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ABSTRACT

The consolidation and strength characteristics of a partially saturated clay soil are
studied theoretically and experimentally.

The Terzaghi's one-dimensional consolidation equation for saturated soils has been
extended to embrace unsaturated soils using unsaturated soil principles and theories. The
model eguation obtained has been solved using the implicit method of numerical analvsis for
the assumed initial and boundary conditions. The proposed differential equation for one-
dimensional consolidation of a partially saturated soil was wsed to predict the rate of
dissipation of excess pore pressure for partially saturated black cotton soil at various degrees of
saluration. It was found that except at the initial stage the profiles of pore water pressure U,
pore air pressure U, and void ratio e follow a parabolic pattern during the process of
consolidation. The rate of reaching complete saturation was found to be decreasing with height
from the bottom of the clay layer as expected depending on the degree of saturation, also the
lower the degree of saturation, the faster is the rate of change of the pore pressures.

Oedometer, triaxial compression and suction tests were performed in the laboratory on
samples of Black Cotton soil compacted by static compaction to various degrees of saturation
and moisture content. The investigation indicated that significant changes in the volume and
shear strength of a partially saturated soil would accompany slight variations in the moisture
content of the soil when the degree of saturation is below 80%. This can also be inferred from
the theoretical considerations which shows that the rate of change of the pore prassures is guite
remarkable with degree of saturation, especially when this is below 80%. Equations 5.4 and

5.6 relate the pore pressures with compression index ‘C.' and shear strength “t/. The data

xXv



obtained from the experimental programme also emphasize that, for design of pavements,
especially in arid and semi-and regions, one must consider not only material changes but also
potential significant changes in soil suction for the same material.

From the results; a more accurate prediction of the magnitude and rate of consolidation
settlement, in advance of construction for Black Cotton soil al a specific state of soil moisture
can now be determined. [t is recommended that minimum variations in soil moisture and
equilibrium moisture conditions should be maintained for highways with Black Cotton soil
subgrade. It is also suggested that periodic measurement of soil suction for such highways can

be used as a means of evaluating pavement performance.
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CHAPTER ONE

INTRODUCTION

1.1 GENERAL

Current soil mechanics theory and practice have mainly been developed in those
areas of North America and Europe where high water table and freeze-thaw conditions
are usual and soils are predominantly saturated or near saturation for many months of the
year, Consequently, the simplifying assumptions made are applicable only 10 saturated
soils, composed only of the solid and hguid phases, Geometric relationships are
therefore simple, and as both phases are refatively incompressible, the soil can be
assumed to be incompressible under undrained conditions. Furthermore, the ettective
stress law holds for practical purposes which can lead to simpler laboratory test
procedures.

Since semi-arid to arid climate conditions predominate in many of the newer
developing nations, such as in Africa, Australia etc., as indicated in Figure 1.1, Thus the
s0ils are usually unsaturated throughout most of the yvear and pose many problems to soil
ENQINESrs.

Erronecus predictions and incorrect decisions often result from the use of current
codes of practice, which are not applicable to unsaturated soils. A good example is the
lack of appreciation of water flow through unsaturated soils. In many instances, granular
layers, which work as drainage layers in saturated soils will actually lead to the wetting

up of the unsaturated soil and cause serious heave and failure problems.



Significant areas of the earth's surface are arid zones. The annual evaporation
from the ground surface in these regions often exceeds the annual precipitation. Figure
1.1 shows the climatic classification of the extremely arid, arid and semi-arid aress of the
world. Meigs (1953) used the Thornthwaite moisture index to map these zones. He
excluded the cold deserts. Regions with a8 Thomthwaite index between — 20 and - 40 are
classified as semi-arid areas. A Thorthwaite index less than — 40 indicates arid areas,
About 33% of the earth’s surface is considered arid and semi-arid.

And and semi-arid areas usually have a deep groundwater table, soils located
gbove the water table have negative pore-water pressures. The soils are generally
unsaturated due to the excessive evaporation and evapo-transpiration. Upon wetting the
pore-water pressures increase tending towards positive values. As a result, changes occur
in the volume and shear strength of the soil. Many soils exhibit extreme swelling or
expansion when wetted. Other soils show a significant loss of shear strength upon
wetling, Reductions in the bearing capacity and resilient modulus of soils are also
associated with increase in the negative pore-water pressure. These phenomena indicate
the important role of negative pore-water pressures in controlling the mechanical
behaviour of unsaturated soils.

When the degree of saturation of a soil 15 greater than approximately 83%
saturated soil mechanics principles can be applied with reasonable success provided the
negative pore-water pressure can be measured. However, when the degree of saturation
goes below about 85%, it becomes necessary to extend saturated soil mechanics
principles to embrace unsaturated soils. Soils used in the construction of highways fall

into this latter category particularly in arid areas.
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Figure 1.1:  Extremely arid, arid and semi-arid areas of the World (1 and 2)
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Therefore, it is important that unsaturated soil mechanics be incorporated into

engineering principles associated with highway design.

1.2 OBJECTIVES OF STUDY

The Objectives of the study are:

i To study the shear strength and volume change behaviour of partially
saturated clay soils under simple states of stress,

i, To extend the theory of one-dimensional consolidation based on saturated
soil assumptions to the analysis of partially saturated soils.

iii.  To find out the influence/effects of soil suction on the engineering
properties of soils.

iv. To apply partially saturated soil theories to the analysis of black cotton

soils as a highway construction material in a semi-arid region.

1.3  SCOPE OF WORK

a. Theoretical Studies:

One-dimensional consolidation theory based on fully saturated soil conditions
was studied and extended to partially saturated soils, This led 1o the derivation of a basic
differential equation for one-dimensional consolidation of partially saturated soils. Based
on assumed initial and boundary conditions, a numerical solulion of the resulting

differential equation was obtained using the implicit scheme for diffusion.



b. Experimental Programme

Black cotton soil samples were obtained from a section of existing road with
Black cotton soil subgrade from Numan to Guyuk off Yola-Gombe road in Adamawa
State of Nigeria,

Identification and classification tests were performed on the samples notably,
grain size distribution, Atterberg limits, spercific gravity and compaction tests.

Compressibility and strength characteristics were determined using Oedometer
and Triaxial compression tests, while suction measurements were performed on samples
compacted to specific water contents and degrees of saturation.

A relationship between soil suction and the consolidation parameters would be
established for the soil.

The theoretical results are compared with the experimental findings and

appropriate conclusions drawn.

1.4 JUSTIFICATION

The principles of unsaturated soil mechanics can be visualized as an extension of
saturated soil mechanics. The understanding of unsaturated sail behaviour is imporiant to
many problems relevant to highway engineering in arid and semi-arid areas. Problems
associated with volume change and shear strength can be analysed and resolved within
consistent theoretical context.  These eliminate the need for many empirical
approximations which often depend on local practices,

Black cotton soils are problematic soils. Their peotechnical properties,

particularly as they affect pavement design, are not well known. The proposed study is



therefore a welcome development as it would provide technical information that could be

used in the design of highway pavements on Black cotton soils, prevalent in North-

Eastern, Nigeria.



CHAPTER TWO

LITERATURE REVIEW

21  Fundamentals of Compressibility and Strength
2.1.1 Fundamentals of Consolidation

When a saturated soil layer is subjected (o a stress increase, the pore water
pressure is suddenly increased. In sandy soils that are highly permeable, the drainage
caused by the increase of pore water pressure is completed immediately, Pore-water
drainage is accompanied by a volume reduction of the =oil mass, resulting in settlement.
As a result of rapid dramage of pore water in sandy soils, immediate settlement and
consolidation take place simultaneously,

When a saturated compressible clay layer is subjected to a stress increase, clastic
settlement occurs immediately. Since the coefficient of permeability of clay is
significantly smaller than that of sand, the excess pore water pressure generated due to
loading gradually dissipates over 2 long period of time. Thus the associated volume
change (that is the conselidation) in soft clay may continue long after the immediate
settlement. The settlement due to consolidation in soft clay may be several times larger
than the immediate settlement.

The time-dependent deformation of saturated clayey soils can best be understood
by first considering a simple rheological model consisting of a linear elastic spring and
dashpot connected in parallel (Kelvin model Figure 2.1) (Das, 1990). The stress-strain

relationship of the spring and the dashpot can be given by:

Spring : o = ke (2.1}



Dashpot o = n%f (22)
where o = stress
& = strain
k = spring constant
1 = dashpol constant

I = time

The visco-elastic response for the stress o, in Figure 2.1 can be written as:

o d
= KE + 1] — 3
Oy rlﬂ'.l' (2.3)
L4
=
Spring
K Dashpot
|
TITTTITIT T

Figure 2.1 The Kelvin model



If stress, o,is applied at time t = 0 and remains constant thereafler the eguation

for strain at any time t can be found by solving the preceding differential equation. Thus
= ] — gy gt
k

where £g = strain at time t =0

If £5is taken to be zero, then
g==2 (1= ) (24)
k
The nature of variation of strain with time represented by egn (2.4) is shown in
Figure 2.2, Al time ¢ = o, the strain will approach the maximum value %. This is the

strain that the spring alone would have immediately undergone with the application of the

same stress o, without the dashpot having been attached to it.

The distribution of stress at any time t between the spring and dashpot can be

evaluated from egns (2.5) and {2.6).
@, = ke =a,{1-eF My (2.5)

Portion of stress carried by the dashpot:

E‘E = -n';,
Ty =T|E =0,e e (2.6)

(Note: o, =0, +0,)
Figure 2.3 shows the variation of o, + o, with time. Al time t=0, the stress o, 15

totally carried by the dashpot. The share of stress carried by the spring gradually
increases with time. The stress carried by the dashpot decreases at an exponential rate.

Al time f = oo, the stress o, is carried entirely by the spring.
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Figure 2.2 Strain-time diagram for the Kelvin model
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Figure 2.3:  Stress-time diagram for spring and dashpot in Kelvin model



2.1.2  One-Dimension Consolidation Laboratory Test:

The one-dimensional consolidation testing procedure was first suggested by
Terzaghi (1943), This test is performed in a consolidometer (sometimes referred to as an
Oedometer). The schematic diagram of a consolidometer is shown in Figure 2.4, The
soil sample is placed inside a metal ring with two porous stones, one at the top of the
sample and another at the bottom. The samples are usually 63.5mm (2'%in) in diameter
and 25 4mm (1 in) thick. The load on the sample is applied through a lever arm, and
compression is measured by a micrometer dial gauge. The sample is kept under water
during the test. Each load is usually kept for 24 hours. After that the load is usually
doubled thus doubling the pressure on the sample and compression measurement is
obtained. At the end of the test, the dry weight of the test sample is determined.

The general shape of the plot of deformation of the sample against time for a
given load increment is shown in Figure 2.5. From the plot, it can be observed that there
are three distinct stages, which may be described as follows:

Stage I: Initial compression, which is mostly due to preloading,

Stage 11 Primary consolidation, during which excess pore water pressure is
gradually transferred into effective stress because of the expulsion of pore water.

Stage [11 Secondary consolidation which occurs after complete dissipation
of excess pore water pressure, when some deformation of the sample takes place owing

to plastic adjustment of the soil fabric,

12



Dial
guage

Porous

stong _\\

Figure 2.4 Consolidometer (Oedometer)

Stage 11: Primary
Consolidation

Deformation
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Stage [11; Secondary Consolidation
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Figure 2.5 Time-deformation plot during consolidation for a given load increment



It 15 wsually necessary to calculate both the magnitude and the rate of the

consolidation settlement and in practice, use is generally made of the Terzaghi theory of

one-dimensional consolidation which considers the situation shown in Figure 2.6,

The main assumptions on which the Terzaghi theory are based are (Simons and

Menzies, 1977):

ii.

iil.

Vi,

wvil.

viil.

The soil is saturated,

The water and the clay particles are incompressible.

Daicy's law is valid,

For a change in voids ratio corresponding to a given increment in effective
stress, the permeability k, and the coefficient of volume change m, remain
constant.

The time taken for the clay to consclidate depends entirely on the
permeability of the clay,

The clay 15 laterally confined.

The flow of water 15 one-dimensional.

Effective and total stresses are uniformly distributed over any horizontal

saction,

14



P, per unit area

LU o

ld?_

|-

ble base

=

Jpl:rm::..u
Figure 2.6 Key higure for one-dimensional consolidation

These assumptions correspond o the Oedometer test in the laboratory and to a
clay layer in the field subjected to uniform strip loading, that is, a uniformly distributed
loading applied over an infinite area.

Based on these assumptions, the governing differential equation refating excess

pore-water preéssure u, position 2, and time t, can be derived as follows (Schiffmann,

1959).
it &'u
— =0 — 2.7
ot o’ @)
where
. K i iy
O, =—— = Coeflicient of consolidation
my.
and
s =t up
¥
AH

- ?fﬁP = Coeflicient of volume compressibility

15



Equation 2.7 must be solved for the following boundary conditions
Au=F fort=0and 0SZ< H
Au=0for=0and Z=H
Au=0fort=wand D£Z<H

The solution may be expressed in the form:

_ABRECD"

—|'£|\'+5]?-TI|T""”'|C-|'.L'E' 2N +n=/2H 18
T ,v..:-l.n"ﬁ'r+| [{ ! ] -

Ay

where

C.I =rl : ; i ; .
T, ZH;I‘ which is an independent dimensionless variable known as Time

Factor
It follows that the degree of consolidation U, at any time, {equal to the settlement
at that time, &, expressed as a percentage of the total final settlement, &, at the end of
consolidation} is given by:

S P
o _8 > E—.-?TEMJ....?._E N 2.9)
d, " (2N +1)

Using these solutions, it should be noted that the total thickness of the consolidation layer
15 always used in the computations. The solution relating U and T, is then taken

cormesponding to the drainage conditions of the particular problem.

2,1.3 FUNDAMENTALS OF SHEAR STRENGTH
Undrained shear occurs in practical problems whenever extermal loads change at a
rate much faster than the rate at which the induced pore pressures can dissipate. Exocess

pore pressures dissipate relatively slowly from a clay and relatively rapidly from sand,

16



The condition of undrained shear is thus of great practical importance in the case of clays.
With sands, undrained strength is relatively unimportant for static leadings but may be
very important for problems involving dynamic loadings.

The shear strength of partially saturated soils is related to effective stress and this
may be evaluated by Eq 2.10b. Clearly, the ¢ =0 concept does not in general apply o
partially saturated soils. Figure 2.7a shows the typical relation between confining stress
and strength during UL (unconsolidated wndrained) tests. For the lower range of
confining stresses, the soil remains partially saturated and effective stress increases as the
confining stress is increased. Once the confining stress becomes large enough to cause
full saturation, further increases in confining stress do not cause the effective stress to

increase and from this point, the ¢ =0concept does apply; sometimes a relationship
between undrained sirength and 1otal stress is used:

tp=C, +oglang, (2.10a)
where C_and ¢, are the total stress parameters. Values for C,and ¢, depend very much
upon the range of o, which is of interest. Great care must be taken to duplicate

expected field conditions {total stress, pore water pressure, and pore air pressure) when

performing tests to evaluate the undrained strength of partially saturated soils.
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Fig. 2.7a Unconsolidated undrained tests on partially saturated soil.

2.2  BEHAVIOUR OF UNSATURATED sSOILS

Soils can be considered to be composed of three phases i.e, solid, liguid and
gaseous. When the pore pressure in the liquid phase is positive (e.g in a soil below the
water table), any paseous phase present in the soil can only exist as trapped gas at a
higher pressure than the ambient air pressure on the soil. This gas will tend to diffuse out
of the system and the soil will tend to reach a fully saturated condition where all the pore
spaces are completely filled with water, Therefore, except for a few nstances as in the
case with the rapid inundation of any unsaturated sail, positive pore pressures will tend to
cause the soil to become saturated. On the other hand, when pore pressures become
negative, the alr-water interfaces tend 1o become concave and recede into soil pores; large
pores may be empty and air bubbles may not only form but also grow in size. Therefore,
when negative pore pressure exist, the soil will tend to be unsaturated.

However, even up to significant values of negative pore pressure {as high as

1000KNm™®) in many clay soils (Holmes, 1955), soils remain essentially saturated and for

18



practical purposes, their behaviour can still be assumed as being saturated, This has been
defined as “quasi-saturated” state, (Aitchison, 1956). In general, however by measuring
water pressure, the soil can simply and conveniently be assessed as being saturated or
unsaturated.

Although present-day practice is as yet more or less unatfected by the research
that has been carried out into the behaviour of unsaturated soil and the development of
new theories and technigues, the prospect for the future are most promising, particularly
in the field of road and air field pavements, building foundations, retaining walls and

natural man-made slopes,

22,1 WATER PRESSURE IN A CAPILLARY TUBE OR IN UNSATURATED

SOIL

If the tip of a capillary tube is inserted in a beaker of water, the attraction of water
between glass and water molecules (adhesion) causes water molecules to migrate up the
interior wall of the capillary tube. The cohesive force between water molecules causes
other water molecules to be drawn up the capillary tube. Now we need to ask, “What are
the pressure relationships in the capillary tube?™ and “Why is this knowledge important?

