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Calculated settlement using soil parameters obtained from CD-triaxial test is smaller 
than settlements using soil parameters obtained from Oedometer test. Skempton and 
Bjerrum (1957) and HBR (1973) have also observed that actual settlement of a structure 
is less than calculated settlement using soil parameters obtained from Oedometer test. 
Therefore, to calculate settlement using soil parameters obtained from CD-triaxial test 
may be preferred. As an alternative use of CD-triaxial test, Oedometer test parameters 
may be used to calculate settlement by applying Geological Factor (μg) from Skempton 
and Bjerrum (1957) and settlements correction factor (λ) from HRB (1973) with 
Oedometer test. 
 
Using Geological Factor, (µg) from Skempton and Bjerrum (1957)  with the settlement 
obtained using Oedometer test results is about 90% of the settlement calculated using 
CD-triaxial test results. Using settlements correction factor (λ) from HRB (1973) with 
Settlements obtained using Oedometer test results is about 70% of  settlement 
calculated from CD-triaxial test results. For a typical raft foundation, settlement was 
also calculated and similar observation were observed.      
 
Therefore for settlement calculation it is recommend to use soil parameters from CD-
triaxial test results. On the other hand Oedometer test parameters may be used with 
Skempton and Bjerrum (1957) and HBR(1973) correction factor. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 General 

In Dhaka City, there is a stiff over-Consolidated clay (thickness vary from 6m to 10m) 
underlain by dense sand. Oedometer (consolidation) test results of Dhaka clay were 
collected from various sources such as private Sub-soil Investigation Company and 
BRTC, BUET. Consolidated Drained (CD) Triaxial test results of Dhaka clay were also 
collected from BRTC, BUET. CD-Triaxial test results of Dhaka clay could not be 
collected from private sub-soil Investigation Company in Bangladesh. For this study, 
Oedometer and Consolidated Drained (CD) Triaxial test were performed for Dhaka 
clay. Sample was collected from Kurmitola, Dhaka and the tests were conducted at 
Geotechnical Laboratory, Department of Civil Engineering, BUET. Settlement of a 
footing and a raft foundation resting on Dhaka clay were calculated using soil 
parameters from Oedometer test and drained triaxial test. 
 

5.2 Conclusions 

Geotechnical characteristics of Dhaka clay collected from various sources are briefly 
described below: 
  

5.2.1 Properties of Dhaka clay 

There is about 6-10 m over-consolidated clay under lain by dense sand in Dhaka city. 
The properties of Dhaka clay are as follows: 
Density of soil ranges from 15.2 to 16.4 kN/m3 
Water content ranges from 20 % to 24% 
Cr Value ranges from 0.02 to 0.05 
Cc Value ranges from 0.10 to 0.15 
Past maximum over burden pressure σvmax ranges from 150 to 200 kPa. 
 
The confining pressure for CD-Triaxial test ranges from 25 to 138 kPa. The confining 
pressure has little effect on drained modulus E50. This may be due to high Over 
Consolidated Ratio (OCR) of Dhaka clay. 
The drained modulus E50 ranges from 15MPa to 21MPa 
The drained modulus E25 is about 110% of E50 
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5.2.2 Settlement of footing 

Settlement was calculated for a typical  3m squre footing resting at 3m below ground 
level with 150 kPa net pressure using soil parameters obtained from Oedometer tests 
and using soil parameters obtained from CD-Triaxial tests. For settlement calculation 
of Footing, the value of settlement of a footing using consolidation test results are larger 
than the value of settlement calculated using CD-Triaxial test results. The ratio between 
these two settlements.  
SOedometer : SCD-Triaxial = 1 : 0.57 
 
 
The depth of clay layer beneath the footing was 6 meter. Using soil parameters from 
Oedometer test and considering single layer calculated settlement was 19 mm. 
Considering two layers of 3m each, the  calculated settlement was 24 mm. Using soil 
parameters from CD-Triaxial test, considering single layer calculated settlement was 
11.0 mm. Considering two layers of 3m each, the calculated settlement was  13.0 mm.  
 

5.2.3 Settlement of raft 

A raft with a base of 30m long and 20m wide, founded at a depth of 3m. The gross 
contact  pressure under the raft was 150 kPa. Using Oedometer test results the 
calculated settlement at center was 54mm and using CD-Triaxial test results the 
calculated settlement at center was 43.0 mm. The ratio between these two settlements:  
SOedometer : SCD-Triaxial = 1 : 0.79 
 
Using Oedometer test results the calculated settlement at corner is 18.5 mm and using 
CD-Triaxial test results the calculated settlement at corner is 11.0 mm. The ratio 
between these two settlements. 
SOedometer : SCD-Triaxial = 1 : 0.59 
 

5.2.4 Recommendation for settlement calculation 

Using Geological Factor, (µg) from Skempton and Bjerrum (1957)  with the settlement 
obtained using Oedometer test results is about 90% of the settlement calculated using 
CD-triaxial test results. Using settlements correction factor (λ) from HRB (1973) with 
Settlements obtained using Oedometer test results is about 70% of  settlement 
calculated from CD-triaxial test results. For a typical raft foundation, settlement was 
also calculated and similar observation were observed.      
 
