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ABSTRALCT

Permeability and consolidation characteristics of
three saturated normally consolidated silty clays of medium
plasticity and one slightly plastic silt have been studied.
Normally consclidated samples of each soil were prepared
by applying a uértical p}essure D%'1/4 tsf to a slurry
having a water content of twice the liquid limit of the
soil, Constant head permeability and one dimensional conso-
lidation tests were performed on specimen of each soil.

Permeability tests were run by applying back pressure under

hydraulic gradients varying from 293 to 857. Consolidation
tests were performed with a stress increment ratio of unity

and duration of each loading was approximately 24 hours.

Permeability parameters'(n and C) and coefficient of
permeability (k) were computed from both permeability and
consolidation test results while compressibility parameters
(Ec|and e1), coefficient of consolidation (CU) and constrained

modulus (D) were determined from consolidation test results.

It has been found that value of C increases with
decreasing liquid limit (EL) and plasticity index (PI) while
the values of Ec and e, generally inmcrease with the increase
in LL and PI. The magnitude of n of the soils studied did
not vary significantly. Coefficient of consolidation increases

somewhat linéarly with logarithm of effective vertical pressure

( 3). Houwever, Cu decreases at higher values of G . For a
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particular value of 0, Cu.decreases with increase in LL
and PI. The analysis of test results reveals that both k
and Curcan be determined with reasonable accuracy from
consolidation test using square root of time fitted curves.
" On the basis of test results two theoretical models and one
empirical equation have been proposed. One model relates

k with void ratio e while the other relates D with &. The
empirical equation evaluates the value of Cc as a function
of G and e. These proposed models and emﬁirical eguation
are éxpected to be useful in estimating coefficient of

permeability and settlement of structures.
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American Society for Testing of Materials
cross-sectional area of capillary tube
coefficient of compressibility

Permeability parameter which is the antilogarithm

of the.vertical intercept of log [k(1+eﬂ vVersus

loge plot
cumpressibility parameter called compression index

an index which is the slope of logk versus log g plot
pore shape factor

coefficient of consolidatiaon

value of minimum D of D versus g plot

effective grain size

A hyphothetical diameter of spherical'grains

void ratio )
initial void ratio

compressibility parameter which is the equilibrium
void ratio under 1 tsf effective vertical pressure
i.e. 61

equilibrium void ratio under # tsf effective

vertical pressure

tsf effective vertical

I~

eguilibrium void ratio under

pressure

equilibrium void ratio under 2 tsf effective vertical

pressure
acceleration due to gravity

height of sample

thickness of layer undergoing settlement
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LL

log

longest drainage path
bydraulic gradient

coefficient of permeability

~specific or absolute coefficient of permeability

liquid limit
base 10 logarithm

permeability parameter which is the slope of

log [k(1+e)] versus loge plot
porosity

plasticity index

flow

flow rate at steady state of flow
flow guantity in unit time

radius Df\capillary tube
hydraulic radius of capillary

specific surface area per unit volume of total
particles

surtace area per unit of total volume
settlement

deformationh (% -of height)

tortuo sity

~time

time factor
time required for 5 consolidation

time required for. 98 consolidation

excess pore water pressure
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X1

percent consolidation

flow through unit cross-sectional area
water content

coordinate of flow direction

unit weight of watér

saturated unit weight Df%SDil

absolute coefficient of viscosity of permeating
fluid

effective vertical pressure

pressure increment

minimum value of O of 0 versus O plot
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CHAPTER 1

INTRIDU CTION

e 5// / /f

T?taa't "’" _

1.1 General

Twomimportaht problems foundation engineers are often
reguired to deal with ére the accurate prediction of rate
of flow of water through soil and its deformatiem behavior.
For example, the seepage through the core of an earth dam
and underseepage through the insitu soils supporting the
dam are of primary importance to the designer in-his evalu-

ation of water loss and dam stability. Similarly, the

designer of a coefferdam needs to calculate the rate of

flow into the excavation in order to select the approgriate

i

pumping syste he computation of the rate of settlement
—— e —

of structures on clays, solution of drainage problems for
N——-—\-'"“"—"“‘--—.___________
highways and airports, checking stability of slopes for

embankments and cuts, all these require a knowledge of rate

of flow of wate augh the soil. A foundation engineer

is also concerned with the deformation characteristics of

soil because he has to know by how much a soil will be

compressed under external load and at what rate the compre-

e

ssion will take place, These information are important in

v "‘l

order to make reliable estimates of the amount .and time of

settlement of foundations angd possible volume change of an

earthwork.




Fruom Historic past numerous cases of settlement and
slope failures have been reported from different parts of
the world. The most classic example of a settlement problem

is the case of the "Leaning Tower of Pisa'"in Italy which

suffered a total settlement of almost ten feet and a diffe-

rential settlement of about six feet in a time span of about
—_— =~

eight hundred years { Jumikis, 18962). In the modern world,

Mexico city has becaome a museum of settlement failures. The
Ypr———— N .

slope failure of railway embankment at Yita Sikudden in

Sweden in_19j8_mas due to an éxcentional water filtration in

the embankment fill during unusually heavy rains before.the

slide took place { Jumikis, 1962). Extenmsive.ruptures of slope

in the Panama Canpal cuts are cited as examples of slope
-'——'—"'_'—_'_—‘__7 —
_Eg;;g;ggj fhe failure of Malpaset Dam in France in 1961 was

caused by excessive seepage pressyres (Cedergren, 1967) .

Slope and settlement failures are not unusual in
Bangladesnh. The River Transport Terminal Building of Inland
Transport Authority at Narayanganj has suffered caonsiderable

damage due to differential settlement of the foundation

beyond tolerable limits (gabir, 1978) . Safiullah (1977)
-inuestigated the causes of failure of slopes of the Dhaka-
Narayanganj Demra.embankments during 1974 flood. The failure
of this embankment was due to hydraulic conditions which

created instability., In this particular embankment neither

toe filter nor central impermeable core was provided. As




a result, progressive erosion from land side toe of the

embankment occcurred due to high seepage pressure at the

exit point and absence of filter at such locations, : 4
-~

At present Bangladesh is moving forward with large

development projects including construc%ion of high rise
. I

buildings, o0il stbrage taﬁkﬁ, long span bridges, harbour | at
and port structures, flood protection embankments and

33553935. So, during this stage of infrastructure develop-

ment in Bangladesh, a detailed knowledge and sound under-

standing of flow rate of water through soil and deformation

shien bl s

AN
behaviour of soil are of utmost importance to the civil

engineers in. this country.

1.2 Permeability and Consolidation -

Any given mass of soil consists of solid particles
Com Rty
of various sizes with{fﬁ%erconnected void spaces. The

continuous void spaces in a soil permit water to flow from |

a peint of_Hhigh energy to a peint of low enmergy. Permeability

is defined as the property of a soil which permits the flouw

. i
or seepage of fluids (liquids) through its interconnected

void spaces and 1t is analogous to electrical senductivity.,
Prob S involvipng stability, settlement age_are

all dependent on the permeability characteristics of soils.

—

When a compressive load is applied to a saturated fine

grained soil mass, at the instant of application of load




almost all the applied pressure is transferred to the pore
water, because uatgr is virtually incompressible in compari-
son with the compressibility of the soil structure. The
excess hydrostatic pressure initiates flow Df'mater to drain
out of the voids and the soil mass begins to decrease in
volume. The decrease in volume of a soil mass under stress
is called compression. A portion of the applied stress is

transferred to the mineral skeletan, which in turn causes

a reduction in the excess pore pressure. lhis process

e

involving a gradual compression occuring simultaneously with
a flow of water out of "the soil mass and with a gradual
transfer of the applied pressure from the pore water to the

mineral skeleton is termed as consolidation. Conventionally,

the process of consolidation is divided imto primary conso-
lidation and secondary consolidation. The reduction in volume
which is solely due to the flow of water from the voids

under excess hydrostatic pressure is called primary consoli-
dation or primary time. effect and is compatible. with the
Terzaghi consolidation theor Even after the reduction
of ‘all excess hyﬁrostatic pressure to zero, the soil mass
continues to decrease in volume with time and is unaccounted
by the Terzaghi theory. This process of reduction in vaolume

is referred to as secondary consolidation or secular time

effect.

Permeébility and consolidation studies on sand are

usually given less importance than on clay because sandy




soils.are highly permeable and consequenﬁly compression
cakes place instantaneously after the application of
external load. Howeuér, permeability ans consolidation
studies on clays subjected to long terﬁ loadiné are very im-

portant because in such a case compressi curs at a slow

rate due to very louw Dermeébility of clays. To: study the

—_

permeability and consoiidation-chéracteristics.of clay, it
has been divided into two groups such as norma;ly consoli-
dated and overconsoclidated, because permeability and conso-

lidation praoperties of these two types of clay are not K

,fiﬂiifff‘ﬂ soil is said to be normally consolidated if the
present effective overburden pressure is the maximum to

which the soil has ever been subjected. On the other hand
a soil is called overconsolidated if the present effective
overburden pressure is less than the maximum to which the

soil was ever subjected in the past.