We need to bear in mind that water pressure decreases from the bottom to the top
of a beaker filled with water, and that at the top of the water surface, the water pressure is
zero, Beginning at the water surface of the beaker and moving upward into the capillary
tube, the water pressure continues to decrease. Thus, the water pressure in a capillary
tube is less than zero i.e it is “negative”. From Fig. 2.7b, one can observe that the water

pressure decreases with height above the water in a beaker. At a height of 20cm above

19



the water surface in a beaker, the water pressure in a capillary tube is equal to — 20grams
per square centimetre. Figure. 2.7b also shows that at this same height above the water
surface, the water pressure in “unsaturated” soil is the same - 20 grams per square
centimetre at the 20cm height. The two pressures are the same at any one height and
there is no net flow of water from the soll or capillary afier an equilibrium condition is
established.

Applving the considerations of water in a capillary tube to an unsaturated soil, we
can make the following statements;

L Water in unsaturated soil has a “negative™ pressure or is under “tension™;

ii. the water pressure in unsaturated soil decreases with increasing distance

above the surface of a water table; and
il water in unsaturated soil, compared to saturated soil has a lower pressure

and lower energy level.

Water pressure gmsion

in Capillary fube
and soil caliann

200 v —-—-— - —

Soil )

. Column
Capillary . Linsaturated
tube -10 ' Continuos Iln, Soil
| S water films
Y
Saturated Soil

Fig. 2.7b Water pressure in a capillary tube,

20



1.2.1 EFFECTIVE STRESS IN PARTIALLY SATURATED SOIL

In partially saturated soil, water in the void spaces is not continuous, and it is a
three-phase system, i.e., solid, pore water, and pore air (Figure 2.8). Hence the lotal
stress at any point in a soil profile consist of intergranular pore air, and pore water
pressures.  From laboratory test results, Bishop, et. Al (1960) gave the following
equation for effective stress in partially saturated soils.

o' =a-U, + X(UU -1/} (2.10b)

where

o = effective stress

o = total stress

U/, = pore air pressure

L/, = pore water pressure

X =effective stress parameter
Solid Particle

Pore Water

Pore Aar

Figure 28  Partially Saturated Soil
In Eq. (2.10b), X represents the fraction of a unit cross-sectional area of the soil

oceupied by water. For dry soil X=0, and for saturated soil X=1.



Bishop et al (1960) have pointed out that the intermediate X will depend
primarily on the degree of saturation 5. However, these values will also be influenced by

other factors such as soil structure.

1.1.3 DEFINITION OF S0OIL SUCTION

The behaviour of compacted and natural unsaturated soil is strongly influenced by
the state of stress in the pore-water. The pore-water pressure is negative (refative to
atmospheric pressure) and varies according to the surrounding micro-climate. A change
in the negative pore-water pressure, in turn produces a change in the volume and shear
strength of the soil. An understanding of the effect of changing negative pore-water
pressure is important from an engineering stand point.

The negative pore-water pressure relative to the pore-air pressure (i.e generally
atmospheric conditions) 1s referred to as miatric suction (Croney. and Colemm, 1961).
Another component of suction called solute or “osmotic™ suction is a function of the salt
content of the pore fluid. The sum of the matric suction and solute {osmotic) suction is
called total suction. The slowness in the development of a technology for understanding
the behaviour of unsaturated soils can be largely traced to the difficulties associated with
measuring soil suctions and in particular the negative pore-water pressure,

When pore-water pressure is positive, there is no conceptual difficulty in
understanding the presence of water in the soil. However, when pore-walter pressures
become negative, such as in soil above a water table, the problem of understanding the

mechanism become much more difficult. In soil science this problem is now treated



thermodynamically, where the mechanism of soil water retention need not be considered
in developing a rational understanding and theory of behaviour (Richards, 1974).

When an unsaturated soil comes in contact with a pool of free water as shown in
Figure 2.9, it absorbs water; the soil exerls a suction 1.e the soil suction on the free water,
This can be considered to be a convenient reference state. One way 1o quantitatively
define this soil suction is to apply a suction of the same value to the pool of free water,
When the suction on the free water is such that flow between soil and water ceases, then
we have a quantitative measurement of soil suction. Using this concept, we can define
soil suction as quoted by the Intemnational Society of Soil Science as follows:

“Soil suction (h) is the negative gauge pressure relative 1o the external air pressure
on the soil water (normally atmospheric pressure), to which the pool of pure water at the
same elevation and temperature must be subjected in order to be in equilibrium with the

soil water™

-
e

Same Elevation
Unsaturated Soil Pure Water

(U, <0} (U = ) Same Temperature

=%

Flow ceases when U, = U,

Figure 2.9 Diagrammatic representation for soil suction (Richards, 1974)

The application of negative gauge pressure on the pool of free water is quite
conceivable up to 100kNmM™ suction e.g., it can readily be applied by standard vacuum
pump. When negative gauge pressure or soil suction exceed one atmosphere (values of

over 100,000 kNm™ are often measured), the simple concept of negative gauge pressure



is no longer valid, Effective suction, however, can be applied to free water by thermal
gradient (thermo-osmosis), electric fields (electro-osmosis), solute concentration
differences (chemical or solute osmosis) or by elevating reference gas pressure above
atmospheric pressure. Although an actual negative gauge pressure is not used on the pool

of free water, it is quite correct to define an equivalent or effective gauge pressure.

224 MEASUREMENT OF SOIL SUCTION

From a thermodynamic standpoint, the total suction of the soil consists of two
components, namely matric suction and osmotic suction (Fredlund and Rahardjo, 1987)

w=({U U )+m 2.11)

where

W = todal suction

U/, —=U, = matric suction

n = psmolic suction

Several devices commonly used for measuring soil suction and their range of
measurement are listed in Table 2.1,

Suction, which is the stress-free negative pore water pressure of a specimen of
s0il is conveniently exprﬁéed on the pF scale. On this scale, the logarithm to the base 10
of the suction n em of water i1s the pF value e, [00cm water is pF2. The use of
logarithmic scale rather than linear scale of moisture content has advantages in dealing
with large changes in strength for small changes in moisture content at low moisture
contents. (Suction can be expressed in any unit of pressure e.g, in the 8.1 system pF2 is

9.8 1kNm™),
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In the measurement of the uniaxial compressive strength of soil specimen placed
in controlled atmospheric environment of known relative humidities, the results were
plotted as graphs of strength against suction, by converting the relative humidity (H) 1o
suction using the following expression (Croney, 1977):

pF = 6.502 + logya (2 — logigH) (2.12)

1.2.5 CLASSICAL PRINCIPLES AND EQUATIONS

Classical equations for describing the mechanical behaviour of unsaturated soils
can be presented as an extension of the equations commonly applied to saturated soils
The extension must be consistent with the number of stress state variables required for an
unsaturated soil (Fredlund and Rahardjo, [987).

Table 2.2 summarizes and compares some of the saturated and unsaturated soil
mechanics equations. The variables used in these equations are described in Table 2.3,
When a sail approaches saturation, the unsaturated soil equations undergo a smooth

transition to the saturated soi1l equations,

22,6 SHEAR STRENGTH OF UNSATURATED COHESIVE SOILS
The relationship among total stress, effective stress, and pore-water pressure for
unsaturated soils was  briefly introduced in Eq (2.10) as:
o =g-U,+X(U, -U,)
When the value of o' from (2.10b) is substituted in the shear strength equation,
which i5 based on effective stress parameters we get {Das, 1987)

1, =c+[o-U, + X(UU, -0 )]tandg (2.13)
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As pointed out before, the values of X primarily depends on the degree of
saturation. With ordinary triaxial equipment used for laboratory testing, it is not possible
to accurately determine effective stresses in unsaturated soil samples. So the commen
practice is to conduct undrained triaxial tests on unsaturated samples and measure only

the total stress.

Table 2.1 Devices for measuring suction (Fredlund and Rahardjo, 1987)

Name of Suction component Range (kPa) Comments
device Measured

Tensiometers | Negative pore-water 0to~90 Difficulties with
pressures or  matric cavitation and  air
suction when pore-air diffuston through
pressure is atmospheric ceramic cup.

Thermal Matric 0 to ~ 400+ Indirect measurement on

conductivity a porous ceramic

SENSOrS SENSOr,

Psychrometers Total 100* to ~ B,000 | Constant temperature

environment required.

Filter paper Total {Entire range) May measure matric
suction when in contact
with moist soil.

Pare fluid Osmaotic (Mo limit) Used im conjunction

SqUeezer with & pyschrometer or
electrical  conductivity
measurement.

*Controlled temperature environment to = 0.001°C




Table 2.2 Summary of classic saturated and unsaturated soil mechanics principles and

equations (Fredlund and Rahardjo, 1987).

Principle or Saturated soil Unsaturated soil
equation
Stress state variables (o—L,) (o-U,)and (/U )

Resslient modules

Shear strenigth

Ultimate bearing
Capacity of clay

Constitutive

cquations
for Ko loadings.

Flow law for water

{Drarcy’s law)

Seeady staie secpape

E, = flie,—U, ) (g, —a,)]
t=¢"+(o-U_)ang’

qH.l.I =ﬂ"ﬁlrr

Soil structore and water phase

de=Ud, =adio -U)

v, =—k, 2
&y
h, = p+—"
P.E
Oineg-dimensional:
3h,

E, = flta, U )(U, -U,), (0, -5,)]
t=o' +(U, -U )ang" + (o~ )tan ¢’

e=c'+(U,~U,)an ¢’
glrl =EN1

Soil —

de=ad(a,-U,)=a,dU,-1,)

Waler (1

dW=ﬁ|d{ﬁj_—Ug}=b*d{Un —U__}

ah_

V, ==k (U, - U,
{ .'dep

=0

-dlimensional;
Dl ()2 o
& gy ) &y
Jwo —dimensional:
8°h, (ok, \ah,
o +( & ] &
azh_+[ﬁk,]ah"
" &)

All variables are defined in Table 2.3




Table2.3:  Symbols and variable used in the equations (Fredlund and Rahardjo, 1987)

E; = resilient modulus

o, -U.) = effective confining stress

o, —a,) = deviator stress

o, = major principal stress

7, = minor principal stress (or total confining stress)

(o, -11,) = net confining stress

T = shear stress

& = effective cohesion intercept

¢ = effective angle of internal friction

¢ - angle of shear strength increase with an increase in matric suction

c e cohesion intercept

Sulr e ultimate bearing capacity

Ne = bearing capacity factor for clays soils

de = change in void ratio

e £ void ratio

dw = change in water content

W o water content

ay = coefTicient of compressibility

dla, - L-",,} = change in effective vertical stress

o, = total vertical stress

A = coefficient of compressibility with respect to a change in (U, — U,)

d(cr_* "L";J - change in net vertical normal stress

fim = coefticient of compressibility with respect to a change in (U, - U,,)

d{Us-Uy) = change in matric suction

by = cocfficient of water content change with respect 1o a change in
{G_r ot Lr:q }

bien = coefficient of water content change with respect to a change
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. = Tow rate of water
s - water saturated coefficient of permeability
ﬂlFru. 8 T & = i
- = hydraulic head gradient in the y-direction
ﬂ}l
. Ex hvdranlic head
¥ = wravitational (or elevation) head
U,
= pore-water pressure head
PR
o, = water density
2 = gravitational ncceleration
by (Ll = unsaturated coefficient of permeability which is a function of
“' II- 1 I I|| |
&k . . X —— i
- = change in water coeficient of permeability in the y-dinection
&y
ak, , " s o
o = change in water coefTicient of permeability in the x-direction
T
e ; ; T
= = Hydraulic head gradient in the x-direction
ik
p = toetal density ol a saoil
iy dry density of a soil
(i, = specific gravity of a soil

in (&7 -1/}

23 PRESENT STATUS OF SCIENTIFIC RESEARCH ON BLACK COTTON
SOILS
The black coton soils are dark colovred expansive clays, characterized by the
phenomena of swelling on absorption of water and shrinkage on drying (Adeveri, 1988),

These characteristics make them highly problematic as faundation for both building and



road structures, Such soils are common products ‘'of tropical weathering and are
encountered in several parts of the world.

In general, the black cotton soils derive their origin from basic igneous rocks such
as basalts, rich in feldspars and mafic minerals such as montmorillonites, (Thrahim,
1983). In Nigeria, these soils are found predominantly in the North-Eastern region of the
country, lving within the Chad Basin and partly within the Benue trough (Figure 2.10).
It is believed that these soils derive their origin in Nigeria from basalts in the upper
Benue trough which cover several hundred square kilometers extending North and East
of the Jos Plateau, and from gquatermnary sediments of the lacustrine origin from the Chad
Basin consisting mainly of shales, clays and sandy sediments.

Black cotten soils generally occur in poorly drained areas, with alternating wet
and dry seasons and with an annual rainfall generally less than 120cm. Such
physiographical features and climatic conditions are typified in the Chad Basin where
sediments were deposited as the old lake expanded and shrank during the alternating wet
and dry periods. Other conditions conducive to their formation include the cumulative
effects of leaching, alkaline environment and retention of Calcium and Magnesium in the
soil,

The bulk of the black cotton soil deposits in Nigeria are found in the Morth-
Eestern States of Borno, Adamawa, Taraba, Gombe and Bauchi. These soils generally
otur in discontinuous stretches as superficial deposits usually not more than 2 meters in

thickness, overlain or underlain by sandy sediments (NBRRI, 1983),
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2.3.1 GEOTECHNICAL PROPERTIES OF THE BLACK COTTON

SOIL OF NORTH-EASTERN NIGERIA

Some geotechnical properties of the black cotton soil in the Narth eastern Nigeria
were obtained by Ola (1983). He performed a series of tests on stabilized and

unstabilised black cotton soil samples and analysed the results.

2.3.1.1 GEOTECHNICAL PROPERTIES OF UNSTABILISED NIGERIAN
BLACK COTTON SOIL

The grain size distribution curve for the black cotton soil used in the investigation,

as a result of wet sieving is shown in Figure 2.11. More than 90% of the sample passed

Mo, 200BS sieve and the clay fraction was about 45%, The specific gravity of the soil

was 2.6, Details of the result of tests conducted on unstabilised black cotton soil

samples can be seen on Table 2.4,

Table 2.4: Physical properties of the unstabilised black cotton soil (Ola, 1983)

Tests Results
Liquid limit (%&) 78.0
Plastic limit (%6) 31.0
Plasticity index (%) 47.0
Linear shrinkﬁge (%) 11.0
Standard Proctor density ﬂtg,fm]} [412.8
Optimum moisture content{%a) 27.0
Specific gravity 2.56
Free swell (%) 30.0
Swelling pressure (PVC) at optimum 126.9
moisture content (KN/m?),
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Comparison of the differential thermal analysis curves for the black cotton soil
(Ola, 1983) with the standard curves developed by various authors, (Grim and Rowland,
19423, (Lambe, 19532), (Mackenzie, 1957) suggest that the so0il is a mixture of
montmorillonite and kaolinite. Because of the large endothermic peak at 150°C relative
to the dehydroxylation peak at 600°C, it is suspected that montmorillonite is in greater
proportion.  The view is confirmed by the X-ray diffraction analysis on the fraction of the
soil passing No, 200 sieve. The presence of kaolinite was confirmed by the presence of a
7.19" peak in the Air Dried Preferred Orientation (ADPQ), which disappears after heat
treatment. The presence of montmorillonite was confirmed by the expansion of the
lattice from 15.41A" in the ADPO to 17.49A° in the Glycol Preferred Orientation (GPO).
The lattice readily collapsed to 9.71A" after heat treatment. The proportion of kaolinite
in the clay mineral was about 30% whereas that of montmorillonite was about 70% (Ola,

[983). Similar results were also obtained by Lyon Associates, (1971).

23.1.2 COEFFICIENT OF COMPRESSIBILITY
The result of the Qedometer test conducted by Ola (1983) on the black cotton soil
samples is shown in Figure 2.12. Analysis of this gave a compression index (Cg) of 0.53.
Skempton's relationship C, = 0.007(LL - 10) gives a C; for this soil of 0.48.
Showing that Skempton's curve is a good approximation of the compressibility of the soil
close to the liquid limit. A similar relationship was also found to be true for India’s black
cotton soils (Mohan, 1957). Also of significance for the black cotton soil is the

permeability. Table 2.5 shows the resulis of the coefficient of permeability from

Oedometer tests for Nigerian black cotton seil.
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Table 2.5: Coefficient of permenbility from consolidation test {(Ola, |983)

i Sample consolidated at Liguid limit
Pressure (kKN/m”) Coellicient of permeability (k) (cm/sec. lﬂ'“}
26.8 35.1
53.6 8.9
107.3 3.3
214.5 1.3
429.0 0.2
b. Sample Consolidated at optimum moisture content
Pressure (kN/m”) Coefficient of pemm;ihilltv (k) {em/sec. 10°™")
429.0 1

The low permeability of the order of 10" em'sec governs most of the drainage
properties and causes most of the problems as shown on the table, For instance, for a
loading pressure of 429.0kN/m” (4tsl), the coeflicients of permeability for samples
consolidated at liquid limit and optimum moisture contents are 2x 107 and 1x 10" em/sec
respectively. For the same load, permeabilities of the order of 107" em/sec were obtained

by (Ranganatham, 1961) when working on an Indian black cotton soil.