For settlement calculation it is recommend to use soil parameters from CD-triaxial test 
results. On the other hand Oedometer test parameters may be used with Skempton and 
Bjerrum (1957) and HBR(1973) correction factor. 
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5.3 Recommendations for Further Studies 

1) Field measurements records for settlements at different locations of Dhaka city 
to be performed. 

2) Compare the results of Oedometer test and CD-Triaxial test with field records.  
3) Compare the results of Oedometer test and CD-Triaxial test in other places of 

Bangladesh. 
4) Compare the results of Oedometer test and CD-Triaxial test of various type of 

soil in Bangladesh. 
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APPENDIX – A: OEDOMETER TEST REPORTS OF OVER-CONSOLIDATED   

DHAKA CLAY COLLECTED FROM DIFFERENT SOURCES 

 
 

Figure A-1: Consolidated Test Reports at Monipuri Para, Dhaka. 
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Figure A-2: Consolidated Test Reports at Bangabandhu Avenue, Dhaka. 
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Figure A-3: Consolidated Test Reports at BSMMU, Shahabag, Dhaka. 
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Figure A-4: Consolidated Test Reports at Jamgara, Savar, Dhaka. 
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Figure A-5: Consolidated Test Reports at Moghbazar, Ramna, Dhaka. 
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Figure A-6: Consolidated Test Reports at Ashulia, Savar, Dhaka. 

 
 
 

Void ratio = 0.731 
Compression index = 0.141 

Sp. Gravity = 2.705 
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Figure A-7: Consolidated Test Reports at Baridhara, Dhaka. 
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APPENDIX–B: CONSOLIDATED DRAINED TRIAXIAL TEST REPORTS OF 

OVER-CONSOLIDATED DHAKA CLAY COLLECTED FROM BRTC, BUET 

 

 
 

Figure B-1: Consolidated Drained Triaxial Test Reports at Mirpur, Dhaka. 
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Figure B-2: Consolidated Drained Triaxial Test Reports at Monipuri Para, Dhaka. 
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Figure B-3: Consolidated Drained Triaxial Test Reports at Green Road, Dhaka. 

  

Specimen 1: σˊ3 = 50kPa, γdry = 13.8 kN/m3, w = 25% 
 Specimen 2: σˊ3 = 100kPa, γdry = 14.9 kN/m3, w = 23% 
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Figure B-4: Consolidated Drained Triaxial Test Reports at Bangabandhu Avenue, 

Dhaka. 
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Figure B-5: Consolidated Drained Triaxial Test Reports at Rajarbagh, Dhaka. 
 
 
 

  

γdry = 14.7 kN/m3, w = 25% ,S =100% 
 Stage 1: σˊ3 = 25 kPa, Stage 2: σˊ3 = 50 kPa, 
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Figure B-6: Consolidated Drained Triaxial Test Reports at BSMMU, Shahbag, Dhaka. 
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APPENDIX - C: CALCULATION OF FOUNDATION SETTLEMENTS 

Calculation of Settlement of a typical spread footing using consolidation test data. 
 
A spread footing with a base of 3.0m long and 3.0m wide, founded at a depth of 3.0 m. 
The base of the spread footing imposes total load of 1350 kN. The subsoil profile at a 
proposed site is shown below.(Using 2:1 method) 
 

  A-1)  Considering single Layer 
 

 
Figure C-1: A typical footing resting on clay. 

 
qnet  =150 kN/m2 
Increase in pressure at the mid depth of clay layer, ΔP= (150×3×3)

6×6
= 37.35kN/m2 

 Effective stress at the mid depthof clay layer, Po = 6×17.5=105 kN/m2 
 From consolidation Test, Recompression index, 𝐶𝑟=0.04, Void ratio, 𝑒𝑜 =0.714,  
Consolidation settlement for overconsolidated clay, S = 𝐶𝑟𝐻

1+𝑒𝑜
 log𝛥𝑃+Po

𝑃𝑜
 

=0.04×6000

1+0.714
log 37.5+105

105
 = 18.57 mm ≈19 mm. 
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A-2) Considering double Layer 
 

 
Figure C-2: A typical footing resting on clay. 

 
Layer-1 
 

 Po = 4.5×17.5=78.75 kN/m2 
ΔP= (150×3×3)

4.5×4.5
= 66.67kN/m2 

From consolidation Test, Recompression index, 𝐶𝑟=0.04, Void ratio, 𝑒𝑜 =0.714,  
Consolidation settlement for overconsolidated clay, 𝑆 = 𝐶𝑟𝐻

1+𝑒𝑜
 log𝛥𝑃+Po

𝑃𝑜
 

=0.04×3000

1+0.714
log 66.67+78.75

78.75
= 18.65 mm ≈19 mm. 
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Layer-2 
 

 Po = 7.5×17.5=131.25 kN/m2 
ΔP= (150×3×3)

7.5×7.5
= 24kN/m2 

From consolidation Test, Recompression index, 𝐶𝑟=0.04, Void ratio, eo =0.714,  
Consolidation settlement for overconsolidated clay, 𝑆 = 𝐶𝑟𝐻

1+𝑒𝑜
 log𝛥𝑃+Po

𝑃𝑜
 

=0.04×3000

1+0.714
log 131.25+24

131.25
 = 5.11 mm ≈5mm. 