Permeability of clays can be determined in both
laboratory and field. Field determination of permeability
is often complicated, time consuming and expensive. Therefore,
permeability of clays is usually evaluated in the laboratory
with the help of properly designed equipments. This research
”is principally devoted to the study of permeability and

consolidation charaesteristics of normally consolidated silty

' T

clay and silts. Permeability and consolidation properties
- T

have been evaluated in the laboratory from canstant head
permeability test by applylng back pressure and fram ane

dimensional consolidation test.




1.3 Area of Research

Samarasinghe et al (18982) suggested a theoretical
model to formulate a unique relationship betuween permeability
and void ratio of saturated normally loaded clay. This rela-
tianshiﬁ was used for deriving tﬁe gﬁuerning differentiai
equation of consolidatiaon for nofhally consolidated clay.

The derivation shows a theoretical relationship between

coefficient of consolidation and vertical effective conso-
lidation pressure, Stamatoﬁpulos and Cotzias (1378) studied i
compressibility of clays in.tgrms of constrained modulus
which is the change of effective vertical consolidation
pressure divided by the resulting change in vertical unit
deformation or strain. T hey constituted a model that relates
constrained modulus and consolidation pressure. The modei is
fregquently used in Europe and some parts of North America to
estimate settlement on the basis of constrained modulus.
Estimation of settlement on the basis af constrained modulus

is not used in Bangladesnh.

The present research is undertaken with a view to
verify and establish the findings as reported by Samarasinghe
et al.({gsz) for different types of normally consolidated
clays, particularly for silty clays and slightly plastic
silts available in Bangladesh. Besides, attempts were made
to propose a simple model relating Constraihéd modulus and

effective vertical consaolidation pressure for normally




consolidated silty clay and silts of Bangladesh. This model
can be used to estimate settlement of foundations on normally

consolidated silty clays and silts.

This research will be effective in establishing
ﬁermeability-uoid ratio,<coeffibiént of consolidation-effective
consoliﬂation pressure and void féﬁio—effectiue consolidation

pressure relations for normally consolidated silty clays and

silts. The above mentioned gelatiOns will provide the magni-
tudes of permeability and compressibility parameters of the
soils..CorrelatiDn 6f these parameters with other index
properties uill'also be available. All these findings are
expected to establish a betger understanding_of the fundamen-
tals of permeability and consolidation behavior of normally
loaded local clays, The modeI relating constrained modulus
and effective consolidation pressure can be successfully
utilized to predict the settlement oflstructures on narmally

consolidated silty clays and silts.

|
I
|
|
|
i
|
|
i
|
|
|
|
i
i
|
|




CHARTER 2

LITERATURE. REVIEW

2.1 Coefficient of Permeability

From the results of permeabjility tests on saturated

sand Darcy (1856) established that

-y -
b

v = ki o : 2.1
where, v = flow rate through Unit cross-sectional area.

permeability.

|
|
!
|
|
' k = Darcy's constant called the coefficient of
. i = hydraulic gradient.

|

! A number of investigators subsequent to the classic experi-
ments of Darcy have given results which are in agreement with

Eg. 2.1 and thus this equation has become known as Darcy's

|
| law.

Darcy;s la@ asserts that the rate of flow through a
porous medium is directly proportional to the applied hydrau-
lic gradient. That is, flow rate versus hydraulic gradient
relationship is linear and any graph plotted to relate this
| will pass }hrOUQh the origin. The mathematical simplicity
of Darcy'sflam makes it very useful in connection with
analytical treatmént of steady and transient flow problem

in soils.




2.2 Validity of Darcy's Law and Non-Darcy Behavior

Oarcy's law given by Eq. 2.1_is valid for laminar
flow of water through saturated soils only. Several studies’
have been made to investigate the range over whigh'DarCy's
law is valid, and an éxcellent summary of these works is
reported by Muskat (1937). For laminar flow-conditions in
soilé, it can be conservatively assumed that Reynolds number

R, has an upper limit of unity (lee et al, 1968) Thus,

_ YwDyg v

o o g 1 2.2

here, v = flow through unit cross-sectional area 6r flouw

velocity

D1D: effective diameter of soil particle

Yy T unit weight of water
g = acceleration due to gravity
u = coefficient of absoclute viscosity.

T'he linear relationship of flow rate with hydraulic-
gradient has been reported 8y numerous investigators. For
example, Terzaghi (1925a) and Macey (1942) obtained a
linear relation for the clays used in their classic permea-
bility stucies. Michaels and lLin (1954a) report studies of
Muskat (1937) showing similar relationship for kaolinite.
Also, Low (1360) presented data showing linearity for Na-

montmorillonite, y
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Non-Darcy behavior has been reported by numerous
investigators. As early as in 1888, King (1898) used various
ﬁorous media including sand, sandstone and glass capillaries
to perform ﬁermeability'ekperiments. In all the :aseé, he
-obserued that the flow velocity increase was mare than
proportional to the hydraulic gradient. VYon Engelhardt and

Tunn (1955) observed that water Flow in sand stones contaj-

ning less than 5 percent clay did not obey Darcy's law. The
e

relationship between flow rate and gradient took a curvi-

_iiﬁEEE_EEEEEL,FrDm the experiégntal results of permeability
tests on unconfined and remoulded clays Lutz and Kemper
(1959)_0bserued that increasing the gradien£ increased the
flow rate totally out of accord with Darcy's law., This was
true for Na-clays. They explained that this resulted from
a breakdown of water structure, in which the diffuse layer

of cations and the water structure extended to distances

greater than the radius of pores between particles.

Hansbo {1960) reported tests on four natural undis-
turbed clay samples in an extremelymsensitiue flow rate
Jmeasuring system under equal and constant temperature condi-
tions. His results are illustrated in Fig. 2.1, Far hydraulic
gradients greater than 10, the results show linearity of

flow rates and gradients in all the samples. For gradients

less than 180, the flow rate versus gradient relationships

deviated from linearity in three of the four samples.
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Buring the test he also observed that even at zero hydraulic
gradient, the flow of water in clays was never found to be

at completed stand-still, but sometimes a graduallincrease
in flow did occcur. Thus he concluded that Darcy's law is not
always valid for small hydraulic gradients and mentioned that
this deviation from Dércy's law ought to depend on the inter-

action between skeleton grains and pore water. Based on experi-
-— e ———

mental results, the relatiaonship of flow rate and hydraulic
gradient for normally consolidated clays shown By Hansbo is
reproduced in Fig. 2.2. Kemper (1960) also observed deviations
fraom Darcy's law and mentioned'that this was due to the elec-

DA
troviscous effect, The electroviscous effect is explained as
the production of an electrical potential that retards ionic
movement, and E25ggghmgggggggigiggggwggggf the movement of
water is affected. Martin (1962) mentioned that curvilinear
velocity-gradient relationship is due to plugging and unplu-
gging of flow channels in the skeleton pore caused by seepage
forces. Gupta and Swartzendruber (1860) found that the hydraulic
conductivity of gquartz sand jgg_ggiigg;ggiggiggg¥mater decrea-
sed markedly during proldgnged flow. The cause of the reduction
“was explained to be related to the activity and growth of

bacteria.
——e

Olsen (1962) from his experiments observed discrepancies
between measured flow rates in liquid saturated clays and

those prediétéd from Darcy's law, This he attributed to unequal

pore sizes in the clays, Olsen (1963) further reported that
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Fig. 2.2 Hydraulic flow rates versus hydraulic
gradient for a normally consolidated
clay (after Hansbao, 1860). '
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the flow behavior not %ollnwing Darcy's law is due to.change
in fabric of the soil caused by migration of fine particles
during the F;Om-of the fluid through the soil and according

to his abser;ations the deviation from Darcy's law increases
with_increasing polarity and gecreasing clay content. Mitchell
and Younger (1966) observed the non-Darcy behavior of compac-

ted silty clay samples and suggested that particle migratdon

is more likely the cause in this case than the abnormal uwater
properties.