23.13 SHEAR STRENGTH
Table 2.6 gives a summary of the strength characteristics of the unstabilised black
cotton soil. Both the unconfined compression test and the vane test gave consistent

results both for samples at optimum maisture content and at liquid limit. It is obvious
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from these results that the major problem of this soil is the moisture content. For
instance, the shear strength at liquid himit (78%) for both unconfined compression test

and vane test is negligible.

Table 2.6: Result of shear strength tests on unstabilised Nigerian Black Cotton Soil.

(Ola, 1983).

Test Optimum Liguid limit
maoisture content (T8%)
_ {27%)
Unconflined compression test (KN/m™) 1241 .
Vane test (kN/m) 120.0 32

s direct shear strenpth

Effective peak cohesion, C] (kN/m?) 6.9

il
Effective peak angle of shearing resistance, §, e

{degrees)
Residual cohesion ' (KN/m?)

Residual angle of shearing resistance,

¢, (degrees)

Al the optimum moisture content (27%), shear strength for both uncontined
compression test and vane test has increased to about 120.0kN/m® (2300psf). Afier
drying 1o constant weight in the wet-dry test, the unconfined compression strength has
further increased to 9500KN/m” (88.6%sf). The other properties of the unstabilised black

colton soils as reported by (Ola, 1983) are shown in Table 2.4, The free swell was 50%
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and swelling pressure at oplimum moisture content was  126.88kN/m° (2650PSF)

showing that the soil is of high swelling capacity.

13.14 GEOTECHNICAL PROPERTIES OF STABILIZED NIGERIAN
BLACK COTTON SOIL

The effect of lime and cement stabilization on the properties depend on the
various mechanisms of stabilization. These mechanisms have been discussed by many
investigators (Moh, 1962) and (Ola, 1975).

From the results of lime and cement stabilization by (Ola 1983}, it was shown that
lime primarily prevenis road base swelling while the primary function of cement is to
increase the strength of the base, For durability test, only samples with 9% lime and 8%
cement were utilized. The values got are below the maximum allowable weight loss and
volume increase of 1.5% each. What is perhaps most impressive is the increase in
compressive strength of the stabilized soil afier the 12th cycle of wetting and drying. The
compressive strength increases from 1370kN/m® to 9500 kN/m?, From the analysis of the
three criterin used in determining the adequacy of soil stabilization (CBR, unconfined
compressive strength and durability test), a mixture of lime and cement stabilization is

best for black cotton soil and a combination of 6% lime and 8% cement was

recommended for field trial in the first instance if economically feasible,
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1R ENGINEERING PROPERTIES OF BLACK COTTON SOIL OF NIGERIA

AND RELATED PAVEMENT DESIGN

The National Building and Road Research Institute (KBRRI, 1983) carried out an
extensive investigation on the Black Cotton soils of North-Eastern, Nigeria and supplied
relevant information that could aid in the design of highway pavements on Black Cotton
soil subgrade, The programme of sampling the Black Cotton soils was chalked out in
such a manner o cover the wide variety of Black Cotton soils encountered in the country.
Ihe locations of the 21 samples L’U]-h.'ﬂl:d from the North-Eastern States of Borno,
Adamawa, Taraba, Bauchi and Gombe are shown in Figure 2.13.

The locations of samples was well spread over the black cotton soil areas of the
N-E region and the tests were performed on “representative™ samples. The depth of the

sampling was generally within 0-2melers below the top soil, The samples were collected

—
- -,

. = = . . - P
[rom near the roadside taking | 1o 3 samples from each of the following roads:

i. Maiduguri — Bama Road, Borno State |;

ii. Dikwa - Marie Road, Boma State gl A
X\

iii.  Chad Basin Development Authority (CBDA), Pumping Station [{uill:l',-
Bomao State.

iv. Maiduguri - Gamboru Road, Borno State,

¥, Potiskum = Melfads Road, Bormo State
vi. Maiduguri - Dambon Roaed, Bomo Suite

vii Crwoza - Bama RBoad, Borne State
vidl,  MNuman - Gombe Road, Bomo State

iX. Yola - Gombe Road, Borno State
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5 Yola — Mayo Balewa Road, Gongola State.

Ki Muayo Balewa — Ganye Road, Gongola State.

Additional information like depth of groundwater and its fluctuations, annual
minfall in the arca, pavement thickness and composition were collected al some of the
sample locations where insitu tests were conducted for subgrade equilibrium moisture

contant,

13.2.1 CLASSIFICATION OF BLACK COTTON SOILS IN NIGERIA

To be able to classify the various black cotton soil samples as per the Unified Soil
Classification System, the following laboratory tests were conducted (NBRRI, 1983);

I Mechanical sieve analysis, using the standard set of BS sieves, up 1o 63

micron mesh size.

il. Liquid limit test and

k. Plastic Limil test

All the above three tests were conducted according o the British Standard
procedures detailed in BS 1377 (1975). The result data are tabulated in Table 2.7. As
can be seen from Table 2.7, the percent passing BS sieve 63 micron (i.e silt and clay
combined), varies from 37 to 95, with most of the values ranging from 60 10 90, The
liquid limit values ranged from 23 to 78 and the Plasticity Index Plot is shown in Figure
2,14, For Nigerian black cotton clays, it is remarkable that the values plot as a straight
line, running more or less parallel 1o the “A™ line (NBRRI, 1983). According to the

Unified Soil Classification System all the 21 values fall in CL and CH groups.
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The silt and clay content and the relative swelling potential of the black cotton
soil samples were also determined using the sedimentation test and the free swell test,
The result obtained from these two laboratory tests are tabulated in Table 2.8. Also
in¢luded in Table 2.8 is the “Activity” ratio of each sample, defined as the ratio of
plasticity index to percent smaller than 2 micron. The dota in Table 2.8 shows a peneral
trend of increase in the Plasticity Index with increasing percent smaller than 63 micron

size (i.e, silt and clay content) and also with percent smaller than 2 micron (clay content).

These trends are shown in Figures 2,15 and 2,16,

Table 2.7 Mechanical Sieve analysis and Atterberg Limits (NBRRI, 1983)
Sample No. | 2Zmm 425micron| 63 micron | Liguid Plastic
Limit Limit

1. 100 435 83 45 16
2, 99.5 a7 82 4 19
3 100 100 43 35 23
4. 100 98 52.5 i2 12
5. ¥ 08.3 50 36 17
&, 100 [0 a5 T8 36
7. 100 94 38 26 16
g. 100 99,5 79.5 38 I3
9, 100 Q9 o 50 14
10, 100 100 93 67 23
1L 99.5 98.5 86.5 53 27
12 100 E9 50.5 23 17
kE 99,5 945 B3 3l 24
14, 99 87.5 76 44 20
15, 95 B3 67.5 61 25
| 6. 97.5 8O 61.5 57 27
17. 97 Q6 Bl 58 25
| 8. 99,5 o9 03 58 24
19, 95 79.5 67 i7 19
20. 99 k2 37 28 18
21. 92 73 59 34 23
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It is quite apparent from the laboratory test data that all Black Cotton soils are not
the same (MNBRRI, 1983). The variations in their particles, size distribution, clay and silt
contents, Liguid and Plastic limits and swell potential are so wide that black cotlon soil
cannot be considered as just one type of soil. These soils need to be sub-divided further.
In regard 1o the design of pavements on Black Cotton soil subgrades, any one set of
blanket specifications can neither be considered scientific nor economical, It is therefore
of utmost importance that design specifications should be developed for each category or
group or type of Black Cotton soil encountered in a particular area. Such a classification
or grouping is of immense value due to the need lor guality control on road works
involving colossal amounts of earthwork,

With the above points in view, the following categorization of Black Cotton Soils

has been proposed for the purpose of pavement design (NBRRI, 1983)

Category | (Low Swell Potential)
Plasticity index Below 20

Free swell Less than 50%
Percent smaller than 1 micron Less than 20
Category 11 (Mediom Swell Potential)
Plasticity index 15-30

Free swell 50-80%

Percent smaller than | micron I3-30
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Catepory 111

Ploasticity index

Free swell

Percent smaller than 1 micron

{High Swell Potential)

ovier 30

over Blde

over 30,

The proposed calegonization of the black colton soils of Nigeria as outlined above

is disgrammatically shown in Figure 2,17,

Table 2.8: Laboratory Classification Test Data for Swelling Clays (NBRRI, 1983)
Sample No. | Plasticity Percent Activity Percent Free Swell

Index smallelr ratio smaller Yo

than than
2 micron 1 micron

. 29 18.5 L.57 13 70
2 25 25 100 20 B0
3 32 25 1.28 22 100
4. 20 28 0.71 21.5 a0
s 19 I4 |.36 |2 50
. 42 58.5 0.2 52.5 |4
1. 10 20 .50 19 30
. 25 15 1.67 |2 40
9, 36 26 1.38 23 g0
10. 44 28.5 1.54 23.5 [10
11. 26 27.5 0.95 23 80
12, 6 &Y 0.32 11 Y
13, 27 12 0.84 30 &0
14. 24 20 1.20 17 70
15, 36 24 1.40 21 1 (1)
16, 30 21.5 1.40 1 7.5 100
17. 33 3l 1.07 27.5 &0
18, 34 33 1.03 27 70
19, 18 135 1.33 I 6l
20. 10 8 1.25 7 40
21 31 17.5 1.77 1.5 AL}
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[t is npparent from the foregoing review that the principle of effective stress alone
15 inadequate to explain the volumetric behaviour of partinlly saturated soils subjected to
external stresses. This study has therelore attempted 1o treat applied stress and suction as
two independent variables, and to relate this with variations in void ratio and degree of
saturation.

Since the problem perculiar to design of road pavements on black cotton soil
subgrades arises from the swelling and shrinkage characteristics of these soils, with
changes in moisture content (Adeyeri and Mawadi, 1995), it was decided to use the black

cotton soil prevalent in north-eastern Nigeria as a case study, in the experimental

programme,
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CHAPTER THREE
THEORETICAL CONSIDERATIONS

A1 ONE-DIMENSIONAL CONSOLIDATION THEORY FOR PARTIALLY

SATURATED SOILS
311 INTRODUCTION

The prediction of consolidation during hydrodynamic period in panially saturated
soils is more difficult than in saturated soils, due to the presence of a second uid namely
the air.  It's presence modifies the phenomenon of consolidation due to changes in (o)
effective stress; and (b) coefficient of permeability.

A consolidation theory for partially saturated soils should therefore take into
account the modified effective stress law, modified coefficient of permeability and Now

of air and water from voids during consolidation.

312 RHEOLOGICAL MODEL

The process of consolidation for a partially saturated soil can be represented by a

simple rheological model, (Shrivastava, 1969) as in Figure 3.1
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A= Sl Muss

—

U,

l/ B ¢
B - Soil Skelston

T

L+

Figure 3.1:  Rheological Model of a Partially Saturated Soil (Shrivastava, 1969)

When a load is applied to the soil mass, certain deformation takes place
immediately depending on the degree of saturation. This corresponds to the delformation
of spring A. The load is then taken by the pore fluid resulting in excess pore pressure.
The pore Muid Nows out under this pressure, and the effective stress on the soil grains
increpse,  The soil mass under increased stress deforms.  In the model, the viscous
dashpots C,D and spring B corresponds to water, air and soil skeleton respectively. The

period during which the escaping of Muid takes place is called the hydrodynamic period

(more correctly the fluid-dynamic period) of consolidation.

3.1.3 MATHEMATICAL FORMULATIONS
The following assumptions are made in the formation of the theory:
I The flow of air and water is in one direction only, (that is, in the direction
of compression). This corresponds to confined compression of the soil

Mass.
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ik, Pore water and soil grains are incompressible.

ii. The quantity of water in vapour state is negligible.
iv. Darcy’s law is valid.
V. Vaoid ratio and effective stress are linearly correlated, i.e
de = —a o
whera
e = Void ratio
a, = Coefficient of compressibility
¢ = effective stress

al



Figure 3.2a shows a layer of partinlly saturated clay of thickness H that is located
between two highly permeable sand layers. 11 the clay loyer is subjected 1o an increased

pressure o, , the pore pressure at any point “A™ in the clay layer will increase. For one-

dimensional consolidation, the fluid will be squeezed out in the vertical direction toward
the sand layer, Figure 3.2b shows the flow of water through a prismatic element at “A™
Similarly Figure 3.2C shows the flow of air through a prismatic element at *A™,

For the soil element shown:

{Rate of outNlow of water + Rate of outflow of air)

— (Rate of inflow of water + Rate of inflow of air)

= Rate of volume change

1.e.,
[{ V. + af:r d=)alvdy + (V, + cdif d:].:.i:'ﬂj.J] = (v, diady + P’ﬁdm',l.']] = L~ {3.1a)
= Fiks o
where
V= volume of soil element
Fy = velocity of Now water in Z direction
V. = velocity of flow air in Z direction
ar
av, ar, av

{3.1b)

= dv.dvadz + I:ﬁr.:{r.d: =

Using modified Darcy's law for unsaturated soil (Fredlund and Rahardjo, 1987),
we have;

ah,
Ky = _"'-'r-:rén-rm-E; =24
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b.
c.

Figure 3.2:

Partially saturated clay layer undergoing conselidation,

Flow of water at “A" during consolidation.

Flow of air at A" during consolidation.

One-dimensional consolidation for a partially saturated clay layer
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hence;

'kﬂlld | l-”.l'l'

v, =- 3.2
y. = (3.2)
where:
Koo v = Unsaturated coefficient of permeability which is a function of
U, -t
U,
—= = Pore-water pressure head
Pw
¥ = unit weight of water
Similarly
L
l"ll - WP, -!-.I._n 3-4
; .  d e
Substituting (3.2) and (3.3} into (3.1}
Korjny 87U, =Ko uy °U, |
o Tty L L 2) = ol (3.4
v, efz” /8 iz dxudvaz o

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

of change of the volume of the voids, so;

x ' =]
o _av, _a¥,+ev) _av, Ve o, 3.5)
ot o aor ot i &
where

¥, = Yolume of soil solids

¥, = Volume of voids
e = Yoid ratio
But {(assuming that soil solids are incompressible),

54



5
i)

and

4 vy

+e, l+e;

&

Substitution lor % and Vin (3.5) yields
i

BV _ dvdyadz de
a  l+e, ot

(3.6)

where
¢ = initial void ratio

Combining (3.4) and {3.6)

=K o ttiv) ‘ﬂ’[..:,_ " Ko iiitoey Ialu, 1 e G
¥ gz” Yo 34 | +e, ot
The change of void ratio is due 1o the increase of effective stress (that is decrease
of excess pore pressure), Assuming that they are linearly related, we have,
de=a(na'y=adl, - XU, -U.)] (3.8)
where

Aa' = the change in effective pressure

a, = coelficient of compressibility (a, can be considered 1o be constant for a

narrow range of pressure increase)
Since, according to Bishop (1959)

a =a-[U, - XU, -0,

where
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o' = ellective stress

X = ellective stress parameter (determined experimentally)

U, =l =soil suction
U/, = pore ar pressure

combining (3.7) and (3.8) gives;

~a, AU, -xw,-v,)l

= 'krrl.t-',—n_‘_l_ a:r”, " _'i:m:r.'_-.u_: a':Uu
Y, & ¥, =

e

—k [L ajU“’ +
L. &

" ﬁ{Liru K '\E‘-F Unl = UH }] = k""“l- -l i

12U,

e o

1., slv.-xw,-v,)l
¥ aﬂ'

el ",

i,

e e
Y. 02y, @&

2

| a‘uu]

ot y.m, | &

dv, - xi, -0) _ Ky [a’u,

Or

v, - X, -] _
2 e 1T T 2

where

FU, 38U, ¥,
"1'1 I.'Fli

U,
+:—', — } (3.9)

(3.10)

X = Effective stress parameter related 1o degree of saturation

¥
{I: I (L=t |

(Ua—Uy)

= Unsaturated coefTicient of consalidation which is a function of

ab



Rewriting equation 3.10, we have

3, EFL-’u:|
==

o =
E[U" = X(U/, ‘U"J]‘_'Lﬂ'.:r.'.n-dln[

de” i
where
‘F = L’L
or
2 : Fu. U,
E[U"': L= )R, ] = Ci'q!-'.. .rr.ﬁ[uE:T it oz :|
T s RETEL Shadeal RO - g 311
( J & + 3 |: P +¥ _B:J :| (
where
C=C

wtd =Lf
Far simplification, X for all practical cases may be taken as equal o degree of saturation,
S (Shrivastava, |969).