 
Total Settlement, S=19 + 5 = 24 mm 
 
 

Calculation of Settlement of a typical spread footing using Typical CD -Triaxial Test for 
a site at Dhaka. 
 
B-1) Considering single Layer 
 

qnet=150kN/m2 
Increase in pressure at the mid depthof clay layer, ΔP= (150×3×3)

6×6
= 37.5kN/m2 

St = mv H ΔP = 1

𝐸𝑑
× 𝐻 × ΔP  

Given Data 
ΔP=37.5kN/m2, H= 6000 mm, Ed = 21 MPa =21,000 kPa (From Graph) 
St = 1

21000
× 6,000 ×37.5= 10.71≈11.0 mm 

 
B-2) Considering double Layer 
 
Layer-1 

ΔP= (150×3×3)

4.5×4.5
= 66.67kN/m2 

St = 1

21000
× 3,000 ×66.67= 9.5 mm 

 
Layer-2 

ΔP= (150×3×3)

7.5×7.5
= 24kN/m2 

St = 1

21000
× 3,000 ×24= 3.5 mm 

Total Settlement, S=9.5+3.5= 13 mm 
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Calculation of Settlement of a typical raft foundation using consolidation test. 
 

A raft with a base of 30m long and 20m wide, founded at a depth of 3.0 m. The base of 
the raft imposes total load of 150 kPa. The subsoil profile at a proposed site is shown 
in below. 

 
Figure C-3: A typical raft foundationresting on clay. 

 
Location: Kurmitola, Dhaka. 
Given Data  
B= 20 m, L=30 m, Z=3 m, M=B/Z= 20/3=6.67, N= L/Z=30/3=10, 
From Table D-1 of Appendix-D, Iσ =0.249 
 
qnet =150kN/m2 
Effective stress at the mid depth of clay layer, Po = 6×17.5=105 KN/m2 
 From consolidation Test, Recompression index, Cr=0.04, Void ratio, eo= 0.714,  
 

C-1) Settlements At center 
At center, m=4                                           
Increase in pressure at the mid depth of clay layer,  
ΔP= qnet× m ×  Iσ = 150× 4 × 0.249=149.4KN/m2 

Consolidation settlement for over-consolidated clay, S = 𝐶𝑟𝐻

1+𝑒𝑜
 log𝛥𝑃+Po

𝑃𝑜
 

=0.04×6000

1+0.714
log 149.4+105

105
 = 53.81 mm ≈54.0mm. 
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C-2) Settlements At corner 
At corner, m=1                                           
Increase in pressure at the mid depthof clay layer,  
ΔP= qnet× m ×  Iσ = 150× 1 × 0.249=37.35KN/m2 
Consolidation settlement for over-consolidated clay, S = 𝐶𝑟𝐻

1+𝑒𝑜
 log𝛥𝑃+Po

𝑃𝑜
 

=0.04×6000

1+0.714
log 37.35+105

105
 = 18.5 mm. 

 
Calculation of Settlement of a typical raft foundation using CD-Triaxial Test. 
 
D-1) Settlements At center 

Tomlinson, M. J. (2001) Method, St = mv H ΔP = 1

𝐸𝑑
× 𝐻 × ΔP  

Given Data 
ΔP=149.4KN/m2, H= 6,000 mm, Ed = 21 MPa =21,000 kPa (From Graph) 
St = 1

21000
× 6,000 ×149.4= 42.68 mm ≈43mm 

 
D-2) Settlements At corner 
 

           ΔP =37.35KN/m2 
St = 1

21000
× 6,000 ×37.35 = 10.68 mm≈11.0 m          
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APPENDIX-D: TABLES USED IN SETTLEMENTS CALCULATION 

TABLE (D-1): Stress influence values Iσto use in Eq. (2.9) to compute stresses at depth 
ratios M = B/z; N = L/z beneath the corner of a base B×L. M and N are interchangeable 

(Bowles, 1997). 

 
 
 
 
 
 



95 
 

TABLE (D-2): Values of I1 and I2  to compute the Steinbrenner influence factor Is for 
use in Eq. (2.34) for several N = H/B' and M = L/B ratios 
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TABLE (D-3): Values of I1 and I2  to compute the Steinbrenner influence factor  Is for 
use in Eq. (2.34) for several N = H/B' and M = L/B ratios (continue) 
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TABLE (D-4): Comparison of computed versus measured settlement for a number     of cases provided by the references cited. 
 

 