2.3 Prediction of Permeability -

Darcy's law was the result of simple experimental
observations. Many attempts have been made to achieve a theo-
retical relation betuween permeability and size of soil grains,

L
and size and shape of pore spaces through which flow occurs.
Many of these relations have been derived from the Hagen-
} Al
jlﬂiEEHlLiﬁlé_gquation for viscous flow through a small

capillary tube of radius R given by the following expression:

g =—a— R°a 2.3

E
=)
@
M
®

-

o
u

flow quantity in unit time

Yy, = unit weight of permeating fluid (water)
M = absolute coefficient of viscosity of
permeating fluid

a = cross-sectional area of tube

i = hydraulic gradient
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A'modei may then be considered to consist of a bundie
of capillary tubes arranged'parallel to each other with a
ratio of pore-cross-section to total area equal to porasity
n“of the soil. On the haéis of this parallel-tube capillary

model permeability may be expressed as

Y |
k = C_ RS Y n7 : 24 4
s H ,
u i
Here, k = coefficient of permeability
CS = pore shape factor which takes into account

the variation in sﬁape of the capillary

R, = Hydraulic radius of the capillary

Although the pore size may be related to the dimension
of the grains composing the soil and that a collection of
grains can be arranged in vaTious assemblage containing
different pore sizes and there can be no unigue relationship
between grain size and pore size in a soil mass., Therefore,

-in order to correlate between model and actual soil condition
an average pore diameter should be used, This average diameter
concept is used by Kozeny (1927) a; a function of hydraulic

. radius, that is the ratio between flow area in a capillary

and its wetted perimeter. When mathematically represented

the permeability equation on the basis of above concept

becames
k:L’.‘YLlJ ﬂfj
S uog 2

v
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In equation 2.5 SU is the surface area per unit of total

volume.

The classic Kozeny-Carman.EQuation, originally proposed
by Kozeny (1927) and improved by Carman (1956) is given by

"the following equation

1. 3
s e 8 20
57T u 1+e
s
Here, 3 = specific surface area per unit volume of taotal

particles
T = tortuosity which takes into account of the winding
path actually followed by permeating fluid

€ = void ratio of saoil.

The Kozeny-Carman equation works well for describing coarse
grained soils such as sand and some silts. For these case,

the coefficient of permeability bears a linear relation tb
e3/(1+e). However, serious discrepancies are observed when
Kozeny-Carman eqguation is applied to clayey soils (Olsen 1961,

1962) . -

-~

Taylor (1348) showed that the permeability k of sand

can be expressed as

3
k = o D2 Ju e
H 1+e
2.7
= 0. p
1+e
Here, C = C 2 Ty
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DS = a hyphothetical diameter of spherical grains.

Eq. 2.7 is based on considering flouw through a porous media

similar to flow through a bundle of capillary tubes,

The theoretical models developed by Kozeny, Kozeny-
Carman and T aylor take into account of many factors e.g. pore
shape factor, tortuosity3 grain si;e, specific surface, vis-
cosity and unit weight of pgre—ﬁlu;d. In the laboratory, it
is difficult to measure and represeﬁt all these parameters
for a particular type of soil. Substituting all fhese parameters
into a single coefficient, Samarasinghe et al (1982) suggested
a theoretical model to predict the permeability of normally

consolidated clay from laboratory test, The model suggested

by him is as follous

on
k = C 2.6
T+e
here, C = a constant in the same unit as k

n a constant depending on type of soil.

Both C and n are pesitive Eg. 2.8 sshows that for a particular
value of n a plot of k versus en/(1+e) results in a straight
line passing through the origin as shown in Fig. 2.3. Eg. 2.8

can be mritten as follouws
log [k(1+e]] = n log e + logC 2.9

£gq. 2.9 shows that a plot of log [}(1+eﬂ ‘versus loge results

in a straight line. Cansequently, n is the slope of the straight
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line and log‘C is the vertical intercept as shown inF ig. 2.4.
n and C are referred to as permeability parameters. Fig. 2.5
gives examples of k versus én/(1+ej relationship for various
.porous materials including soil. The values of n reported in
this figure are obtained FrDm.experimental data plotted in a

manner shouwn in Fig. 2.4.

The theoretical model (Eg. 2.8) suggested by Samarasinghe
et al has been verified experimentally for a sandy clay soil.
In order to establish this model further experimental works
shuuid be carried out four different types'of clay, especially
for silty clays and silts available in different regidns of
Bangladesh. Moreover, a review of the published work for soils
of Bangladesh reveals that no information is yet available to

relate coefficient of permeability with void ratio for satura-

ted normally consolidated clays and silts.

J2.4 Factors Affecting Coefficient of Permeability

The coefficient of permeability of a soil is influenced
by both permeant ‘and soil characteristics, Egs.2.6 and 2.7
~provide an idea of the factors that affect the coefficient

of permeability of soil.

2.4.1 Effect of Permeant Characteristics

Eguations 2.6 and 2.7 show that both viscosity and unit

weight of tne pore fluid affect the value of the coefficient
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of permeability. Permeability is directly proportional to
the wunit weight and inversely praoportional to the viscosity
of the permeant. These tuwo ﬁermeant characteristics cén be
eliminated as variables by defining ancther permeabilify

. called the spacific or absolute permeability as

K= = : : 2.10

In any soil the coefficient K has the same value for all
permeants and all temperatures as long as the void ratio and

fabric of the so0il skeleton are not changed.

‘Michaels and Lin (1854a) conducted tests on kaolinite
to examine whether fluiﬂ properties other than viscosity and
'unit weight did affect permeability in clay systems. Kaolinite,
initially packed with water was replaced carefully by displa-
cing the water witn dioxane, acetone and drynitrogen in sequence.
When the kaoclinite was initially packed in an organic liguid
and was qusequently feplaced‘with_qry nitrogen, its permea-
bility in the original organic liquid and in the gas was the
same. When the ﬁermeability of the clay in nitrogen was measured
and compared with its original permeability of water, the
permeability in nitrogen always exceeded the water permeability
by 40 to 60 percent. The results thus showed that the permea-
biiity decfeased markedly with increasing polarity of the
permeant. They explained that kaolinite was:less permeable to
organic liguids, water and aﬁueous solutions than to gases as

!
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due to more complete diSperSiDn of the solid in presence of
mofe highly polar permeanf fluids. They also observed that
in gases and ocrganic liquids, the phenomena of colloidal
effects, such as absorbed ligquid surface films, énd electro-
osmotic counterflow did ‘nat affect permeability. However,
these effects did occur iﬁ water. or agueous solutions with

small influence on the permeability.

Later Michaels and Lin (1954b) carried out further
permeability test om kaolinite and found that the permeability
reduction due to electroviscous effect was only about 5 percent.
This was found by successively increasing the salt concentra-
tion of the permeant water to decrease the electrical-double
layers of the particles, and thereby the electroviscous effects.

The maximum increase in permeability was only about 10 percent.

2.4,2 Effect of Soil Characteristics

The following five Cﬁaracteristics of soil influence
the value of coefficient of permeability (L ambe and Whitman,

19689) .

1. Particle size
2, Void ratio
3. LComposition

4, Fabric

9. Degree of saturation
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£q. 2.7 suggests that coefficient of permeability varies with
the square of some particle diameter. A relationship between
permaabilitxlénd particle size is much more reasonable in
silts and sands than in clays; since in silts and sands the
particles are more nearly eéuidimensional. Hazen's (1882)
equation for coefficient of pefmeability gives values based

an e%Fectiue grain size D10 only. The observations of Hazen
were limited to filter sahdsidf érain size between 0.1 and

3.0 mm of fairly uniform gréin size. Hazen's eqguation,
therefore, is only applicable for uniform fine sand. It should
not be used for graded sand or clay. Slichter (1883) devised
- an equation which is also applicable for uniform sand. Terzaghi
(19250b) used an empirical relation that was extended to cover

sand of non-uniform grain size and variable grain shape.

It is known that the coefficient af permeability of a
given soil is some function of the void ratio if the pore
fluid remains the same. Many authors have suggested uarious
void ratio functions for permeability.(Franzini, 1951; L ambe

and Whitman, 1969; Taylor 1948; Samarasinghe et al, 1982).