.. Substituting for X in (3.11), we have

ol alt ,1 i A ]
S el G okt LA 112
{l ;:.r} EH' + [ a} “I' a 3 a 3 ] { }

Consider a model of a partially saturated soil as in Figure (3.3)
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Soil Grain
Pore Air

Pore Watér

Figure 3.3: Maodel of o partinlly saturated soil (Matyas and Radhakrishna, 1968)
P, = force exerted by air on air-solid contact
P, = lorce exeried by water on water-solid contact
A, = area of air-solid contact
Ay = arca of water-solid contact

g = acceleration due to gravity

Mow, we have that

Iy

L =i and U =
A A

A, is 8 measure of pore space saturation and is mainly a function of the degrec of

-
saturation (Matyas and Radhakrishna, 1968). From the results of the work by Sauer and
Monismith (1968), it can be deduced that the deégree of saturation of a soil varies
inversely as the suction of the soil. This has led to the following assumption relating pore
water pressure “ L' " to pore air pressure IJ;

U ik (i)
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similarly;

- (i}

where
¥4 = Fonsiant

. Substituting the transformation (i) ineqn (3.12), we have:

_! ot I
i U., aU' . U, ﬂJU'
+35,. = {1 y.0. =t e

_S .
(=5)e—5 S -

e
al 1 au 1] av
5= — [+ 8 — = =y —| — [+ —= (3.13)
Recall
d 1) d (14U, 1 di,
dal\u, )] aqu \u, ) aa U] &
al 1 | au
— o | (i1}
a[u] vt o
Also
d[1]_dfafv)|_df 1 au,
AU, | aela\U, )| | U de
a1 d, 1. du, 1 &%, )
FU_] =T e U
but;
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d 1) d (1 \au, 2 au,
& vt \utl e U &
substituting in (iv), we have

a2 (a,Y 1 du,
& \u U\ e Ul e

L W

[.f{f_J“:H 4,

= ﬁf’l

substituting in (v), we have;

d’[ | J_ 2 FU, 1 U, | dU,
tf

ds? Ul d? v Ul e

@ (1) 1 e,
.aazj U Lrb]-a::

-

substituting (iii) and (vi) in (3.13) we have;

__J[I By et | &'y, o',
il air W ot
or
o ats &y | &
. - o 0] — : >
r -I':'|.I' U F { :I [ 1_32_1 T U,l E_,:,]‘ i|
e
au, C |é'U,
[ 5 }:| [C 'I-TD'.U—*]}E-I—
i
au, 'l Au

60
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a

|
multiply R.H.S by %‘—:-

L]

aul, | cu)+Cym | &U,
& |SUh+ell-8) &'

; chjers : | =3
Similarly substituting the transformation U/ = D'..U— in (3.12)

We have;
{r
HI H _Ful

i
! L=

L L P g :
Ay =Sy & e

av, J &#[1]. . 2%,
e [ } ko 5}_&1 Lﬂ“ﬁz’[u}ﬂ'a:*]

Recall from (iii) and {iv)

- L PR IR (vii)
5? LII||' Uu a
also
2 | | U
e | e (i)
&t U U' oz
substituting (vii) and (viii) in {3.15)
| 2’0 a'u

—§ a2 4(= 3}5”‘:’ y e PG e

Ua®’ Uﬂ gz’ e
or

a . |ou, [ a _&U,
-8 = 8 === — =
[{I ¥ ] [Irhl] r] EI [{U 1 ?] ﬁ : ]

(3.14)

(3.1%)



multiply R.HLS by E -

au, _ 1uc+cwl U,
T la-sou) s, o

(3.16)

From eqn (8)

de=—adl, - X(U,-U)
Be==a dl(1 - X)U, + XU, ]

ar

o d
e — [ — [ _Ir ‘_r
F i, [[I AN+ U:f,]

E-——ﬂ' (1- Y]EU—-:I X— 2,
& ot ai

For simplification X for all practical cases may be taken as equal to Sr

e at! EJLI'
g ]-R .—"'L" ik —"-_
5 a,(1=-3;) 5 a, S —

"—*’=—u,[{1—.~? ‘}.£+3‘_.ﬂf—”]
& a
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N.B: Cocllicient of compressibility a, = o (usually disregard negative sign)

ol au,,] (3.17)

.'.E=:r_[{l—.ﬂ', fir T
& a1 2

The proposed basic differential equations for the theory of one-dimensional

consolidation for partially saturated soils, are as follows:

ou, _ lev+cya] ou, (3.14)

a g0 +all-5,) o

v, |eceequ?]| v,
- { Rlac (3.16)
a -5k, -as,| &
de 8y, U
—_— -5 +85 —* 307
> ﬂr{i 3 5 "o :| (3.17)

Equations (3.14) and (3.16) are parabolic equations with variable coefficients and can be

written in a general form as:

bt &L e R s\

_=K = - b

a e fap '
¢ )- )

whene Hade ™ S

K2 aconstant \“\-__ =

This diffusion equation can be solved by various schemes/methods, but the

implicit scheme has been used because it is more stable.
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314 IMPLICIT SCHEME FOR DIFFUSION

The finite difference equivalent of equation (3.18) can be written as

.I['IrlllllI -E'll|ll — k 'L'”.h _Ef-‘”r +U|I| -1 UIII-TI_EL”IIr +L|”+tl-[
o 1 = 1. . +hk :
Al {Az) (As)

where

The pattern shown in figure 3.4 is used to form the {inite difference equation,

2
':
| U, u
g b
L L
T

Figure 3.4 Finite-difTerence Grid pattern

From (3.19)
UM =) 4 a B o, < ou) s vt Je 5. XA g, < au w
(Az)’ (Az)
Let
Y
()

UM = U 4 art o = 2arll 4 arbl oo + el = 26e 0" + brU 4
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collecting like terms

U2 2t = bl = e = U b ar U - 2arl) o rarll

i
=brt o + (14 Ibr]U,"" = brE M = EY +ﬂP{UJm =2, +L-'*':-|} {3.20)

Equation (3,20) can be written as;

AL BUIY, OO = Y (3.21)
where

A=br

B=1+2br

C=br

D! = U +arlUn - 20" + U

Suppose
1'_.-'|"”=ull'.J""'._|+|§I (3.22)
= ["II|+I.II|I = m.lf!!l"lII “I‘ +E'.I+I {_],?_:'I-]

Then equation (3.21) becomes
—Au, U B A+ BU =CU =D

= (B—da, U =CU =D+ A

T L B L i (324)
I 'H_"Ju' B_"‘Iuif]

awl
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Now compare equations (3.22) and (3.24)

{. 1

O = — 325

CB- g, 6-22)
o+, .4

= 3.6

P B—da,, St

M
L T TOp

—— -
agp TV
L
N B P e

Where i=0,1,2.... M

Figure 3.5:  Grid points and Boundary values

Using any given boundary. condition at the top, we can oblain the value of @ from
equations (3.22), hence calculate the parmmeters (o, [3) ot all levels from the top to the
surface using equations (3.25) and (3.26)

The assumed initial and boundary conditions are as follows;
(i) U=U,=-8yzlorl=sz<] att=0
{ii) U=0when z=0and | forall 't

66



In our case, the boundary conditions are given as;
U= 0whenz=0nnd | forall ="
since
f al
U o T 7 #B, (3.22
if U = 0 at the top

= =0
i.e o, =0, B, =0
Hence we compute our parameters (o, [}) from top to bottom and the values of U from

battom to tap.

To solve equation (3.17)

Recall:
e g, atl
'_='ﬂ.|| “-Slrj- +‘l;."r -
& it ar
. 5

Equation (3.18) can be written in a general form as

g _y oM yoY (327)

The finite difference equivalent for (3.27) is as follows:

L B ot T T O :Tl' Sard
g &, =HI[U“ i ['rrr']_l_lhlr"[ﬂ“ U._ ]
' oaf

Al

e ¢=elt N_,IUH”'.-—U“'JJar N,lUk“'J -Uh‘.] il 328)
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This numerical technique has been applied 1o a problem with the following assumed and
experimental data for the solutions of equations (3.14), (3.16) and (3.17)

vw= 10KN/m?, 2= 0.013 KN/m'

Y=T_'-=£=T.f[r, a = 1,0 (assumed)
Y, D.013
H = 100 units, AZ =1, Ar= Jsecs

A summary of the input data is shown in Table 3.1, with details printed out en Table 3.1,

Table 3.1; Summary of Input data for the model

Case No s, C {cm/sec) a, (KN™)

| 0.2 5.3 x 107 0.7x 107
2 0.4 4.6% 107 1.29 x 107
3 0.6 4.3 % 107 .72 x 107
4 0.8 9,98 x 10° .76 % 107
5 1.0 1.07 % 107 2.7x 107

The computer programme is written in Fortran 90, and the plotting of the results was
done with the MATLAB package. The Computer Programme and the Flow Charts are
available in the appendix.

Figures 3.6 - 3,11 (a), shows the plots for the profiles of Uy, U, and e. It can be
seen that, except at the initial stage, the plots follow a parabolic pattern during the
process of consolidation, The rate of reaching complete saturation is also scen 10 be
decreasing with increasing height from the bottom as expected, depending on the degree

Of saturation.
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As the negative pore waler pressure (suction) decreases and tend towards zero, the
voids ratio ‘e’ is seen to be increasing implying that essentially suction is responsible for
the swell in black cotton seil when it comes into contact with water,

Figure 3.6 - 3.11 (b), shows the time series of U, U, and ‘e’ at the bottom, mid
height and surface of the soil layer. The curves are plotted for different degrees of
saturntion. As it is expected, the lower the degree of saturation, the faster is the rate of
change of the pore water and pore air pressures. This explain the devastating effect,
exposure to little rain can have on highway pavements with black cotton soil subgrade
and the high swell-shrink characteristics of the soil,

A special case, having essentially the same inpul data s ¢ase 5 excepl that the
simulation perind was inereased from 2 days to 20 days, tagged case 53, reveals that for

the case of 100% saturation, complete consolidation take as longer period than in a

partially saturated soil.
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éable 3.la. Indata1iﬁﬂ’fnr the I-D Consolidation Model

40 = Hx,Ny,Nz. Number of x,y,z Dimension. For now maximum(l,1,100]
, = dx,dy,d=. Increment in x,y,z Dimensien.
00 120 = dtisec),ftimei{sec],rtime(min] Time increment,the simularion prericd (in
nd result cims
=g

- @F,

= alpha.
3 = gammalW gammah
| = uwh,uwlH,uahk,2al. Bondary valus of uw and ua.

= av

01 = Nx,Ny,Nz. Number of x,¥,% Dimension. For now maximum(l,21,100)
L = dx,dy,dz. Increment im x,¥y,% Dimension.
00 120 = dt(sec),frime(gec).rtime({min] Time increment,the simulation prericd (im
ind result time
= g
: BT,

alpha.

13 gamma¥ gammalh

| uwh, uwd, uah,ual. Sondary wvalue of uw and us
L - A
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=0
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= alpha.
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= av
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= alpha.
1 = gammaW gammai
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= alpha.
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# -V
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= alpha.
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CHAPTER FOUR

EXPERIMENTAL PROGRAMME

4.1 METHODOLOGY

Relutively disturbed Black cotton soil samples were obtained at a depth of about
I.5m, from a section of existing road with black cotton soil subgrade from Numan to
Cuyuk off Yola - Gombe road in Adamawa State of Nigeria. The exact location of the site
wis at Banjiram along the Numan-Guyuk road,

ldentification and classilcation tests were performed on the samples, notably; grain
size distribution and hydrometer tests, Atterberg limits, specific gravity and compaction
tests. These constituted the preliminary tests.

Compressibility and strength characteristics were determined using Oedometer and
Triaxial compression tests, while suction measurements were conducted on samples
compacted to specific water contents and degrees of saturation, The lest procedure 15 in

accordance with the BS1377:1975 (Soils for Civil Engineering Purposes).

42  IDENTIFICATION AND CLASSIFICATION

The characteristics of the Black cotton soil used are shown on Table 4.1 and the
corresponding classification using the Textural classification, American Association of
State Highway Officials method (AASHO), and the Unified Soil Classification System

(USCS). The results of the grain size distribution and compaction test are presented in

Figures 4.1 and 4.2, The details of the identification and classification tests are available in

the appendix,
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Table 4.1: Summarized Characteristics off Soil used

Property Black Cotton Soil
sampling location BANJIRAM; Numan - Guyuk road off
Yola - Gombe road, Adamawa State
Sampling depth (m) 1.5
Mechanical analysis (%a):
Sand (2 = 0.063mm) 9.9
3.1
Silt{74-5p)
Clay (=< 5u) 39.0
Clay {(<=2pn) 18.0
Physical:
Liguid Limat (%) 34.0
Plastic Limit (%) 23.0
Linear shrinkage (%&) 11.0
Plasticity index )
Max. dry density (kg/m”) 1920.0
Opt. Maist. Content (%) 20.4
Spec, gravity 2.29
Chemical:
Skempton's Activity e
Predom. Clay mineral Montmoriilonite
f.'l::..‘-:.!dll;a .;ﬂ
Textural Silty Clay
AASHO A-T-6
USCS CH
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43  PREPARATION OF SPECIMENS

Test specimens were prepared by mixing air dried Block Cotton soil with a
predetermined amount of waler (Equation 4.1) that will be required to achieve the specific
degree of saturation after establishing the initial moisture content of the soil using the
speedy moisture tester and statically compacting the mixture o an arbitrary density. The
density used was the maximum dry density obtained from the preliminary compaction test
{(1920kg/m”). Based on the relationship between the degree of saturation *S;" and water

content ‘m" as in equation 4.1 {Rosenak, 1963)

5= > I {4.1)
?IJ GJ
Where

S; = Degree of saturation
G, = Specific gravity
Y4 = Dry unit weight

Tw = Unit weight of water
m = wiler content

From (4.1) making “m" the subject, we have

Y.
m=§, | -— (4.2)
[T.J GJ l

Using eqgn (4.2) and the degree of saturation, 20%, 40%, 60%, 80% and 100%, the
required percentage of water for compacting the samples to the required degree of

saturation was determined.

&7



Following compaction and trimming, all samples for both suction tests and stress-

strain tests were coated with grease and siored in a desiceators for seven days before

lesting, to minimize changes due to thixotropic eflects or increases in suction.

4.4  COMPRESSIBILITY CHARACTERISTICS (OEDOMETER TEST)
4.4.1 ONE-DIMENSIONAL CONSOLIDATION TEST FOR PARTIALLY

SATURATED SOIL

Initially, the soil is quite compressible initially, since the pore Muid (air plus water)
offers little resistance to compression until the degree of saturation exceeds §5%, During
this initial phase, the effective stress increases while the pore pressure changes but Lintle.
Very lttle water will be squeezed out from the soil during this phase of a dmined loading:
thus it matters little whether drainage is permitted or prevented.

If the load increase is sullicient to compress, and dissolve all of the air in the pores,
the soil will become fully saturated and now any further increase in load will be camied
entirely by the pore Nuid. [T drainage is permitted, water will Now from the specimen as in
a consolidation test upon an initially saturated soil, Once the applied load reaches its

maximum value and becomes constant, a drained soil may again become only partially

saturated.
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442 PROCEDURE

The procedure for testing the prepared partially saturated black cotton soil samples
was according to the British Standard BS1377, 1975: Soils for Civil Engineering Purposes:
loading and unloading the specimen was carried oul in two cycles,

The Oedometer test was performed for black cotton soil samples compacted 1o;
20%, 40%, 60%, B0% and 100% degrees of saturation. The assembly of apparatus for the
Oedometer test is shown in the picture in Photo 4.21, The results for this experiment is

presented and discussed in chapter 5 of this report,

45 STRENGTH CHARACTERISTICS (TRIAXIAL COMPRESSION TEST)
With the normal triaxial equipment used for laboratory testing, it is not feasible 1o
accurately determine the ¢ffective stresses in unsaturated soil samples. So the common
practice is to conduct undrained triaxial tests on unsaturated soil samples and measure only
the total stresses,  Figure 4.30 shows o total stress filure envelope that will be obtaimed
from a number of undrained triaxial tests conducted with a given initial degree of

saturation. Failure envelopes were obtained for varying initial degree of saturation viz:

20%, 4004, 604, 80% and 100% respectively,

G0
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Figure 4.30:  Total stress failure envelope for an unsaturated soil sample.

451 TRIAXIAL COMPRESSION TEST

This test covers the determination of the compressive strength of a specimen of
prepared partially saturated Black Cotton soil in the triaxial compression apparatus, The
test is limited to specimens in the form of right cylinders of nominal dismeter 38mm and of
height 76mm.  The arrangement of the triaxial compression test apparatus for the
experiment is shown in Photo 4.31.

The procedure for the experiment was in accordance with British Standard
BS1377:1975. For each initial degree of saturation, three specimens of the black cotton

soil was tested, to facilitate obtaining the failure envelope, The results for this test are

presented and discussed in chapter 3 of this report.
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Photo 4.21: Set up of the Oedometer
4 during the testing
programme

4.31: Arrangement of the
triaxial compression test
apparatus




4.6  SUCTION MEASUREMENTS

The filter paper method was used in the measurement of soil suction for the
experiments performed. This involves the placement of a filter paper in direct contact with
the soil specimen.

Moisture equalization between the filter paper and the soil should take place in a
relatively constant temperature environment, The filter paper is nllﬂm‘:d to equilibrate for
al least one week prior to measwvring their water contents.  The waler content is then used
slong with a calibration curve lor filler paper water content versus suction to determine the

suction of the soil.

4.6,1 MEASUREMENTS FOR THE BLACK COTTON SOIL SAMPLES

Black cotton soil samples, compacted with various moulding water contents to
different degrees of saturation (i.e 20%, 40%, 60%, B0%% and 100%) were coated with
grease and stored [or seven days in a desiceator before testing to minimize changes due to
thixotropic effects or increases in suction.

Contact filter paper suction measurements were made on the samples in the
laboratory, The filter paper was placed against the soil sample, double wrapped with
kitchen foil and taped for contact measurements. The trimmed compacted cylindrical
samples were about 40mm in height and 73mm in diameter. The samples were then stored
in a cooled incubator, maintained at a constant temperature of 26"C for one week.

The mettler balance: Type BD601, was used in weighing both the soil samples and

the filier papers before and after the test. Photo 4.41 shows pictures of the apparatus used

and the weighing process.
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Photo 4.41 (a): Cooled incubator for maintaining constant
temperature for one week

Photo 4.41 (b): Mettler balance for weighing both soil samples
and filter papers



CHAPTER FIVE

RESULTS/DISCUSSION OF RESULTS

5.1 SUCTION TEST:
The result for the suction tests are as shown in Table 5.1;

Table 5.1: Suction test results

Molding | Degree of | Sample | Sample | Filter Corresponding | Suction
water safturation | wt. wt. Alter | paper suction  value | pressure
content{ | (%u) Before T days | water {(Kpa) (pF)
) testing (2) content
f4 1)
1.85 20 5711 569.1 G 30,000 52
3.69 40 565.1 362.1 20 6,000 4.6
554 (il 571.6 3665 30 1,000 4.0
7.38 80 400.6 391.5 60 20 2.1
023 100 4776 464.7 86 B |.8

The calibration curve (Figure 5.0) for filter paper water content versus suction by
McQUEEN and MILLER (1968), was used to convert the filter paper water content values

to suction values.

The suction pressure can be expressed as negative pressure in Kpa or in other more
convenient units. It has been shown that the most common units for soil suction are those
which express il in terms of “em™ of water. The term pF, which has also been employed, 15

the log, (cm of water) and is used for ease in plotting,
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The relationship between soil suction, moulding water content and degree of

saturation for the Black cotton soil samples is illustrated graphically in Figures 5.1a and

3.1b.

521  TRIAXIAL COMPRESSION TEST

The results of the triaxial compression test on the Black cotton soil samples are
presented in graphical form as Mohr circles with the Mohr-Coulomb envelope drawn 1o
determine the cohesion intercept and the angle of shearing resistance. Figure 5.2 shows the
Morh circles for the various degree of saturation.

The cohesion intercept “C" and the angle of shearing resistance ¢ obtained from

the graphs are shown in Table 5.2

Table 5.2: Cohesion and angle of internal friction values for the Black cotion soil

samples

Degree of Saturation S % C (kN/m") P
20 70 115
40 130 26.0
6 180 16.0
80 140 13.0
100 130 11.0

Q6




1 :,.—-u-n.—v-
Iy 5=60%
k]
f-‘_ﬂ 5

A ——— )

Ha _H—F"
e .

0

D #a (] HE m ¥ 3 ey
(<)

L

e S=100%
s od iPon ol
s

m -

30

17
= Hn i W ) = LI s o
=]

Figure 5.2: Mohr Circles for the block coiton soll

a7



The shear strength values were then computed using the equation
T=0+a,ang 5.1
where
¢ = cohesion
$ = angle of internal friction
a,, = deviator stress
Table 5.3 shows the values of the maximum deviator stress that was applied to load each of

the three samples of prepared specimen to failure for the various degrees of saturation.

Table 5.5: Deviator stress values

1:egm: of spturation “Sr' | Deviator Stress {kN:"mI} N

= Sample 1 Sample 11 Sample 111
20 426.2 7174 9193
440 335.6 720.5 2125
60 561.4 643.7 701.8
BO 3562 469.5 5272
100 356.0 421.4 446.2

Using equation 5.land the values of cohesion, angle of internal friction, and deviator stress

in Tables 5.2 and 5.3, the shear strength values shown in Table 5.4, were obtained.
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Table 54:  Shear strength value for the Black cotton soil for various degrees of

Saturation
Degree of Shear strength (kN/m”) Average shear
saturation ‘Sr’ (%) Sample | Sample 11 Sample 111 | strength(kN/m")
20 331.2 509.6 633.3 491.4
40 401.0 481.4 575.1 485.8
60 341.0 3646 3g1.2 362.3
80 222 248.4 260.6 243.7
100 1992 211.9 216.7 2083

The variation of shear strength with deviator stress for the various degrees of saturation is

illustrated graphically in Figure 5.3, The strain values for deviator stresses are tabulated in

Tahle 5.5

Table 5.5: Strain values for the Black cotton soil for increasing deviator stress at

various degrees of saturation,

Degree of .. AL Average strain
Saturation *Sr' (%) SAEAIN L (%) (V)
Sample | Sample 11 Sample 111
20 5.59 6.9 6.60 6.36
40 4.60 6.25 592 5.59
50 £6.90 5.92 6.58 6.00
B 3.95 5,92 6.25 337
100 4.60 5532 6.25 359

Values of strain with deviator stress is shown in Figure 5.4 for varying degrees of

saturation. The data sheets for the triaxial compression tests, containing details of stress

and strain measurement are available in the appendix.
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53 OEDOMETER TESTS

5.3.1 COMPRESSIBILITY CHARACTERISTICS

The compressibility characteristics have been suitably illustrated by plotting the

compression of the specimen as ordinate on a linear scale and the corresponding applied

pressure, P in kN/m* as abscissa on a logarithmic scale. The compression index “Ce” and

the swell index “Cs" were computed for each of the plots, from the slope of the virgin

compression curve and the rebound curve respectively, The results of the Oedometer test

are présented in Figures 5.5a, 5.5b, 5.5¢, 5.5d and 5.5¢. A summary of the compression

and swell indices are shown in Table 5.6

Table 5.6:  Compression and swell indices for Black cotton soil al various degrees of

saturation.

Degree of saturation *Sr’ (%)

Compression index

Swell index

“Ce® “Cg"
20 0.0880 0.022
40 0.1570 0.056
60 0.1927 0.053
80 02181 0.024
100 0.3238 0.068

Also the values of the cogfTicient of compressibility *a,” determined from the slope

of the graphs of voids ratio *e’ versus applied pressure “P” plotted on a linear scale can be

seen in Table 5.7.
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Void Ratio "e' vs. LogP plot (5=100%)
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Table 5.7: Coeflicient of compressibility for the Black cotton soil samples.

licgiﬂw of saturation *Sr* | Coefficient of compressibility *a," (kN)
= 20 0.7x 107

40 1.29 x 107

G0 .72 x 107

80 1.76 x 107

100 2.7¢ % 10

The coefficient of consolidation *C,” for the black cotton soil samples at the various
load increment values for the differemt degrees of saturation were also computed. The
square root of time fitting method was used. The values of ‘'t obtained for each ol the
load increments at dilferent degrees of saturation are shown in Table 5.8. The values of the
coefTicient of consolidution computed based on the “tgy” values are summarized in Table

5.9, The coefMicient of consolidation *C,' in em*/min was computed using the equation

7L
o o R cererereenene(5:2)
fw
where
i = Average thickness of the specimen

Details of the Time-Compression data are available in the appendix.
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Table 5.8:  Summary of “y values for the Black cotlon soil at various degrees of

spturition. {lsa = Time for 90% Consolidation)

Load increment (kN/m°)
a2 104 208 416 832
- : -  t(MINS) o
20% | st .00 15.21 1.29 7.29
CYCLE
2nd 9.00 16,00 9.00 12.25
Degree CYCLE
4% | st 16.00 9.00 L 1.56 12.25
CYCLE
2nd 9.00 10.89 10.89 10,24
CYCLE
uf Gil% 1st 10.89 | 6.00 12.25 11.56
CYCLE
2nd 6.76 9,00 13.69 | 6.00
CYCLE
80% 15t 289 2.25 Q.00 | 1.56 7.84
CYCLE
- 2nd 6.76 10.89 7.84
saturation CYCLE
1 st | 44l 3.29 6.25 6.76
CYCLE
2nd 2.25 6.25 484 7.84
CYCLE

[ (14




Table 5.9:

Coefficient of consolidation “C," for the Black cotton soil at various

degrees of snturation,

Load increment {I:N.fm;"_i

52 | (4 208 416 832
by {Emzu"minj Average e
value
Degree 20% [ 1st 0.3705 | 0.2133 | 0.4342 | 0.4204 0.2739
CYCLE U.aloas
2nd 0.3439 | 0.1897 | 0.3286°| 0.2332 | 0.2692
CYCLE
40% | 1st 0.2093 | 0.3594 | 0.2685 | 0.2396 0.2852
CYCLE 0.2772
2nd 0.3385 | 0.2729 | 0.2631 | 0.2664 | 0.2469
of CYCLE
60% | Ist 0.3025 | 0.1963 | (.2453 [ 0.2435 0.2469
CYCLE 2603
2nd 04275103111 | 0.1967 | 0.1592 | D.2736
CYCLE
B0% | Ist 1.160 | 1464 |0.3612 | 0.2728 0.8145
CYCLE 0.5990
Saturation 2nd 04714 | 02898 | 0.3942 | 0.3784 | 0.3835
CYCLE
| 00% | Ist 0.7523 | 0.6052 | 0.4958 | 0.4305 0.5710
CYCLE 0.6401
2nd 1.394 | 0.4770 | 0.6039 | 0.3614 | 0.7091]
CYCLE
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54 DISCUSSION OF RESULTS

The summary of the suction test results is presented in Table 5.1 and Figures 5.1a
and 5.1b. The results show an increase in soil suction (negative pore water pressure) as the
molding water content and degree of saturation, for the compacted black cotton seil
decreases. These agrees with the results obtained by Fredlund and Rahardjo, 1987, for

compacted glacial till. Saver and Monismith, 1968 also obtained a similar resulL.

54.1 STRENGTH CHARACTERISTICS

As expected, the computed shear strength values from the triaxial compression test
results show an increase in shear strength with decreasing degree of saturation, as presented
in Table 5.4. From the plot of shear stress against deviator stress, a linear increase of the
shear stress with deviator stress for the different degrees of satwration was obtained
{Figures 5.2 and 5.3).

However, the rate of increase in shear stress and the angle of shearing resistance
with deviator stress can be seen to be increasing with decreasing degree of saturation,
especially for the 20%, 40% and 60% degrees of saturstion. The values obtained for the
angle of friction or angle of shearing resistance for the partially saturated black cotton soil
samples, (betweenl1” and 31.5"), corroborates the findings of Yoder and Witczak, 1973,
that for partially saturated clays, the angle of friction will vary between 0 and about 30
degrees. The rates of increase in shear stress with deviator stress for the 80% and 100%
saturation can be seen to be almost the same (Figure 5.3). From this, it can be inferred that
when the degree of saturation of the black cotton soil reaches 80% and above, saturated soil

mechanics principles can be applied to analyse the soil without expecting serious errors.
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The shear strength for the 20%, 40% and 60% saturation converged to an initial value of
about 250kNAR®, while Tor 80% and 100% saturation, the shear strength converged to
about 125KkN/m® at @ lower deviator stress, (Ola, 1983) obtained an unconfined
compressive strength and vane shear strength of about 120.0 kN/m? for unstabilised black
cotton soil at optimum maisture content,  The degree of saturation is expected w be
between 80% and 100% at this moisture content,

Change in strain with deviator stress for the different degrees of saturation
presented in Figore 5.4, shows an increase in stroin values with increase in deviator stress
for the black cotton soil samples. Similar results were reported by (Holiz and Kovacs,
19813, tor normally consolidated and over consolidated clays, The failure mode of the
triaxial compression test, cylindrical specimens, which was that of cracking and bulging of
the specimen rather than sliding of a portion of the specimen relative to the other, has
resulted in the increasing deviator stress al a fairly constant strain value during failure of
the specimen as can be seen on the curves. Higher degrees of saturation i.e (80% and
100%) produced higher strain values while lower degrees of saturation {i.e 20%, 40%,and

60%) produced lower strain values with higher deviator stress.

54.2 COMPRESSIBILITY CHARACTERISTICS

From the Oedometer test results presented in section 5.3, the compression indices
for the black cotton soil samples, decrease as the degree of saturation decreases (Table 5.6).
The highest compression index for Ce = (,3238, obtained from the slope of the virgin
compression curve of the e vs logP plot for the case of 100% saturation, agrees with

Skempion's approximation for compression index which for remolded sample, is
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Co=000T(LL— 0} ioiiiimemrinnnne 5.2
where,
LL = Liguid limit
Ce =0.007 (54-10)
=0.308
The swell indices, however do not show o regular pattern, but it can still be
observed that the value of the swell index decreases with decreasing, degree ol saturation
as expected. The coefficient of compressibility *a, summarized in Table 5.7 show an
increase in coefficient of compressibility with increasing degree of saturation as expected.
Using the square root of time fitting method, the time for 90% consolidation “teg”
wis computed at various load increment values and hence the coefficient of consolidation
“Cv™ using equation 5.2, The average values of the coefficient of consolidation for the |st
and 2nd eyeles at different degrees of saturation are summarized in Table 5.9. As can be
observed, higher values of average coefTicient ol consolidation were obtnined lor 0% and
100% saturation. Also the averaze values of Cv for the 20%, 40% and 60% saturation can
be seen 1o be within a close runge, This confirms that the behaviour of partially saturated
black cotton soil during consolidation differ by a wide margin from the behaviour of

saturated or almost saturated layer of the same soil.

543 RELATIONSHIP BETWEEN SOIL SUCTION (NEGATIVE PORE-WATER

PRESSURE) AND SOIL BEHAVIOUR IN PARTIALLY SATURATED S01L

In the previous section, it has been shown that soil suction is related to degree of

soturation and moulding water content (Figure 5.1a, 5.1b). It is now possible to establish
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approximate relationships between soil suction and compression index (Cc), coefficient of
compressibility (a.), Swelling index (Cs), Coefticient of consolidation (Cv) and shear
strength (Ty).

A summary of the various soil parameters at different degrees of saturation
moulding water content and suction values is presented in Table 5,10, The plots of the
compression index *“Cc” against degree of saturation and soil suction on a lincar and semi-
log scale are shown in Figures 5.6a and 5.6b. Figures 5.7 1o 5.10 shows the relationship
between other soil parsmeters and soil suction, plotted on a linear and semi-log scale. The
statistical trend line of best fit for the plots and the comesponding cquations can be seen on

the plots.

Table 5.10:  Black cotton soil parameters at different degrees of saturation.