For any clay Taylor (1948) found that.a plot of void
ratio to natural scale against the coefficient of permeability
to logarifhmic scale can be approximated by a straight line.
~Houwever, the experimental results do not always support such

a linear relationsnip (Michaels and Lin, 1954a; Raymond, 1956)

as shown in Fig. 2.6,
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Lambe (18954} showed that for fine grained soils k
versus 93/(1+e) is not a straight lipe. However, Lambe's
experimental reswelts showed that generally, the plot of void
ratio versus log-permeability. is approximately a straight

line,

The Kozeny-Carman equation (Egq. 2.8) does not success-
fully explain the variation of the coefficient of permeability
with void ratio for clayey soils (Olsen 1861, 1962). The marked
degree of variation between the theoretical and experimental
values arise from several factors, including deviatians from
UDarcy's law, high viscosity of the pore water (T erzaghi 1925a;
Macey 1842), tortous flow paths (Lambe, 1958), Electrolytic
coupling (Elton, 1948) and unequal pore sizes (Micheals and

Lin, 1954a),

The influence_of s0il composition on permeability is of
major importance with clays (Cornell, 1951). The very large
influence composition can have on clay permeability is shown:
in Fig. 2.7. The magnifude of permeability variation with
soil composition ranges widely. Fig. 2.7 shows fhat the ratio
) of permeability of calcium montmorillonite to that of potassium
montmorillonite at a void ratioc of 7 is approximately 300,

It further shows that the permeability of kaolinite is a

hundred times that of montmorillonite,

The fabric component of structure is ohe of the most
important characteristics influencing permeability (Mitchell

et al, 1965). At the same void ratio, fine grained soils with
i
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a flocculated structure have higher coefficient of permeability
thaﬁ those with dispersed structure. This fact is demonstrated
~in Fig. 2.8 for the case of a silty clay. Macrostructure is
also of considerable importance. A stratified soil has much
higher permeability for flow parallel to stratificatdons than

it does for flow perpendicular to stratification.

" The degree of saturation has an important influence on
permeability of soil (Mitchell et al, 1965). An increase in
saturation leads to an increase in the coefficient of permea-
biliﬁy. Fig. 2.9 shows the ef%gct of degree of saturation on

coefficient of permeability for\a silty clay.

2.5 Methods of Determination of Coefficient of Permeability
in_L aboratory
The three most common laboratory methods for determining

the coefficient of permeability are the following:

1. Canstant head test
2. Falling head test

3. Indirect determination from consolidation test

The constant head test is performed by measuring the
quantity of flow in a specified period of time through soil
specimen of known cross-sectional area and length under a
constant hydraulic gradient. In the constant head permeability
test, coefficient of permeability can be detegmined by appli-
cation of back pfessure in soil sﬁecimen placed in specially

designed permeameter. i
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In falling head permeability test, coefficient of
permeability is defermined by measuring fall of head in a
stand pipe of known cross-sectional area due to flow of water
in a Specific time period through the soil specimen of knoﬁn
cross-sectiopal area and léngth. Hvorslev (1951) discﬁssed
the limitations of falllng head permeablllty test and he
concluded that falling head permeablllty tests on fine grained
S$oils lead to unreliable results because of swelling and
reconsolidation of the samples due to variation of pore water
pressure during the test. Standard test procedure for deter-
mining coefficient of permeébility iAnlaboratory is described

by Lambe (1851),

The coefficient of permeability of a soil can be computed
from its rate of coﬁsolidation under a given stress increment
because the rate of consolidation of a s0il depends on its
coefficient of permeability. The coefficient of permeability

of a so0il can be determined from the following equation

k = - . g - - - 2-11
1+e

when e-loq g plot is linear, as in case of normally conso-

lidated soil, -

Kk YLU CU CC

2,303(1+e) o

average value of effective consolidation pressure

£
oy
m
H
0]
Q
I

L = coefficient of cohsolidation
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compression index

C - =

c

e = vyoid ratio of soil
Yu = unit weight of water

2.8 Terzaghi's One-Dimensional Consolidation  Theory

When consolidation takes place due to expulsion of
pore water vertically from a laterally confined mass, the
consolidation is considered as one dimensional, Terzaghi {1943)
developed a mathematical statement for one dimensional conso-
lidation process on the basfs of some assumptions and the
partial differential equation deueloped for saturated soils

is given as:

Ju - Kk 1+e u - C 3 u 2.13
It Yy -8y 822 v 822
where, Kk = coefficient of permeability
e = void ratio
a,6 = coefficient of compressibility
U = excess pore uwater preéépré
z.= co-ardinate of flouw direction
Cu = coefficient of consulidation

Egq. 2.13 can be solved with proper boundary conditions assuming
u to be the product of two functions i.e the product of a
function of z and a function of t., The solution of Eq. 2.13

can be expressed by the following relationships

UZ(%) = f(TU, z/Hdr) 2,14
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here, UZ = percent consolidation
Tu = time factor
Hdr= longest drainage path

The details of Tecrzaghi's one dimensional consolidation

theory and its mathematical solution are available in

"Theoretical Soil Mechanics" by'Térzaghi (1943) .

2.7 Deviations From Terzaghi's Theory

Expression for the ré?e of cﬁnsolidation was first
deﬁeloDEG by Terzaghi (1943f'f0r the speciél;case of one
dimensional flow from laterally confined soil. waeuer important
abberations are observed between predictions made by the
Terzaghi theory and observations of the time rate of consoli-
dation, both in the field and during laboratory tests. The
most notable difference in the time-deformation curves occur
when the theoretical primary curve approaches its 100 percent
consolidation. It is faund that the experimental time conso-
lidation curve is in agreement”mfth Terzaghi's theory of
consolidatiﬁn only upto about 80 percent consolidation, This
gifference between observed cpnsolidéfion is due to the second-

ary time effects and defined as secondary compression. -

2.8 Laboratory Evaluation of Consolidation Characteristics

Compressibility of a fine grained s0il-is usually deter-

mined directly by performing a laboratory compression test,

i
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called one dimensional consolidation test. In this test,
undisturbed or remouled sample is fit into a ring or cylinder
sﬁ that the soil sample is confined against lateral displace-
ment and compressive loading is imposed an the soil., For known
magnitudes of load, the amount of compression and the time
required for compression to occur are recorded. The test is
usually performed by imposing a series of increasing compre-
ssive loadings and determining time-rate-of-compression data
for each increment of loading. Detail procedure for one
gimensional consolidation test is available in Annual Book

of ASTM. standards, ﬁ979, Part 19.

Recently, tuo other one-dimensional consolidation.test
procedures have been developed which are-much-faster but yet
give reasonably good results. The methods are (1) constant
rate~of-strain-consolidation (CRSC ) test and (2) the controlled
‘gradient consolidation (CGLC) test. CRSC test was developed
by Smith and Wanhls (1968) and CGC test was developed by Lowe

et al (1989),

2,9 Methods of Determination of Coefficient of Lonsolidation
from Laboratory Tests
Far a giueﬁ stress increment, the coefficient of consao-
lidation Cu can be determined from laboratory observations of
time versus dial reading. Two graphical procedures are commonly
used for this are the logarithm of time methoé proposed by

‘Lasagrande and Fadum (1840) and the square root of time method

?-
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proposed by Taylor (1942). There are aiso two other useful
methods, which are proposed by Su (1958) and Sivaram and

Swamee (1977).

2.10 Compressian Index-Initial Void Ratio Relationship

Compression index CC determined from laboratory conso-
lidation tests an clays have been plotted against initial

void ratia e, by several authors. The empirical eguations

derived by them are as follows:

A\

C. = 0.30 (eO - 0.27) ' 2.158

C. = 0.54 (eD - 0.35) 2.16
C. = 0.79 (e. - 0.60) 2.17
c o

C.= 0.44 (e_ - 0,36) 2.18
C a

CC = 0.44 (eO - Q.BB) 2.19

Eg. 2.15 was derived by Hough (196S) for remoulded
clays. Egs. 2,16 and 2.17 were developed by Nishida (1956)
and Sowers (1962) respectively for dhdisiurbed clays. Egs. 2.18
and 2.19 have been.deriued by Serajuddin and Ahmed (1967) and
Kabir (1978) for undisturbed fine grained soils of Bangladesh,
All the above equations are approximate and hence should be
uséd for initial computation only. Relationship betuween
compression index and void ratio for saturated normally
consolidated clays and silts of Bangladesh is not a available

in published research work and therefore attempts should be
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made to relate compression index and void ratio for saturated

normally consclidated clays and silts available in Bangladesh.

2,11 Relationship betuween Coefficient.of Consolidation

and Effective Vertical Pressure

Samarasinghe et al (1882) derived a theortical relation-
ship between coefficient of consolidation CU and effective
vertical pressure g for normally consclidated clay. The

relationship is as follous:

¢y =_2"“'“§‘E*('Cc log 2~ e, )" G | 2.20
Yu'c 1
Here, o, = unit effective uerfical pressure
= 1 tsf -
CC-: compression index ji.e slope of e-log‘é'curue
e, = value of void ratio when effective vertical

pressure is 61

C. and e, and called compressibiiiéi‘Qérameters. £g. 2.20 is
derived without assuming that k is constant and that a linear
relationship exists between e and G, as assumed in the Terzaghi
theory. The eguation derived assumes that e-log g plot can be
approximated by a straight line, which is applicable to normally

consolidated soils. The details of derivation of Eg. 2.20 is

given in Appendix-£ .




2r12‘Permeability and Consolidation Characteristics of
Normally Consolidated Clays

Raymond (1965) conducted'Hyd:Détatic consdlidation test
and permeability tests_on the same specimen.rHe presenfed
results for three different clays ranging from medium to high
plaéticity. All specimens were artificially sedimented. Conso- .
lidation tests were performed with a stress increment ratio
of 1 (i.e a load ratio of 2), and direct permeability tests
were run on the same specimen at the end of each stress

increment. The directly measured permeability was compared

with the permeability derived indirectly from the consolidation

test results.

Yoid ratio versus pefaeability plots from both the

direct and indirect tests on the same specimen of each of the
three soils are shown in Fig. 2.70(a). Corresponding log[k(1+e)]
versus log e plots are shown in Fig. 2.10(b). Frum Fig. 2.10(a)
it appears that permeability of each soil did not vary signi-
ficantly depending Dn‘the method of test. From Fiy. 2. 10(@)

it is observed that- the _permeéability parameter n is about the
same for each soil, However permeability parameter C waries
with the method of test. Typical linear e-log U plots for the

three soils are shown in Fig. 2.11.

Samarasinghe et al (1982) proposed a unique relatjionship
(Eq.2 8) between permeability and void ratlo. This relatlonshlp

is then used for der1u1ng the governing dlfferentlal equatlon ]
’ "*/'

of consolidation For normally consolidated soils without assumlng
L
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that k is constant and tha£ a linear reiationship exists
betueen e and 6,‘as assumed in the Terzaghi theory. The equa-
tion deriued assumed that e-log O plot can be approximated

by a.straight line,; which isiapplicable to normally consoli-

dated soils. It is shown that Cu,has a direct relationship

to O. The theorétical reiationship_ﬁetween Cy and G is compared
with experimental resuits:which util}zé ﬁhe Terzaghi theory.

To demonstrate the relationships between k and e éhd betueen

L, and 0, Samarasinghe et al (1982) conducted labaoratary

‘tests on a greyish sandy clay with liquid 1imit 27 and plastic
limit 14, A direct permeability test as well as standard
incremental loading consolidation test were run for the same.
Specimeﬁ. The specimen was artificially sedimented to get a
normally consolidated sample. A series of consolidation tests
were run increasing the load at regular time intervals. The
permeability tests were run at the end of each load increment
when the primary consolidation was complete. Figs. 2,12 and
2.13 show, respectively, ‘the compressibility and permeability
plots. From these two linear plots camﬁressibility and permea-
bility parameters were determined; The ¢, - log 0 curve obtained
by using Eg. 2.20 is shown Fiy. 2.14 together with the experi-
mental points obtained from log-time and sguare root of time

fitting methods for each pressure increment. Fig. 2.14 shous

that both the theoretical and experimental curves have the
. .

»

same shape. ' v
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Samarasinghe et al (1982) observed the shape of theore-
.tical and experimental EU - log G curves for a séndy clay
soil only. In order to confirm their findings regafding the
shape of théb;etical'énd experimental C - log G curves more

research should be done with different types of soilks e.q.

silty clay, silts etc. j

2.13 Relation between Constrained Moaulus and Effective-
Vertical Consolidation- Pressure .
Stamatopoulos and Kotzias (1978) plotted constrained
modulus D agajinst effective uértical consolidation pressure
5] (lineaf scale). Such a plot has been found to have the
'characteristic U shape as shown in Fig. 2.15. This shape has
been reported explicitly by Stamatopoulos and Kotzias (1973)
and also encountered incidentally by Janbu (1968) and by |
Wissa et al (1971) while investigating special applications
of the oedometer test, This shape holds for soils of variable
type and origin e.g. clay, silt, sand, organic, sedimentar},

ek

residual and sao on. -

The D against & curve is approximated by
0 = a/5 4 b5+ c 2.21

where a, b and c are arithmetic coefficients and are given by

- the following expressions:
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where 50, D, correspond to the point of minimum D and 5, &

0
to sohe'ppint négr the end of curve ( g)>50). Coefficients
a and b are always posiﬁiﬁe whereas c éan be either positive
or négafiuer |

.Soils of high compressibility have b uélﬁes of the order
of 10 and soils of lou compressibility have b values of the
order of 50 (dimensionless).&ﬁoils of.high‘cqmﬁressibility
have a values of the order DF\'S.\kgz/cm4 and soils of low
compressibility have a ua;ues Df the order of 500 ng/CmQ.
- 50ils of high compressibilifg have c values between 5 and 15
kg/sz. On the other hand, the c values of relatively incom-
pressible soils can vary between wide limits of -100 kg/cm2

to + 100 kg/cm2.

2.14 Procedure of Settlement Calculation

Stamatoboulos: and Kotzias (TQ?S) proposed a procedure

for settlement calculation which is briefly discussed below:

Thelchange in vertical unit defofﬁation or stfain AS
is tabulated wité the corresponding consolidation pressure g,
and for each increment of pressure AC the constrained modulus
D = Ac/AS is calculated., Each value of D is taken to corres-

. “
pond to the midpoint of the pressure increment. The value of

D is then plotted against G,
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4
1

In order to estimate the settlement of layer of thickness
H subjected to a change of pressure A0 the value of 0 corres-
ponding to the applied pressure is chosen from D against G !

plot and this is used in the simple equation

L a g eawmem e b

Settlement St =\AO"H : _ 2.25 : ’
. ' D € : o '

. oy

It is-noted that it is not required to calculate void ratios

By S Py S

or CC as an ‘intermediate step'in the calculation of settlement.

Studies on the relationéhip between constrained modulus
-and effectiﬁe vertical pressure are important because such
rglationship leads to‘an approximate but convenient mefhod

of estimating settlements through constrained modulus.fHDweuer,
estimation of setilement on the basis of constrained modulus
has not yet been used in Bangladesh. R esearch should be carried
out to establish relation between constrained modulus and
effective vertical pressure fo;,safurated normally consolidated
silty clays and silts available in Bangladesh.

2.15 Summary of the Literature Revieuw

The literature review presented in this chapter may be

summarized ‘as follows:

i) In sand Darcy's law is generally found to be valied.
In clay, howeﬁer, the law was found, in general, to be valid,

except under some special situations. 4
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ii) Perméability of soil depends aon the characteristics
of both the permeant and the-soil. The permeant characteristics
include viscosity, unit weight-and nature of the permeant
while the soil characteristics include particle size, void

ratio, composition, fabric and degree of saturation,

iii) Corstant head permeabiiity test by application of
back pressure is suitable ang.reliéble to determine permeability
of fine grained soils. Falling head test on fine grained soils
leads to unreliable results because of swelllng ang reconsoli-
dation of the samples due to uarlatlun of pore water pressure
during the testf Permeablllty of Clays ean be determined

indirectly from consolidatioq test,

iv) For a particular type of soil, a unigue relationship
exists between the coefficient of permeability and void ratio

for normally consolidated clays,

v} Permeability parameters n and C can be obtained from
a linear plot of log [k(1+eﬂ versus loge. Available test’
results have indicated that n increases wlth the increase in
liguid limit and plastlclty index,whergas C decreases with

increasing liquid limit and plasticity- index.

vi) Compressibility parameters C. and e, for normally

1

consolidated clays can be obtained from a linear plot of e

versus log 0.
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uiij For normally consclidated clay Cu - 0 relation
can be detérhiﬂed directly from Eqg. 2.20 by finding n, C ,CC
and PR This eliminates the use of time ﬂitting'methpds for
every stress increment. Eq. 2.20 is strictly valid only for
the range of O in which e-log © plot is linear. The theore-
tical C  -log g curves drawn by.utilizing Eg. 2.20 and the
experimental CO -log © curves drawn by utilizing Terzaghi's

theory have the same shape.

viii) Constrained modulus of clay is related to
effective vertical pressure by more or less simple relation.
This relation can be used to estimate settlement un the basis

of constrained modulus.