S W% |Ua -=]C a (KN |G i T KN/m’)
(100%) Uw (pF) (em’/min)

20 .85 5.3 0.0880 | 070 107 [ 0.022  [D3168 | 4914

40 3.69 4.6 0.1570 [ 1.29x 107 | 0.056 | 02772 | 4858
&0 5,54 4.0 02917 | 1.72x 107 | 0.053 | 02603 | 362.3
80 7.38 2.1 02181 | 176107 | 0.024  [0.5990 | 2437

| 00 9.23 1.8 0.3238 | 270x 107 | 0.068 | D.6401 209.3
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The relationship between compression index “Cec™ and degree of saturation “S,." (Figure
3.71), has given the best trend line on a semi-log plot with a higher coefficient of
determination of R* = 0.8762 and a corresponding power series equation;
Ce = 0.00918," 7™ 5.3
The quantity “R*™ called coefficient of determination is an index of correlation
between the two variables and varies between zero and one, 1t is always non-negative and
it 15 the square of the coefficient of correlation “R" which lies between -1 and +1.
From the coefficient of determination for the plot of compression index “Ce¢"” versus
soil suction (Ua — Liw}), (figure 5.72), the linear relation;
Cc=-0.0469 (Ua - Uw) + 0.3816 54
gives the best equation relating compression index to soil suction for the black cotton seil.
From the plots, it is obvious that the pattern of change in the compression index “Cc" and

coefficient of compressibility “a,” with soil suction are similar.  Generally, the
compression index and coefficient of compressibility decrease with increase in soil suction,
The pattern of change in the swell index “C,” with soil suction in Figure 5.8 has given a
low value of the coelficient of delermination R® = 0.068%, which does not give a good
relationship between swell index Cs and soil suction, This can be explained by referring to
the procedure for the Oedometer test in the laboratory. For this test, black cotton soil
samples at various initial depgrees of saturation were subjected to loading during which all
of the air in the pores was dissolved and the soil became fully saturated. The swell index is

obtained from the unloading branch of the e vs logP plot, and since the initial degree of

saturation and therefore the soil suction is nol maintained at this stage of the experiment, i

has not given a significant effect on the swell index,
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The coefficient of consolidation “C," generally decreases with increasing soil
suction value {Figure 5.9), The semi-log, plot Figure 5.9 (b) has given the best relationship
with coefficient of determination R” = 0.8752 and the power series relation;

Cy = 1.0482 (U, — U, " 5.5
The trend for the shear strength shown in Figure 5.10 is that of increase with increasing soil
suction values. The highest coefficient of determination R* = 0.9721 s given by the semi-

log plot Figure 5,10 with the corresponding power series equation;
re= 13124 (Ua - Uw) "% 5.6

This implies that the greatest influence of soil suction on the black cotton soil parameters is
on shear strength. [n the light of the foregoing discussion it has been established that soil
suction (negative pore water pressure) plays a significant role in controlling the change in
various soil parameters especially in partially saturated soils.

Generally, compression index “C.", coelTicient of compressibilily “a,”, coellicient
of consolidation “C," and moulding water content “w" all increase with degree of

saturation, but soil suction “U, = U," and shear strength “t," decrease with degree of

saturation,

544 THEORETICAL RESULTS

The proposed basic differential equations for the theory of one-dimensional
consolidation for partially saturated soils, was solved using an implicit method of
numerical analysis, imposing the assumed initial and boundary conditions. The resulrs
were presented in chapter 3. The model was tested using the experimental values of the

degree of saturation and various soil parameters obtained.



The results for the change in pore water pressure *U,," and pore air pressure U,
with height from the bottom of the clay layer, which is ¢losest to the water table shown in
figures 3.6 —3-10(a), shows that the farther away form the water table the stower the rate of
dissipation of excess pore pressure. The profile for the void ratio *e’ can be seen to follow
a similar pattern, The profiles for the different degrees of saturation in figures 3.6 — 3.10(a)
are for a simulation period of two days. The profile for *Uw® and *Ua® at 100% saturation
shown in figure 3.11(a) and the corresponding time serics in figure3. | I{b) is for a
simulation period of twenty days. This is the result for the case 55 which has essentially
the same input data as the case 5 al 100% saturntion except that it was allowed a longer
simulation period, It was observed that all the excess pore waler pressure dissipated afler a
simulation period of 20 days. This confirms that the hydrodynamic period of consolidation
for a saturated soil is much greater than that of the partially saturated soil.

The time series for pore water pressure *Uw' and pore air pressure *Ua’ at different
points along the height of the clay laver for a simulation period of 2 days are shown in
Figures 3.6-3.10(b). It is interesting to note that the rate of change in pore water pressure
increases with decreasing degree of saturation. It should be noted however that in as much
as this project is not aimed at establishing exact values of soil parameters for the partially
saturated soil nor secking to predicts the exact number of days it would ke for the
consolidation in the feld. It has been sufficient to show, the rate of change of these soil
parameters with degree of suturation and soil suction.

Experimental and theoretical trends for the variation in pore water and pore air
pressures with degree of saturation are in reasonably good gqualitative agreement for the
partially saturated black cotton soil, but exhibit some quantities variance which may
reasonably be attributed to experimental error. In general, soil suction (negative pore water

pressure decreases and tends to zero as the consolidation period expires for the partially

saturated soil,
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CHAPTER SIX

CONCLUSION AND RECOMMENDATION

6.1 CONCLUSION

This work has demonstrated the significant effect of the presence of the air/gaseous
phase in the compressibility of partially saturated soils, The theoretical studies have led o
the derivation of basic diflerential equations for the one-dimensional consolidation in a
partially saturated clay soil. Equations (3.14) (3.16) and (3.17) has been used to predict the
rote of dissipation of pore pressures and change in voids ratio for compacted partially
saturated black cotton soil samples. The results show that the farther away form the water
table the slower the rate of dissipation of excess pore pressure. It is also interesting to note
that the rate of change in pore water pressure increases with decreasing degree of saturation
of increasing soil suction.

The experimental results show a trend of increase in compressibility with increasing
degree of saturation, for the partially saturated black cotton soil samples. Equations 3.3
and 5.4 has established a relationship between compression index “Cc' and degree of

saturation/soil suction for the Black Cotton Soil; These are;
CR R s R A0)
Ce = -0.0469(Ua-Uw) + 038160 cccvvnniiiincenrind3d)
Soil suction has been identified as a major factor controlling the expansive nature of

black cotton soil i.e swelling- shrinkage properties, The use of index properics such as

liquid limit, plasticity index and activity of clay mineral can therefore be misleading.
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The results also show that the strength of o partially sasturated soil can be expressed
as a function of two independent components, applied stress and soil suction.  Equation
(3.6} gives the established refation between shear strength and soil suction with a very high
coefficient at determination (i.¢ R =0.972] ), and is expressed as:

S e )y R (5.6)

Thus the behaviour of a partially saturated soil subjected to different siress paths
cannot be explained or predicted n terms of any one single equation without reference to
the changing state of the soil, The rates of increase in shear stress with deviator siress for
the 80% and 100% saturation can be seen to be almost the same (Figure 5.3). From this it
can be inferred that when the degree of saturation of the black cotton soil reaches 8096 and
above, saturated soil, mechanics principles can be applied to analyze the soil without
expecting serious errors. It should be noted however, that there were certain aspects of the
experimental testing procedures, which created some uncertainty regarding the absolute
values of the measurements taken, The measurement of soil suction using the filter paper
method, involved maintaining a constant temperature for one week in o cooled incubator,
and weighing of filter papers on a Metler balance, immediately the filter paper is removed
from contact with the soil sample. Fluctuations in supply of power to the cooled incubator

and the losses in moisture form the filter paper before weighing are likely areas of

uncertainly. It is nonetheless felt that results are of sufficient accuracy to represent, at least
to good design approximation, the range and magnitude of values that can be expected in
this particular region with this particular kind of material. Thus these data demonstrate the

significance of evaluating the fundamental propertics of soils in relationship to their
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environment under simulated groundwater table and degree of saturation conditions. In
this way procedures for more meaningful evaluations of pavement performance and more
realistic pavement analysis and designs may be possible. The theoretical and experimental
studies confirm that the period for complete consolidation Increases as the degree of
saturation increases as expected, with the 100% degree of saturation giving the longest

hvdrodynamic period,

6.2 RECOMMENDATIONS
I Ihe prediction ol the magnitude and rate ol consolidation settlement for a
layer partially saturated clay in arid or semi-arid region can now be done for
a specific state of the soil i.e degree of saturation. Equations (3.3), (3.14),
{3.16), and (3.17), have degree of saturation *Sr' as an independent variable.
Z It is not meaningful to evaluate the engineering properties of any soil unless
its environment, or soil moisture properties, are specified. For unsaturated
soils, there is a considerable voriation in properiies corresponding to
changes in soil moisture. Consequently for the designs of highway or
airport pavement, two sets of boundary conditions are required materials
changes and significant changes in soil suction. This implies that just as
material testing is essential prior to construction of pavements, soil suction
measurements under existing subgrade would be required to determine the
appropriate construction method for the highway or arport pavement,

especially in a semi-arid/arid region.
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The theory of consolidation for partially saturated soils should be further
studied especially in the more realistic three dimensions, in order to improve
on the proposed one-dimensional theory for consolidation of a partially
safurated soil.

Devices for measuring negative pore water pressures or soil suction should
be further developed and studies are required (o ascertain their reliability
and aceurncy

During construction of road on Black Cotton soils, all precaution should be
taken o minimize the variations in soil moisture, and equilibrium moisture
conditions should be maintained as far as possible. Delays between
excavation, spreading and compaction should be minimized and the sub-

grade should be covered with a gronular layer to prevent evaporation.
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APPENDICES

APPENDIX 1

FLOW CHART FOR THE COMPUTER PROGRAM TO SOLVE 1-D

CONSOLIDATION MODEL FOR A PARTIALLY SATURATED SOIL

p. SUBROUTINE DIFFUSTOMN b. SUBROUTINE FORECAST
(starr )
¥
Set a, b in eqn. ( 19) Seta and B, =0
¥ ¥
Compute A, B, C ineqn. (21) Compute o, and [3,
from M - | to |

L ) r

~ Compute U
Compute [ i M

'1r

{ RETURN )
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MAIN PROGRAM

| START |

L i

Foead datn
Fream = It ™

¥

[J-:E'n-: ar Com Eull., sz [l
Canstands in the maodel

1

Cienernte dala for the

nitial profile U, U, wnd €

Sl the _I.'nmmd:uyl- volues
af L, and LI,

Wrile value of

T

1

Call Diffusion

!

Call Forecast

Fﬂmpuu‘ the [oreing Function

ool erpuntdion (17)

Listegrate equation (17)
to obiain & vilues
ltime L=j+1

NO

Write value of
L, U, and e

v

1 STOP :I
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O - Ouiput Time
ST - Simulate Time




E A LT, 22U

U5E PORTLIB . APPERDIX 2: COMPUTER PROGHAM LISTING

| kREERAATRAAEEAAAE TR RA R AR AR AR AR AA R A A AR A AR AR A kA A A AR AR R R R R
4
| This is a model for
|| one dimensional consclidation for partially a saturated soil

| X i

| Program Language: Fortran 30
-|i"tii'i'i'i"Ii'i'i't‘I*ti’tl‘i‘l‘ti‘i‘i‘i‘tt‘lﬂ*****i’**ﬂi'ﬂH'i'i't*ttt*ttt*t**l‘l‘!‘#l#‘l“l“l“l“l‘
.

dnclude 'commonblk!

gpen (unit = 1, file="indata.md"}
spen (unit = 2,file='oudata.md’}
gpen funitc = 3, file="'tima.md"}
gpen (unit = 4,file="'foxrst.md")
spen funit = 5, file="'mforst.md')

|Eead in some wvariables
spad (1, *]

gead(l,+) ni,ni.nk

gead (1, 7) dx,dy, d=z
seadil,®] dt,stime,. reime
read(l,*} ek

Teadll, *) Brk A
Teadil,*} alphak

tead(l,*] gammaW, gammah
Tead (1, ®*} uwh,uwB, ual,uaB
eadil, =) av

slosail]

! Caleculate some constanbs
if (erk .g=. 0.3} then
mmmak = 0

1lem

mmmak = gammaW/gammai
andif

@l = 22.d0/7.d0

? & A {dewwz)

iLtima = stime/dr .
rtima = rtima*6d

fiw =
[l =
faw =
[ed =
fewp = 0
feap = 0

o oo a

i ini .ge, imax.or. &
n} .ge. jmax .or. &
nk .ge,. kmax] then
mite [*,*)"Hx Hy Mz mist not exceed ", imax-1,jmax-1,kmax-1

aite (*,*) *Pregsantly they are Wonly; njs nk
rice(*,*) "Hence the program aborts,.,."

op

mdff

Compute the heights
{8y = @
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MainlD. fa0

W I .
x] = z(k-1) + dz
Ede

Compute initia data for uw and ua
i=1,ni

j=1,m]

k =1,nk

{1,7.kl= - srk*gamsmaWezik)
i1,j,k)j= - Brkvgacmal=z (k)

L|j|k:| = 0

ide

dele

e

et the boundary condition
i=1,ni
i=1,nj
(1,5,1}
11,4, nk)
(1.3.1)
1,3, nk)
ido

ido

uwH
LW
uag
uap

B2 (2,100 ({(=zi(k),uw{l § k), wafi,j k), &
Eii.j,k?.i-i,ni],j-quj].k:l.nk.ﬁ}

ieim = 1,s5Ltima
Time = ltim*dE

mpute the Cosefflicients for Uw and Da

i= 1,0l

j = 1,0}

k = 2, n0k-1

L= B 5% (uwi{d 4, kel] & uwid,j.k})
= ok * uwm*%2 + ck*gammak*alphak
= grk * uwm**3 4 alphak*[l-srk)
r[i!jik] - Kiﬂ-’-ﬂ

o= 0,5 [uald, j.k+1) + ua(i,d,. k)
= alphak*ck + ock*gammakvyamv+2
= [l-grk}*uam**d-alphak*ark
{i,9,%) = KA/KB

pi{l,f, k) = mve{srk)
i, 9k} = uwili. ], k)
pli. k) = aw*{l-grk)
Itiijikj - ua':iijlkl‘
do

do

do

ntegrate to obtain the values of
w and Da for the next time step

1 diffe uw



%11 forest_uw
£

{erk 0:9) then
a1l dlea_u;u.
all foreat ua
|inﬂ1f

Compute the Coefficients for e
p 4 = 1.nd

o § = 1,13

Iy ko= 2, nk=2

s (L, j. k) = ave(ark)

eaili,j k) = ave{l-grk)

redo

nddo

nddo

Integrace to cbhtain the values of
& for the psxt time step

all Tendency o

fet the boundary condition
s iml,ni

a j—l,nj

w[i,3:1] = uwB

W(i,3,nk] = uwh

1{i,J,1) = uaB

Il:i-ijlnk! = uak

ddo

1ddo

Check if it is the middle of the simulation pericd to write out
the profile results

{itim .eq. aLtime/2) than
ited5,10) (((=zik) ,uwii,j,. k). uafl,4,k), &

efi,j.k),i=1,ni},4=1,nj),%k=1,nk,5)
dif

Check if it is the right kime
Eo write out the time series reasults

t = modi{theTims, rtime)

frst .eg. 0} then

ite{*, 2} Iirdm,!' of 4, aLtime
aTimeM = theTime/{3600.0%24.0]

ice (3, 12} (fEheTimeM, uwii,§, 21 ,uali,j,. 2}, &
eli,4,.2).%
uw (i, g, nk/2) uaf{i, 4, ak/2]1, &
#{i,j.nk/2) &
uwi{i,j,nk-1),uai{t, §,nk-1), &
eli, },nk-1),&
i=1,ni) ,4=1,n3)

dif

ddo



MainlD. £54

| Write the profile result for the end of simulaticon time=
write(4,10] Chfzfkel uw(d, §.%) ,uai{i,d. ki, &
ﬂ{ilj e} p'-i-""'lr i) ij-l.- n-j:' «E=1.mk,5)

1d format (4 (el0.&,2x]]
12 format(10{e2d.8,2x])

closa(2)
closa ({3}
close(d]
cloBe (&)

Brop
and



forca=t . E99

Lbrauting foarcst_uw

nclude ! commonbllk :

®al%8 dum{-1:imax,-1:9max, -1 :kmax)
quivalencs {uwi=1,=1,=1) dim{-1,=T,-1%}

b i w 1;nm4
'I:I:I - l.II.j

dfaii; 1,0k} = 0;
mtal(i.f,nk] = 0;

ok = nk-1,2,-1
alfafi, 5, k) = El[i,irkﬁfﬂﬂlﬂi,jjkj—111i.j.k]*ulfa{ilj.kil}}
beta({i,j.k} = idkuw(i,j, %)+ ALel d, k) *batai{l, 5, k+11) /&

:Bl‘i;j i k—}‘hi tiljik:l "ﬂlfﬂ‘:iijnk"'l:l:l
ndde "

mdda

mdde

S 4 = 1,ni

20 J = 1l.nj

mti,j,:] = h-El:-H[irja?:lfﬂl—ﬂlfa[iaj.-iﬁ?

i k= 2.nk

dum{i, §,kl = alfafi,d. ki*dumii,q,k-1) + betaii,§, k)
mdde

nidde
indde

eturn
md

ubroutine forcat _us

nolude 'commonblk’

sal*g dum:alzimax,vl:jmax.-lzkmax]
quivalence (wa{-1,-1,-1),dum{=1,-1,-1])
0l = 1,mi
07 =l a]
1f8{i,j.nk] = @;
stafi,j.nk) = &

o' = pk-1,3, =1
alfaii, k) = CLI1,3.k}/(BL(L,d,%)-a1(i,4,k)*alfali, . k+l))
beta(l,j, k} = {dkua(i,j, ki+ A (i,j, k) baea(i,j,k+1)) F &
(BL(d,§.X)-AL(i,5, kb*alfn(d, i, k1))
wida

ddo
o

] i = 1Jﬁi
y 3 o= 1,8]
m{i,9,1) = bata{i,d,2)/(1-alfaii,§,2))

l']'i'.l!irnk
dumii,j.k) = alfa(i,j. ki*dumii,j, k-1) + betali, i ki
ddo

ddo
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sroutine diffs uw | Diffussion for uw

zlude. 'commenblk!