W
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P © CHAPTER 3

THE RESEARCH. SCHEME s

3.1 Introduction

Permeability and consolidation of saturated normally
consolidatéd clays are'tmb important properties that‘must
be inuestigatea properly. Some Dfithe theoretical develop-
ments that have taken place in-ﬁhis-field have been reviewed
in the preuiﬁus Chapter.'Séﬁérésinghe et al (1982) has
proposed a model to predibt permeability of normally conso-
lidated clays. This model is based on earlier relations
pepuided by Kozeny and Cacrman (Kazeny, 1927,; Carman, 1956)
and Taylor (1948). Also using this model, Samarasinghe et al
proposed another model for EQnsolidation characteristics
of normally consolidated clays. These have been discussed
in the previous chapter. The models are yet to be verified
for dafferent types of clay, particularly for silty clays
and silts available in Bangladesh. It has also been shown
in the literature reuiew that simple relation exists betuween
constrained modulus and effectiué_uertical;pressure. Such
retation is likely to'prbuide simple metHod of estimating
settlement in compressible soils. This approach has not been

investigated for norhally consolidated silty clays and silts

and"is therefore included in this research.
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3.2 0bjective of.- the Research

Thé broad éim of this research was to Ugrify the
existing models and to develop an appropriate medél for
- permeability and combressibility behavior of saturated
normally consclidated silty clayé_and silts. To: achieve
this ﬁhe following evaluatiaons mere-considered nebessary for

. this research.

i) Determination.of permeability parameters n and C

from both permeabiliﬁy and cohsolidation_tests.

ii) Determination of compressibility parameters C,

and e, from conseclidation test.

iii) Correlation of the permeability and compressibility

parameters with index properties of soils,

iv) Establishment of the nature of relation betuween
coefficient of permeability and void ratio of normally

consolidated silty clays and silts,

v) Establishment of the nature of relation between
coefficient of ConSblidation Cu.and effective vertical

‘pressure ¢ for normally consolidated silty clays and silts.,

This;research also aimed at developing a simple ﬁodel
to relate constrained modulus D and effective vertical
pressure for hormally consolidated silty clays and silts.
Such a model can be used as a simple method oﬁ;settlemént

estimation by using Eg. 2.25.
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3.3 Research Scheme
The whole research was divided into the following

phases: |
i) In the first phase, index prOpePtiés of the soils
were determined in order to classify them. Drgénic matter

of the soils were alsb determided.

ii) In the second phase,.some equipments and accessories
were designed and fabricated locally for conducting one
~dimensional CDHSDlldathﬂ teste and constant head permeability
test, The locally made components ingluded a consolidation
permeability test unlt for testlng s0ils in saturated
condition, a flow uolume measuring unit and a moQld for

making parous stone.

iii) In the third phase, in order to check the effec-
tiveness of the complete experimental set-up a constant head
permeability test as well as a standard incremental loading
consolidation test were run for a clayey soil available in
the laboratory and thus successful installation of the

;'complete experimental set_upwas ensured.,

iv) In the final phase, one dimensional consolldatlon
and constant ‘head permeablllty tests were performed for the

selected soils.

The experimental programme that follomed is deplcted

W

by flow chart is shown in Fig. 3.1.
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l Soil-sample;1;~* Index properties

and chemical tests

Air dried, powdered and sieved with |
No, 40 sieve : B -

Slurry formation uith'water'comtént
twice the liquid limit 'of soil

To ébﬁsblidétibn bermeability
. test unit -

Consolidation under z' tsf vertical
stress for 1 tg J -days

under
hours

Consolidatian
stress faor 24

5 tsf vertical '

FEbeffiCient of
consclidation
Cg, constrained
modulus 0, com-
Pressibility
parameters

CC and e,_,

uneer
hours

Consolidatiaon
stress for 24

i -
lPermeability test . -

1 tsf vertical ’

E0efficient of |
permeability k,
permeability
parameters n

and C
r_l

Consolidation undep 4 tsf vertical
Stress for 24 hours .

Consolidatibn under 2 tsf yertical
stress for 24 hours

Permeability test

Permeability
parameters
nand C,. . _
coefficient of
permeabjility k

IPermeability tesb__Ff - »

Consolidation Ynder 8 tsf.vertical
stress for 24 hours - - -

Permeability test

Lonsolidation under 16 tsf vertical
stress for 24 hours

¢
Permeability test

Fig. 3.1

'

Results used to structure madel to
predict permeability ang compressibility
of saturated normally consciidated

Silty clays and silts .

Flbw chart for eéxperimental programme.
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Four soils with varying index properties were used
for this researcﬁ. Consolidation and permeability tests
uere.repeated for the first twe soils and consistent
results were obtained for each of these scils. Therefore,
consolidation.and permeability tests were not repeated for.
the remaining two soils, S0, a total number of six cylindri-
cal samples weré tested., Each of the sample uwas artificially
sedimented Gy applying a uértical pressure of 1/4 tsf to
Dbfain saturated normally consolidated sample. Diameter of

each sample prepared was 2:50 inch (53.5 mm) and fhe height

PN
\

varied between 3.668 cm and 4:35 cm. For each sample consoli-
dation test'was run with a stress increment ratio of unity
i.e a load ratio of two. The vertical consélidation pressures
applied were 1/2 tsf, 1 tsf, 2 tsf, 4 tsf, 8 tsf and 16 tsf.
Duration of each loading step was approximately 24 hours,
Canstant head permeability test was run at the end of stress
increment when primary consolidation appeared to be complete.
For each sample Fiue'sets of permeability test were run at
the end of 1 t§f, 2 tsf, 4.tsf,-é tsf and 15 tsf-vertical
consolidation pressure, Sa, a total'number of 30 permeability
tests mére performed, Duriné perméability tests, the applied
hydraul&c gradienté varied from 293 to 857 and void ratio

ranged between 0.479 .and 0,328,

a—
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J.4 So0ils Used

FoUr'%oils were selected for this research, Of them
two jwere natLral_soil andlthe other two were reconstituted
at laboratory. Of the natural soil, one més collected from
the éampus of B%ngladesh Uniuefsity of Engineering and
Technology, Dhaka from a depth of eight to ten feet, the
other was collected from Kaiiakoir in Gazipur district
from a depth of six to eight feet. The soils uwere designéted

as follows:

Soil-I Collected from BUET .campus, Dhaka
S0il-II LCollected from Kaliakoir, Gazipur
S0il-III Reconstituted
S0i1-1V Reconstituted

The physical and chemical properties of the soils used

are listed in Table 3.1. The grain size distribution curves

of the soils are shown in Fig. 3.2
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Table 3.1 Results aof Physical and Chemical Properties

of Soils

S0il-I | Soil~-II1}|S0il-III|{Soil-IV

A. Physical Properties

i) Grain size distri-

bution
Sand in percent _ 13 11 12 13
Silt in percent - B5 89 75 79
c1é§ in percent 22 0 13 8
" |Percent passing No,200 89.5 92 91 91.5
sieve ’ .
ii) Specific gravity | 2.68 2,72 2;69 2.70

iii) Atterberg Indices:

Liquid limit 40 33 36 35 \
Plastic limit 20 27 22 124

Plasticity index 20 6 14 11

iv) Activity number 0.808 | - 1.076 1.375

v) 6roup classification Cla - ML CL Cu

8. Chemical properties

drganic matter (%) 0.34 | 0.62 | 0,43 0.49
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+ Fig. 3.2 Grain size distribution curves of the soils tested.
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CHAPTER -4

LABO RATORY. INVESTIGATIONS

4.1 Introductiop
The inueétigations in the laboratory were conducted
in accordance with the programme outlined in Art. 3.3. The

details of experimental set-up and experimental procedure

are discussed in this chapter.-

4.2 Test Procedures for Classifying Soils

The index properties of the soils used were determined
in accordance with the procedures specified by American
Society for Testing and Materials (AS7TM,71979). ASTM Standard
D423-66(1872) was followed for liquid limit LL, D424-53(1971 )
followed for plastic limit PI, DB854-58(13872) for specific
grauity and D422-63(1372) for grain size distribution. The
soils were then classified according to unified soil classi-
fication system based on ASTM:Standard D2487-69(1975). The
test results along with their classification and grain dis-
tribution are p%esentédnin,Table 3.1. The grain size distri-

bution curves have been shown in Fig. 3.2,

4.3 Test Procedure for the Determination of Urganic Matter

Two gms of oven dry sample after passing through 2 mm

sieve was taken into a beaker of 150 ml size. Distilled water

was added to the sample to give a 1:2 soil-to-water-ratio
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and covered the beaker with a ribbed watch-glass, Initially
3d H202 was added ;n increments of 5 to 10 ml in order to
oxidize the organic matter. For complete subside of frothing,
constant stirring was done with a low heat (65°-70°C) for
10 to 20 miﬁutes uéing apyater bath. When the sample had
lust-its dark coloﬁ;, it was transferred inte a centriguge
tube Far washings of £h; solution.'ﬂfter several washings,
the sample was placed in an oven at a temperature of 105057
110°C and weighed to the nearest 0.001 gm after 24 hours,
The pErcéhtage loss of the samﬁle was calculated as organic
content of the sample. The organic matter of each soil ‘is.

less than 1 percent.

4.4 Eguipments Developed for Consolidation and Permeability
Test
For permeability and consolidation test the following

main egquipments were useag:

i) A Consolidation permeability test unit
ii) A Flow volume Measuring unit

iii) A Constant Pressure Apparatus

Consolidation and permeability test and flow volume measuring
were desighed'and %abricated locally the details of which

are prbuided in Arts., 4.5 and 4.6. As porous stones of -

2 inch (50.8 mm) diameter were not available iy the labora-

. i
tory, a technique was also developed to prepare the same.

This is detailed in Appendix-A.

units
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4.5 Consolidation Permeability Test Unit

lIt was observed that the apparatus used by Olsen (1962)
was relatively simple and could be easily duplicatea_here.
So, Ulsen's apparatus with some modifications a consoclida-
tion. Permeability test unit made of brass was designed and fa-
bricated. A schematic diagram ofhihe consolidatioﬁ permea-

bility test unit is shown in Fig. 4.7,

The test unit consists of two major parts, a louwer
bottom part for sample placement and an upper ldading
piston. The cylindrical bottam part is 1%" (28.57 mm) thick,

53" high and has a base diameter of 4%" (120.65 mm) .

The principal features of the bottom part are the

followings:

i} A central hole of 33" (88.9 mm) height and 23"
(63.5 mm) diameter for enclosing the sample.

B

ii) Under the central hole there is a groove of 3"

height and 2" diameter for placing porous stone to secure

bottom drainage.

iii) Tuwo drilled holes, each 3/16" diameter, at the
bottom of the groove exténded uptoe the side walls of the
test unit at a height of 3" from the base. Two valves, a
and b, are fitted with these holes., These holes were provided

for bottom-.drainage and upuward permeation through the sample.
13 - }/-‘ .
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The loaﬁing piston is of 44" (107.95 mm) height and
lZE%" (63.1 mm) diameter., The diameter of.the loading piston
was made 1/64" less than that of central hole for sample

_placement to eliminate side friction between the loading

pistan and the side walls df the central hole of bottom-

part. Ty

The loéding piston consists of the following

féatures:

i) A groove of " height and 2" diameter for setting

the upper porous stone for top drainage.

ii) A hole of 3/18" diameter drilled centrally from the
base and extended upto the side wall of the piston at a
height of 7/8" down the top of the piston. This hole was
provided for top drainage and to collect permeant discharge.

- This hale has a valve attachment € at the side wall end.

iii) A semi-elliptical groove of 3/8" diameter at center
was made centrally tDp.Of the piston fTor setting a steel
ball to transfer load from the loading plate to the loading

'pisicn.

4,6 Flbw.volume Measuring Unit

8ishop and Henkel (1864) developed an apparatus to
measure flou volume and to apply back pressure in triaxial
tests. An apparatus was deslgned and Fabrlcated to measure

the flow rate during constant head permeability test. This
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éppératus is similar to that-deueloped by Bishop and Henkel
withrsome modifications to accommodate the present test

conditions. The whole unit rests on a rigid base plate with
' three permanent legs. A schematic diagram of this apparatus

is shown in Fig. 4.2.
The salient features of the unit are as follows:

i) An inner 100 ml x 0.2 ml precision bore glass

burette B.and an outer clear acryiic tube T,

i) A lower circular body made of brass. This body,
which is 1%" (34,92 am) hlgh and 3z" (88.9 mm) diameter,
‘has layers of grooves of different diameters for mounting
inner burette and outer acrylic tube and for seating O-ring.
TQP holes of 5/32" diaﬁeter, one at the base-of inner bupdtte
and the other at the base of outer acrylic tube were drilled
and extended upto the side walls. Two valves, d and e uwere

fitted with these holes.

iii) An upper circular body also made of brass of 1"
height and 34" diameter. This body has a groove of 1%%" dia-
meter for.holdihg the acrylic tube. A hole of 7/16" diameter
was driiled and egtented upto the‘top of the upper body. At

this end a hleed valve f was fitted. Arrangement was also

made to keep the inner burette in upright position.

1u) Three brass rods of 5/16" dlameter were fixed on

the perlphery of the lower body and extended vertically upto
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the top of upper body and bolted there to keep the uwhole

unit firmly in vertical position.

4.7 Preparation of Reconstituted Soil

The reconstituted soils were prepared by mixing twao

R e P A e s R gl

different types of soils. One of the soils had about 25;-
percent clay while the other had about 85 percent silt.
Before mixing of the soils, the anrse particles were removed
by sieuihg with No. 30 sieve and the two soils were mixed in
dry powdered form at different propaortions. Two silty clay
soils of medium plasticity resulted in the above psocesé of

preparatian,

4.8 Preparation of Normally Consolidated Sample

Arrangements for the preparation of normally consoli<
dated sample is shown in Fig. 4.3. About 173 gms of air dried
sample was taken. This sample was thoroughly mixed with a
water content equal to £wice the liquid 1imit of the soil to
form a slurry:tu ensure full saturéiioﬁ. This slurry uwas

stored in a dessicator for 24 hours tolpreuent any moisture

loss.,

The consolidation permeability test unit was placed
on a lever-arm consolidometer. The inner wall of the consoli-
dation.permeability test unit was lubricated tb prevent side

4

frictien between the sample and side walls, A porous stone
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wlth two filter papers on it was placed at the bottom Df

the central hole of the test unit. Angther porous stone

was placed at the bottom. The side wall of the loading piston
was lubricated to prevent friction between the side wall of
the piston and side wall of the central hole of consolidatijion

permeability test unit.

The slurry was poured directly into the test unit.
Care was taken to avoid seéregation of particles. The loading
piston was gently placed ﬁn the slurry and kept for about
30<80 mimutes (depending Da\the type of soil). The valves
a,b and ¢ were kept Dpened'daring this stage to allow drainage

through top and bottam Dfﬁthe slurry. A total vertical conso-

lidation pressure of # tsf was épplied on the slurry in tuwo

to four incrementé (depending on the type of saoil). The
pressure was exerted by the load on the lever arm which is
transmitted to the loading piston through a loading plate

and a steel ball. The loading was continued far 1 to 3 days
(depending on the typﬁ of soil) till the completion of co-
nsolidation which was indicated by constant reading of strain

gauge G. Normally consolidated sample was thus prepared.

4,9 0ne Dimensional‘Cohsolidation Test

Fig. 4.3 shows the consolidation testing arrangements

schematlcally. Series of consolidation tests were run aon
/,"
normally consolldated sample with a stress increment ratio

of 1 (i.e a load ratio of 2). The vertical stresses applied
}

i
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were % tsf, 1 tsf, 2 tsf, 4 tsf, 8 tsf, and 16 tsf. Duration
of each load step was approximately 24 hours, For each load
increment settlement was recorded by strain gauge, G with
elapsed_tiﬁe'at'increasing intervals of %, %, 1, 2, 4, 8,

15, 30, 80, 120, 2404 480 and 1440 minutes. During ail these
tests valves a, b and ¢ were Kept opened to allow drainage
thréugh top and boftom of the sample. This test was performed
in accordance with proceduréﬂdéscrfbed by ASTM staﬁdard

D 2435-70. , -

4.10 Constant Head Permeability Test

. Lonsoclidation permeaéility test unit, with constant
pressure apparatus and the flow volume measufing unit,
was used as permeameter for constant head permeability test.
Fig. 4.4 shows the arrangements schematically to perform

this test.

Permeability tests were run at the end of stress
increment when the primary consolidation was complete, Fot

each sample five sets of test were run at the ends of 1,2,

. 4,8 and 16‘tsf vertical effective conéolidation pLessure.

This tesﬁ was done according to the following steps:

1) The imner burette B and the outer acrylic tube T
were completely filled and overflowed through bleed valve
f with cooled boiled water from the reseruo%ﬁ by apening
valves g and e. Valve d uwas kebt closed duriﬁg this operation

After filling with water, valves g and e were closed.
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Fig. %4.4 Arrangements for conducting constant head permeability test.
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2) The line between d and b was connected by flexible
tube and was flushed by opening d and b. Valve a was kept
closed Durlng this operation water level inside the burette
B was lomered to some fixed mark. Valves d and b were then

closed.

3) The water level inside the outer acrylic tube T .
. was lowered'to some extent by opening valve e. Valve e was

then closed.

4) Coloured kerosene uwas added through the bleed valve

¥, when the vacant space within the burette B and acrylic
tube T was completely filled through bleed valve f. In this

way Kerosene-water interface was made., VYalue f was then closed. -

5) The line between h and e was flushed by opening
valve h and operating the constant pressure apparatus. Valve
e was kept closed. Constant pressure was maintained for at
least half an hour. This was indicated by the pressure gauge -

of constant pressure apparatus,

6) Valves e and d were openéd slowly, No fluctuation

of pressure indicated by the pressure gauge was ensured.