31*8 dum(-1:imax, -1:jmax,-l:kmax), KK(-Ll:imax,-1:4max, -1 Zmax}

iivalence {uw(-1,-1,-1},dum(-1,-1,-11) . &
(Kaw({-1,~1,-1}),KK{-1,~-1,-1))

= §,75d0
= l=bhb

i=l,ni
3 3 = L ,Aj
o & = 2,nk-1

Alii,d.k) = Bbh*eil, §. ki=KK(l,9,k+1])

Bil(d,j k) = 1 & bbvr (L, 4, Kh*(EKIL. 4, k+2) +ER{L, 5, K]
Cilii, g,k = BE*il,§ ./ kKI=KKlL, 5.k

nddn

anddo

xnddo

3 4 = 1,84

ia 4 = 1,89

do ¥ = 2,nk-1

faw (L, 9, k) = dumid,q, k] &
+ &
aarr(i,j.kl*| EK(1,].k+1l) *dum{i, j k=1l - &
(HEE(L, §, kel]ls HE(L, 4, k) *dumii, |, k] + &

EE(L, j. k) vdum({d, §, k-1] |

ido
1da
ido

return
Ayt

sroutine diffs wa ! Diffussion for ua
zlude ‘commonblk!
31*8 dum(=1:imax, =1:jmax, -L:ikmax]  EE(-1:imax,-1:3mas,-1:kmax)
tivalance {ual(=-1,=-1,-1),dum{-1,-31,-1}}, &
fBuaf-1,-1,-1) KK{=1,=%,=1}}

= [0.7540
- 1-bb

i=]1,0i

3 = 1.
iz k = 2,0k-1

ALl k) = Bhve{i, 4, k) *KE(1,].k+1}
Blit, 4. k) = 1 + bBheri{l,J, k> (EKiil, . k+2)+EE (L, .k}
Ciil,q,k) = bhave{d 4, kI*KE(L,§,. k)

srpdds
sndda
rndde
5 L o= 1,mi
g § = 1,m]

do k = 2,nk-1
euali, g, k) = dum(i,d, k) &
. &
aar*r{i,j.kl*{ EKX{i,], k+1) *dumi{i,j,k+1) - &



diffusion. £40

(KE(L,J.kel)+ BE(L. 3, k) ) *dumii,.k) + &
. H{i|j:|‘-—].du“1ri;jrk"11 -I

enddn
enddo

znddo

return
end

Fubroucine Tendency e | Tedenoy of uw
include *commenblk’

de i = 1,m1
do 3 = 1;nj5
do k = 1,0k
eli,j,k) = L e B Y

ColKea fd k) *luafd, §. k) = uapli, . K+ &

(Eew (i, 4, k) iawil, 4. k) - uwpi{i,j.klll |
enddo

nddo
mdda
eburn
nid
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a.

INITIAL WT.: 162 gms

APPENDIX 3

Sr=20%

DIA. OF SAMPLE: 38mm

DATA SHEET FOR TRIAXIAL COMPRESSION

FINAL WT. LENGTH OF SAMPLE: 76mm
I 2 3 4 Cell Pressures
o, L ol

Bisg. Change | Sirln Curr. Ll Devin- | Devistor | Luoad Devin= | Deviptor | Losd Devin= | Deviator s
bal | in length | AL o | Area A, | dind tr stress dial | tor stress dial tor Y
Wy (L L Ao |Rige | lesd [t | Rag [ wad | L | Rag | load a
W, [ Col X ' LED | Ly "'* Lot | Ly “'l LED | L,

gauge wivy |Lro | SN Lo [een [ RN b (o | K

ik, v LHF % LUF i LHF N':

KN KN O

25 D.25 x4 11,379 18 0,036 Jl.64 el 0.0 557 42 0084 | 738
S 0.50 6579 I1416 30 0. 0ad 5256 i8] 0.128 1121 6 0112 | 8.1
15 0.7 DE.68 [ 1454 4 0.0 B3 i 0.158 164.1 71 0.142 | 1240
fHH] 1.0 131.58 I 14494 62 0124 1075 122 | 6,244 P 142 | 0284 | 2384
125 [.25 164.47 11.531 32 0.iG4 t422 148 0, 2% 256.7 | 6 0312 | FH.E
150 1.5 15737 11.573 100 (L2000 1728 178 0.356 3G 182 0364 | 3145
) |75 230,26 1,614 133 U266 2290 212 0424 356.1 202 0404 | 3478
200 2.0d0 263.16 | 1.655 153 0,301 Xa0.g daqd {1484 4153 128 D456 | A0L3
.74 225 296,05 1 1657 ITH 4 2024 270 | D540 61,7 254 0.502 | 4292
250 2 A28 95 [ 186 .342 1339 292 0584 4915 290 0.380 | 4541
275 2.5 36184 11.783 208 0,352 3530 3G 0.632 3364 342 (L5584 | 5805
0 3.00 389474 11807 224 | 0416 | 3794 338 | 0676 5123 394 | 0.788 | 6674
335 325 437.65 11870 236 | 0448 | I¥N6 339 | 0718 | 6049 420 | 0.840 | 707.7
350 3.30 400,53 F1.916 M3 | 0472 | 4079 380 | 0760 | B3T.E 458 | 0.916 | TeE.7
375 375 493,42 11.59a1 250. | D4BG | 4180 400 | 0.B0D | GGEE 482 | 0964 | BEOSD
400 4,00 526,32 1971 254 0,504 424.4 414 0428 691.7 S04 1.008 | 842.0
25 4,25 55921 12031 256 0,508 4242 126 0.852 T09.2 510 102 | 8491
d30 i4.5 502,11 12,035 245 0512 (5 411 (562 TS0 512 1.044 | Bobu
475 4.95 G25.00 12.102 0.4%0 433 0.B66 TI5.0 556 1112 | ¢85
500 5.0 G537.90 12.140 4315 (LETD TG 558 106 | 9193
525 525 L9079 12183 437 (574 TiT.4 Al0 L0620 | 857.2
330 5.5 T23.68 12226 438 LETH 6.5
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b.

DATA SHEET FOR TRIAXIAL COMPRESSION

INITIAL WT.: 162 gms

Sreo= 4%
DIA. OF SAMPLE: 38mm

4

kY

W -

FINAL WT. LENGTH OF SAMPLE: 76mm.
| 2 3 4 Cell Pressures
a3, od, aly
s Change | Sirain Corr. Lawd | Devintor | Devint | Load | Devistor Devian | Load Deviat | D
Binl in length | AL | Arend, | dial biaid o dial | luad or dial o st
Rilg Div. | L L, A [ Rig | Ly stress: | Rig | Ly stress | Rilg foud |
I j
Col. X LRD | LRD x| L) LDR | LED S VL I P
p— i) [LRFRN | Al i | wwEks | A v | LkD
st x LRE
]
Fi. 025 30 11L.3T0 i85 (AFT 4l.1 4 .02 TR b IRCH
b1 0,34 G379 11414 a3 13 13s 12 0, 1464 143.7 43 {124 i
75 0.75 .48 11.454 LF 154 L6l i 112 0324 1954 ETH (280 ¢
({nii] 1.0 1VI.58 LS (R ¥ ] 2y 205,32 sl 0,320 2THA 202 4o -
2% .25 1447 11,531 140 {254 2415 ia 04320 i 2 2T L5kl ‘
(2] b5 W37 11.473 152 .30 24627 145 0440 4254 k) 0700 {
175 1.75 s [ 11614 194 0,358 ERD B I 0,540 4ia5. 0 0k 0.7%40 i
20k 2.00 263, 16 1 L6355 214 0438 ia72 i1 06410 5148 34 .844 |
135 1.35 246,05 11097 240 0,480 404 a3 LS 33,7 422 .90 :
250 x5 128.95 11730 2ixd 0.528 ERLE 40 0698 A 430 0.940 :
£73 275 J61.84 117383 2Eb L5792 4555 3T 0.740 680 470 0,980 :
KoL ] 3.0 F4d, T4 11ROT 3048 0616 5211 kF.}] 0716 6.2 418 1.1z i
128 125 42753 11870 42 0.G48 5459 B LK 0,540 G744 Sl 1,034 .
EL11] 350 i35 1A 330 .60 2 5350 A08 0Eld hE4.8 5id 1.i48 i
I8 173 542 11561 331 0662 5535 4115 0.830 LU ERY il 1076 i
A 4,00 5M6.32 115710 ER] ] 4244 122 0,544 i B 1084 |
475 425 55921 12,031 4262 i 29 X558 43 4l |2 s
il 5k d.5 S0 01 12,055 A6, 3 433 0.564 Ti8A 346 (L] ;
475 4.7% 25100 12,102 436 {.872 1205 550 I 104 }
Stk 3.0 63790 12,140 436 (L&T2 7183 552 1.1 ’
=¥ 4] 525 f5HLTY 13143 4ih 553 1122 !
530 53 121468 12225 438 5;?
3
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c. DATA SHEET FOR TRIAXIAL COMPRESSION

INITIAL WT.: 161 gms

Sr=60%

DIA. OF SAMPLE: 38mm

FINAL WT. LENGTH OF SAMPLE: Tomm.

1 2 3 4 Cell Prossure

o, a3, a3,
Whisqe Fhiﬂgt Srrain Carr, Lzl Devintor | Devistor | Lusd Devint | Devistor | Lood Deviat
L3ial in lemgih £xl1} i | Arew diul bl siress bial or siress il ur
iy | L t A oat | Rige | L g oot | Rz |dad |ty | Rilg | lewd |

] = — =—
Div. | Col. X tep |tEp 2| | A R |1a A | LRD | g
puuge (D) | LAF KN {Div) | LHD (v} | LRD
camsl, x LKF 1 LRF
K™ k™

25 .25 1249 iare i ka4 6.2 i3 LD 1.5 48 rogs | &
11 .50 5,79 [N 4 LR RN B fily 32 1156 £l 0. 162 i
75 075 OR 6% 1145 Bl i1 160 1397 a4 (188 | 164,10 4 h13g | 2
1048 1.4 131,58 [1.454 TN} {1208 180 122 G244 | 2123 144 2gE |2
125 .23 16:4.47 11.51]) 125 0252 b f 145 0,204 236 it 3 |3
150 15 197.37 11,573 152 0. 304 W32y 72 0344 | 2972 T34 0468 | 4
(k] 1,75 23026 11614 176 0,352 kIR 20t O4l2 30 263 5 |4
0 2.0 26116 11,655 255 a.410 3518 243 o488 | 417.0 45 0870 |4
125 235 I S | 1657 2M 0452 IR6.4 i 0348 4GRS 308 Uald | 5
250 15 IIH.95 1,719 | 250 0,500 4259 284 D468 | 4839 326 0652 |35
175 275 R .2 1783 2shy [.33% 1515 Sk {620 322 338 0672 5
aan A0 S 11407 el ] 540 474, 128 13,56 5354 350 0712 | &
125 325 42765 1LE70 | 298 0.540 497.1 0 D680 | 8729 3T 040 | &
50 350 Ak 53 1E%iG EqL1 (620 203 k1 0724 G076 386 0772 | &
75 175 JO3.42 L5961 ¥ | D.E48 S41.8 174 L748 | 6254 gL 01 |
400 4.00 £36.92 10571 13 0.0 5513 aHa 0760 | 6349 408 ET
425 1.25 55421 12,031 3z (EREIES 1327 1R6 0,72 G426 415 0.830 | &
450 .5 S0 12,055 IM 0.668 334,10 R 0,776 G437 419 0.B38 | &
475 4.758 Hx5410 |2, KX LR 0,676 55846 S48 0.766 G412 424 0.848 7
500 3.0 63790 12,140 Hilh .6k 00,1 426 kES2 | 7
535 515 a.79 12183 342 (LGB 36044 427 {LE54 7
550 %5 12168 | 222 342 (.GH4 5594 4237 {854
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. DATA SHEET FOR TRIAXIAL COMPRESSION
Sr=80%

INITIAL WT.: 161gms DIA. OF SAMPLE: 38mm

FINAL WT. LENGTH OF SAMPLE:
| 2 3 4 Coll Pressure

a3, a3, ad,
Lhigp, Chunge | Stritin Carr. Lsad Devial | Devigtor | Lawd | Devinlor | Devidter | Load Deviator | D
4l in length | AL g | Area A, dial ar sbresy dial kol Blress disl lad St
Rig | L be A gy | R | tend | Ey | R [ iRt L, Rig. | Ly =
— (L ] o
Div. |Col X ' LRD | Ly A | Lor LD |LRD x|
gouge (Dis} | LED (v} (v} | LRF KN
coRsl, & LHF
Il

a5 0.5 ax9 11,379 10 0ol 1b 2 ARk 152 33 0, 1 a1
11 0,54} 03T 11414 20 0.040 | 350 335 LLRLELE 1.3 a3 0.184 l&
(-] s LER 11454 i3 0ish | 5370 ¥ 1124 183 127 0,154 22
1) K] 131 .58 11404 EE] Q0w | 835 Q3 190 1653 154 0.312 a7
125 |25 16147 11.53] 62 0124 | 1075 12 D20 208.1 183 0.3 Y,
150 1.3 157 1 1.¥73 KS {0,170 1469 142 284 2454 207 [ is
175 .75 13026 1Ll 116 0.232 5.8 -8 328 R824 P 04350 3§
200 2,00 263,18 1 L6334 140 0280 | 2402 172 (.34 a2 243 0,484 46
25 225 MHpa0s 18607 I 0328 | 804 64 368 46 25H 0416 44
11 25 12895 1739 &1 0,362 | M2 2 40 30,7 270 0.540 40
Fp. . s 157862 193 0.3 | 130 21 428 632 181 0,562 47
J0xk 3,00 e T4 18807 203 0, ks BTN Il (452 JHLE 290 0,580 an
325 323 42765 11,870 2 0416 | 2305 138 0476 41810 97 0.544 A
A0 31,5600 Aialsl 11916 211 G422 | 3840 il |} 0.3 4196 306 (Y e 51
iTs 3.74 A493.42 1 1.5 213 (43 | 3502 234 031G 4314 308 0616 3k
40 i, 5232 11971 213 rd2e | 3539 261 0,520 A4 Ak 0,620 1}
125 i 25 530,21 12031 5321 2Td 0544 4328 k2 0,624 b 5 §
450 4.3 SO0 12055 ikl 278 556 a6l 34 0623 52
475 4,75 B25, 0l Lo 3530 182 {56 Aot i) (632 32
500 50 G750 12140 F60,1 e (1] 4674 ki) (634 52
.l 3.235 A, T 11183 6044 286 0572 Aes i 0.634 52
340 33 Ti3.68 1232 359.5 1] 0573 4674
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e,

DATA SHEET FOR TRIAXIAL COMPRESSION
Sr= 1Y%

INITIAL WT.: 158gms

DIA. OF SAMPLE:

FINAL WT. LENGTH OF SAMPLE:
1 2 3 4 Cell Pressure
o3, G, a,
Jisp,  DHal | Change Sirndn | Core. | Lomd | Devinior | Devintor | Load Devia- | Devia- Lvacl Devis- | Dhew
Adig Div. inm lengith ﬁn 0 Area diul fuenid slross ial lur for hial fuf ¥l e
L b A, Mg | Ly i Ly | Ridg. | load BiFEEs Rdg, | lowd e
Col. X %;m"m LR | LRD x d | DR | Ly o, _4y | LED Ly
gauge iDiv) | LRF KN (Div) | LRI A | (vy | LRD
cunsi. i LRF x LRF
BN KM
{25 0.2% £ 1379 | 18 (036 ERN 32 0064 | 562 47 U084 | 826
| 40 050 G579 | 1LALG | 28 HEFati] 49.1 a6 0.1i2 | 98.] 77 0,154 134,
: T3 nys 0568 11454 § <42 (L e T 733 il 012 1.8 112 0,224 193,
LEH] (K1} 131,58 | 15494 | 55 [IREL] 957 112 0.X24 4.9 134 0.37% 241,
125 125 1447 | V1S3 | T4 {148 1284 ] 0360 | 2255 1632 0134 281
150 1.5 19737 | 11573 | ' {138 1625 1+H 0388 2489 183 0.366 Il
73 1,73 23026 | VLAY | L1d L22R 153 15K 0ila e p A | 147 0,504 KL
k4] 2,00 263,06 | 11655 | 134 {.268 2209 1Tk ([ e | 2132 0.424 134,
| 225 2.25 296,05 | 11687 [ (50 0, 300 2505 182 034 | 3112 123 0 s 363,
250 2.5 F2B95 | §1,739 | 163 0.334 084 194 0288 | 3305 L] 0,464 il
275 175 Ml &4 | BI7E3 | LK2 i3 KR 208 040h | 35300 242 0,484 125
300 ENEA] 30474 | TEEOT | I 0338 3437 218 0436 | 3693 250 0,500 410
jas 325 427463 | 1L870 | 304 1,408 1554 222 a4 | 3741 243 0516 424,
350 3.50 A60U53 | LL%16 | 212 0424 1511 23d {468 | 3978 238 0.523 429
375 .75 49342 | 10561 | 2E0 0420 1515 244 458 | 4080 261 0.528 433
A 4.0 526,32 | 11.971 | 208 O lh 249 {498 | 46D LT 434 418,
415 .25 55920 | 12030 153 506 | 4212 267 osas |4
40 4.3 592,11 | 12,055 2154 (508 | 4204 268 440 24,
473 4,75 62500 | 12,102 254 U508 | 4198 170 0.540 444,
S00 50 6ST.0 | L2040 27 44
525 323 O80T | 12,183 444
550 55 T23.68 | 12,2246
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f. DATA SHEET FOR SPECIFIC GRAVITY TEST,

PROJECT: Experiment on Black cotion soil BOREHOLE No.
LOCATION: BANJIRAM, Adamawa State SAMPLE No.
DESCRIPTION: DEPTH: 1.5m.
Bottle No Sample No Sample No
2
Weight of bottle + soil Wi 140.6 134.8
Weight of bottle Wi 78.7 11.7
Weight of soil Wa—W, =Ws 61.9 57.1
Weight of bottle + soil + water Wi 2382 233.2
Weight of bottle + soil Wa l40.6 134.3
Weight added water W; - Wa V. 97.6 98.4
Weight of bottle full of water Wy 203.6 200.9
Weight ol bottle Wi 78.7 1.7
Weight of water W, - W, = Vg 124.9 [23.2
Weight of water Vau 124.9 123.2
Weight of added water Y. 97.6 98.4
Volume of soil = Ve -V, =V, 27.3 24.8
5.G. = W'V, 227 2.30
Average S.6.=229 Average 5.G.
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g. DATA SHEET FOR HYDROMETER ANALYSIS

PROJECT:

DEPTH

LOCATION:
HYDROMETER CONSTANT
DESCRIPTION:

DRY MASS USED: 50gms

INITIAL WT. USED: WT. PASSING:
CORRECTIONS: Co =105 Cu=10 M:08 X,=+35 C
=Cat Caut M+ Xg=-12
H 3
K = 0.00447 D=k = G, =
2.29
Elapsed | Hyd- Actual Hyd. EfT. Corr. Hyd. Particle | % tage | Cum.
timet | Rig g, Depth Rulg, sige D | finer | % tage
U“ il]] Iih .Eu = Jr'l'h + f;'“ 1 Ry = E* + i {n”“] N% Fine N
{mm})
220-
4.11a
ll -
i 285 28.0 101.0 213 006356 | 96.90 90,12
| 28.0 28.5 103.15 26.8 004340 | 9513 B4
2 26.5 27.0 109.55 25.3 0.03304 | 89.82 | 83.53
4 24.0 24.5 118:55 228 0.02443 | BD.G3 75.28
8 22.0 22.5 127.75 20.8 0.01786 | 73.85 | 63.68
15 20,0 20.5 135.95 18.8 0.01346 | 66.75 | 62.38
a0 17.5 18.0 146.20 16.3 000987 | 5787 | 53.82
G0 15.6 15.5 156.45 3.8 0.00722 | 49.00 | 45.57
120 13.0 13.5 [64.65 11.8 0.00524 | 41.89 | 3895
240 10.0 10,5 176.95 8 0.00384 | 31.24 | 29.05
1080 6.0 6,45 193.35 53 0.00189 | 1882 | 17.50
Mg ANEE:
Wd(Gs=1)
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h. DATA SHEET FOR SIEVE ANALYSIS

P'roject
Location

Description

Initial (Wt Used: 200gms.

Sieve size (mm) Wt. Ret (gms). Yo Ret. % Passing
1,700 5 2.5 97.5
[. 180 2 1.0 96.5
0.600 | 0.5 96.0
0.425 | 0.5 93.5
0. 3000 2 1.0 Q4.5
0.150 2 1.0 93.5
0.075 1 0.5 93.0
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i. DATA SHEET FOR CONSOLIDATION TEST

{Calculation of coefficient of consolidation and compression ratios)

Equivalent height of the solid Hs = 1.532 Cm
Degree of saturated *8° = 2086

IST CYCLE
Pra:ssmf 52 104 208 416
(KN/m")

In. ht, (H)) 20,00 19,66 19.46 19.18
In. D.R. T 9656 948 920
F:DoR b LT P ET 920 ERa
A DR 34 18 28 3
A ht. 0.34 0.18 0.28 0.34

F. ht. (H) 19,66 19.46 19,18 18.84

Av. Ht, {(mm) 19.83 19.56 19,32 19.01

|

| 2 (H,+ Hg))

Cv (Cm*/min) 0.3705 0.2133 0.4342 0.4204
e 0.282 0.270 0.252 0.230
& 0.252 0.242 0.234

IND CYCLE
Pressure(KN/m™) | 104 208 416 832 1664
In. ht, (H)) 19,18 19.15 19,03 18.75 18.41
In. D.R. 9{0) 807 8§85 857 823
F.D.R K97 b4 857 £23 784
A DR 3 12 28 3 39
A ht. (.03 0.12 0,28 0.34 (.39
F. Ht. 19.15 19.03 18.75 18.41 18.02
Av. ht. (mm) | 19.17 19,09 |£.89 18,58 18.22
[ (i H)]
Cv (Cm*/min) | 0.3439 0.1892 0.3286 (.2332 02741
e, 0.250 0.242 0.224 (.202 0.176
- 0.198 0.187 0,180
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i DATA SHEET FOR CONSOLIDATION TEST

(Calculation of coefficient of consolidation and compression ratios)

Eguivalent height of the solid Hs = 1.587 Cm

Degree of saturated ‘5" = 40%

I1ST CYCLE
Pressure(KN/m”) 52 104 208 il6
In. ht. (H;) 20,00 19,74 19.32 H:}.'}S
In. DR, [ Q00 974 932 B
E DR o974 032 B4 527
A DR 26 42 38 67
A ht. 0.26 0.42 0.38 0.67
F. ht, (H) 19.74 19.32 18.94 18.27
Ay, hi. (mm) [ %87 19.53 19.13 18.61
|
['_;'“'Irl' “l}]
Cv (Cm*/min) 0.2093 0.3594 0.2685 0.339%
e 0.244 0217 0,194 0151
e, 0200 0. 186 0,164
IND CYCLE
Pressure{KN/m®) 104 208 416 B2 | 664
In. ht. (H;) 19,04 |8.87 18.57 18.19 17.68
In. DR, G0 8553 E50 812 T
F.ILR BE3 Bl g£12 771 683
A DR 17 30 38 31 86
A hi. 017 0,30 .38 0.51 .86
F. hi.iH;) 18.87 |8.57 18.19 17.68 |6.82
Av. ht. (mm) 18,00 1872 [8.38 17.94 | 7.25
|
[E (H; + Hy)]
Cy {lefmi.n}l 0.3385 0,2720 0.2631 0.2664 L2863
€ 0,189 0. 170 0. 146 0. 10 0,060
e 0.132 0114 0.098 0.080
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k.  DATA SHEET FOR CONSOLIDATION TEST

(Calculation of coclficient of consolidation and compression rtios)

Equivalent height of the solid Hs = 1,564 Cm

Degree of saturated 'S = 608G

15T CYCLE
Pressure(KN/m”) 52 104 208 416
In. ht. (H{) 20.00 19.42 19.07 18.58
In. D.R, 1000 042 a07 858
F.D.R 942 907 B58 T86
A DR 58 35 44 12
A ht. 0.58 0.35 0,49 0.72
F. ht. {Hy) 19,42 19.07 18,58 17,86
Av. ht, (mm) 19,71 19.25 I18.83 18.22
|
EFU ly+ He)]
Cv (Cm™/min) 0.30235 0.1913 (12433 0.2435
& 0.242 0.219 0188 0142
e, 0.188 0. 167 0.156
IND CYCLE
Pressure{ K.N/m™) 104 208 416 832 | 664
In. ht. (H) |8.58 18.34 18.00 17.64 17.02
In. D.R. GO0 BEG 852 818 748
F.D.R 486 832 218 T48 634
A DR |4 34 34 62 bl
A ht. 0.14 0.34 0.34 (.62 0,94
F. ht.{Hg) 18.34 | .00 17.64 17.02 16.08
Av. ht. {mm) 18,46 1817 17.82 .33 16.55
I
1?{HI + Hgll
Cv (Cm~/min) 0.4275 0.3111 0.1967 0,1592 0.2738
'S 0.175 0.153 0.128 0.088 0,028
[ 0.106 0086 0.063 0.046
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L. DATA SHEET FOR CONSOLIDATION TEST

(Caleulation of coefficient of consolidation and compression ratios)

Equivalent height of the solid Hs= 1,538 Cm
Degree of salurated *S" = 80%

1ST CYCLE
Pressure( KN/m™) 52 | 04 J08 416
In. ht. (H;) 20.00 19.76 19,66 19.50
In. D.R, 1000 976 066 950
F.D.R 976 Uil G3i0) 907
A DR 24 1 16 3
A ht, 0.24 0.10 0.16 0.43
F. ht. (H;) 19.76 19.66 19,50 19.07
Ay. ht. (mm) 19.88 £9.71 19.58 19.29
I
[E{}-h+ Hg]
Cv (Cm-/min) 1.160 | 464 0.3612 0.2728
3 0,285 0.278 0.268 {.240
e, 0,260 0.256 .247
IND CYCLE
Pressure{ KN/m") 104 208 416 832 1664
In. ht. (Hy) 19.42 19.35 19,23 18.95 18.46
In, D.R. O 893 a8l 853 8
F.D.R 8493 541 53 804 751
A DR 7 12 28 49 53
A ht 0.07 0,12 028 0.49 0.53
F. ht.{Hy) 19.35 19,23 18,95 18.46 17.93
Av. ht. (mm) 19.39 19,29 19.00 18.71 18.20
|
l; {H;+ Hgl)
Cv (Cm*/min) 0.4714 01,2898 03942 0.3784 (),3823
g, 0.258 0,250 (.228 0,177 0.116
& 0.200 @, 180 0.158 0.138
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Im.

(Calculation of coeflicient of consolidation and compression ratios)

Equivalent height of the solid Hs = 1.495 Cm

Deégree of saturaled °5" = 100%

DATA SHEET FOR CONSOLIDATION TEST

1ST CYCLE
Pressure(l.N/m™) 52 104 208 416
In. ht. {(H;) 20.00 19.50 19,30 18.93
In. D.R., 1006 936 930 893
F.D:R U36 930 893 812
A DR 44 26 3 81
A ht. 00,44 0.26 (.56 0.62
F. ht. (H) 19 56 19,30 | 893 FE.I2
Ay, ht. (mm) 19.78 19.43 19.12 18.53
1
[; (Hy + He)]
Cv (Cm"/min) 0.7523 0.6052 0.4958 0.4305
2 0.308 0.29] 0.266 0212
e 0,258 (0.240) 0,228
2ND CYCLE
Pressure(KN/m") 104 208 416 832 1 664
In. ht. (Hy) 18,96 | 8.67 18.45 18.00 16.74
In. DR, 900 871 49 804 678
F.D.R 871 849 804 678 550
A DR 29 22 45 126 | 28
A ht. 0.29 0.22 0435 1.26 .28
F. hi.(Hg) i8.67 18,45 | 8.00 16.74 15.46
Av. ht. (mm) 18.81 | B.56 1 8.23 17.37 16.10
1
[ Efl'h + Hy)]
Cy (Cm”/min) 1.3450 04770 0.6039 03614 0.7081
¢ 0.249 0.234 0.204 0,120 0.034
e, 0.168 0.134 0100 0.068
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APPERDIX &

(a) Results of Liquid Limit Test.
Form 8 - '

Lfpid sed? plagtia Diilea

Lrpuld Hanit vaing the oone prnstromeicr

Claserata Txity
Lale:

Exeserigtion ’rl":mll E-Ln.r,k (J'HZ"J'I Sﬂ:l

Teat detatls:  Proportlon of sample on 425 10 BE 1est sieve ‘155 s
Soft conditiong natural malsiyee gomiand, alr dited, unkinown *

=[ialete i spprroptiaie
Sall eauttibrated with water Tor o k.

e & w0 S

Kitn
Yenpliote M

Ggnple Mot

LS

Sl

[3epth of sanple: |-5m

LF
Fil
L

- |
Teal Mo, |

Typs of tasit LM li“;ffLLJ_ e | = l

Tnitial din! gavpe rasdiog he | B8 1Fo | L
Final dial gangs emading LU B B i.‘.’l‘.-E £ g |
Came panairetion g s E L B . - S RSN o b
B 133 06T 2047424

Coatainer Mo, ]

Blage ooF wet ¢l + contalnee R (AR-2 (32} 5 =

Mlaes of difed zoll +conlrinag Ry 28 3 i3 -1;5-.11

Blogs of cogvialiny ) It - b-2 11k 3

3
Wy ol snofsluee B x 2.9 i ¢c.
iy i oy nodl & o T |
i uig caiined ) A [ ‘f’_i A Lh.

;1. '.::.' ;_.“ ;I. I'

l: [} I I: , rjpari .:I
S O e L, ek A B 0|
e 1o i A b i ] e a |
i I | | i I .I . I_-..l H --:I--- 1
pas e ' o } = ! i I o Shdsas ]
P ___l et S e e e e
I:— - —'rl - [ I Ifl- Ia. LR EL RN -II-F rl-rl - aEE lllf

* i i i -

E 58 g
h-..I

i

]

o5 : T 4 ]
1) ap |nﬁ'!.um'r‘;i' CIE §o. '?I’ﬂ-
Mesulis: Liguhd linie (LLY: 5 o

Masite Mt (PL)} tﬂi “ ol ehaatNcation

Mavaizity tndex (PL). ] 1:
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BS 1377 1976

(b) HResults of Plastic Limit Test.

Formy B .
Lighld end plagtie limits
iy enit ustrp the cone penetromefer i
i I - -
i, ALY
e L lih: SI'E"r‘:.e""__ .
fata: Ty
| { .
Paggilption of todl: Eﬁlﬁ&k (otten Soil Sanpld Mo |
; a5.6 el oRgample: A5 m
Teri detalls:  Proportlon of sartple on 425 pan 15 test sleve, 00 o (o MDA gy L
Soll eond orm matura] maisivre contea®, ok fuled, unknown® =
*Dainte n1 spprapsiate |I.|!'., 3
Sull equilibented with water for ...l L
TR W S SR
Teat Mo, |l IJ. ‘ | A 4 jll‘l
| | 4 .
Typeuf ot Plasdic Limh (L ) ! . | i '. |
A SN L o4 ] i !
Pediln? Jial paneps renitlng . L I r | | i |
Flond dlal giuge raading TETE [ f | i
e perelzalion e I j I ) | |
Cantalier M, f | | ' |
ftaer of wet jol! + contalaer e | o0i=z301 | J
fligs wf do'ed soll + contalner R | ?‘5"- i ggg , : ' |
Sags of gontainer .oop |_'||!;j r | -3 b i
Sl B S I L, 4 . [ | -3
Atae ol moistone g 44 | 31 | || ! |
Magiis! dey gl T 18-3 [ B3-F | |
Muliture contzal (w) - SO B T 1 - |31". | | ]-
1 Type af weaty Havaral moluee sontend (M, Lisgudd fpes (1LY, Masile b (1LY,
ol ?f:';":.':'.:’.:I.':::[:':’.F:'.‘.t'l:r:'.'::'-|-r1_-|:-~-I--_-:'I-“-r--"|"ii|f7"'5|'-TE:;|-_E;'I:],:?!f:-'u-- ] R R
: | 3 - R i FErfa L

|
; LN f 2 | ! |
Frerea '."'.:"“':'h"“'.'i__.i-'"'!-"-:""'E" sasad ""'_'I_'"
S e S N 2 I : e | i
e Fpl -
Maowilty: Llauid tmlt (LLY: eyt s |'I1:nr El'lr:'nhy, = M = ” :’
Flastic et (PL) A 5.?: Seitclasificatiun T ;

iesticlty index (P1Y
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