7). Position of kerosene-water interface within the glass
burette ;B was ooted. Valve. b was opened slowly. Under cons-
tant hydrostatic pressure water began to flow through the
spil From bottom to top. The flow threugh the soil was recorded
with elapsed time at increasing intervals sdch as, 1,2,4,9,
16,25,.... 121, 144, 168 minutes and so on until the steady

state of flow was reached.
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The same procedure as mentioned above was followed

for esach stress increment.

The steady rate of flow (Qu) uaé determined from the
slope of the straight line portion of flouw discharge‘(O)
versus time (t) plots. These ﬁlots are shown in Figs. 5.18
‘to 5,21, Usimg Darcy's law, the coefficient of permeability
waé‘then determined corrBSpbhdihg to the steady rate of

flow.
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CHAPTER 5

RESU LTS AND DISCUBSIONS

5.1 Introduction

In this chapter one dimensionél:conéolidation and

canstant head'bermeabilify test réguits are analysed to

L

- establish a relation betueen qoefficient of permeability
and void ratio. Determination of pé:meability and compfe-
ssibility parameters and correlation of these parameters
Mi?h_index properties of soil are also ;ttempted. A tela-
tionship befueen conétrained;_modulué (D) and effective
vertical pres;ureAfor normally'ﬁonsolidated silty clays and
éi;ts is reported. Un the Easis'df available results, some
equations for evaluation of barameters for settlement

estimation. have been proposed,

5.2 0ne Dimensional Consolidation Test Results

'In consolidation test normally consolidated soil samples

were prepared and tested under Stressfincrements of 1/2; 1,
2, 4, 8 and 16 tsf. The details of soil samplé preparation

" and testing procedure are described in.Arts. 4.8 and 4,9,
Typical time deformation clurves for soil-I under:1 tsf
cansolidation pfessure are shown-in Figs. 5.1 and 5.2.
Fig. 5.1 shows didl .reading versus logarithm of time plot
while Fig. 5.2 shows the same plot in dial rqéding versus
square root of time. Table B-1 to 8-4 of Appendix-B furnish .-

l
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time derrmation readings for the four soils used in this
reseérch for all the stfess increments. From the two time
defprﬁation curves that is log fitting and sguare root

fitting curves, times corresDBHding to 5 .consolidation
.(tSd) and Qtﬁuconsolidation (tgd) respéctiuely were célculated
for each scfail.t5D was determined‘by method proposed by
Casangradde and Fatum (1940) while tgy was determined by method
proposed by (Taylor (1942). Coefficient of consolidation C,
and coefficient of permeaﬁ%lity K were calculated for each
stress increment usihg botQ\FSD and tyge fhe CU and k values

N,

were determined by using the\ﬁpllowing equations from

Terzaghi's one dimensional consolidation theary (Terzaghi,1943).

2
g = 0187 H” - 5.1
v t
50
2
Coo= 0.848 H 5.2
v t
30
0,197 H? y  C_ _
k = — 5.3
2,303(1+e)0 tSD ~
0.848 H® v, C_
e k = ~ - 5.4
2.303(1+e) 5 tg,
Here, H = average length of drainage path, that is half the
height of sample at the end of 100% .consolidation
~for a given stress increment. _
! : . -y
C =

Compression index
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aveage effective vertical pressure for a given

Qe
I

stress increment

void ratio,

e

Summary of the consolidation test results for the

soils are-presented ifn Table 5.1. It shows that CU values
. i :
for. normally consolidated silty clays used in this study i.e

soils I, III and I ranged betueen 5,04x10"% and 97.27x10"% cm?/

sec whilst that for normally consolidated silt i.e. Soil-II

varies from 73.66x10"% to 249.6x10"%

cn’/sec. Serajuddin (1967)
performed consolidation tests on a la;ge number of undisturbed
clay and silt samples collected from different locations in
Bangladesh. He reports that the Cuﬂualues for undisturbed

clay and silt samples collected from North East Zone (Dhaka,
Mymensingh and Sylhet districts) varied between 0.92x10°% to
QDDx1D_a cmz/sec. It is likely that most of the samples tested
by him were normally loaded with some samples slightly pre-
consolidated and also that the samples were natural specimens,

5.3 Permeability Test Results

During permeability test, éamples were tested at the
raﬁge of hydraulic gradients from 293 to 857 which on~-the
basis of £g. 2.2 showed that values of Reynolds number were
all less than unity. Hence the samples were tested under
laminar fldw condition and consequently Dar9§'s equation was

used to compute coefficient of permeability for the soils. e




Table 5.1 Summary of Consolidation Test Results

T

Sample ~ FJ:.tting v }8<
Soil a ?.ﬁl; :;d Void Avg. | Avg. tine {sec) (1q-acm2/sec) (10_ cn/sec)
(tsf))of 1006 . | ratio - void [ : .
. lconsoli- | o | ratio 19742 | L BagH? 1975y B [.easn?y
dation (tsf) tsg tag . : u_c . b
24, cm ' 50 90 2.303(1+e)ct5D 2.303(1+e)ctSD
1 2 3 4 5 6 7 8 ] 10 11 12,
0,25 3.805 |.1.01 - - - - - . - -
0.5 3.848 | .925 | .375| .958 1356 | 4258 5.04 6,93 8.289 11,39
C1.0 | 30483 | Ly .75 | .883 | 851 | 2820 6.583 | 'g9.55 5.649 8.196
I 2.0 3,32 .754 11,5 .797 | 702 | 2107 8.125 | 11.64 3,645 5,228
4,0 | 3,16 .67 | 3.0 .712 | 530 | 1864 9.76 | 13,37 2,30 3,15
8.0 1 2.898 | .s584 (6.0, |.527 | 438 | 1405 10.669 | 14,306 1.32 1.77
6.0 | 2.858 | .509 (12,0 |.545 | 406 | 1288 | 10.4 - 14,106 678 . 0.92
0.25( 4,353 | 1,134 | - - - - - - . .
0.5 4012 19.021 ( L,3750 1,077 | 120 | 388 73,66 104.0 118,18 186.9
V.01 3,837 | .83 | .75 | L9758 27 | 241 103.0 . | 142.7 85,5 120,79
11 2,00 3,775 | Le41 | 1.5 .8855) se | 188 |125.8 166,56 55 82,78
4.0 1 3.578 1 L7531 3.0 0 [ 1.217] 45 | 127 | 1480 224.0 34,4 52,09
8.0} 3.386 | .865|6.0 .| .708| 35 | 106 |172.0 | 243.0 20, 99 29,67
16.0 | 3,223 | .58 (12,0 | .e225 1g ‘93 [179.8 249,6 11,5 16.045

L




Table 5.7 Contd...
1 2 3 4 5 5 7 8 3 10 11 12
0.25 | 3.8 .953 | - . - - - - - -
0.5 3.647 | .875 | .375 | .914 | 845 1993" 10058 | 14.75 16.0 22,3
1.0 3.497 | .798 | .75 | .836 | 446 1410 14,1 19,184 11,089 15,1
111 2.0 3.351 | .723 1.5 | .76 | 329 1033 17.57 | ‘24,05 7,20 5,87 -
4.0 3.203 | .647 | 3.0 | .885 | 252 826 21.0 27.56 4.497 5.9
8.0 3.053 | .57 | 6.0 ! ,608 | 225 730 21,42 7| 28.4 3.18 3.18
16,0 2.9068 | .494 12,0 | .532 | 228 781 19.2 | 24,1 1.128 1.416
0. 25 3.66 | .83 - - - . - - - ,
0.5 3.523 { .e818 |'.375 | ,854 | 237 582 26.74 | 46,495 37.27 65. 42
1.0 3.395 | .752 | .75 | .785 | 182 421 36.4 60. 22 © 26.7366 43,62
Iv | 2.0 3.25 | .677 [1.5 L7Ma L 117 320 46.43 | 73,07 17.45 27.46
4,0 3.13 .B15 [3.0 546 . 88 244 56, 81 88,37 11.15 17,328
8.0 2.996 | .546 |6.0 .58 68 204 66.08° | 97.27 6. 939 9. 814
16.0 2.87 | .487 12,0 | .s13 56 192 B4, 2 94, 98 3,417 5,056

L




73

Perméability tests were performed for each of-the four
soils at the end of primary consolidation at stress increments
of 1,2,4,8 and 16 tsf. The primary comselidation was assumed
ta be compiete at the end of 24 hours of loading when increase
in soil deformation was nearly zero. Details of test procedure
for permeability test is outlined‘in Art. 4.10, Frbmkthé‘L
analQSis. of permeability test results 'coefficien£ru
of permeability uwas determiﬁéﬂ from the steady state flow
rate at different applied Hypraulic grédients. Summary of
thé permeability test resulté\for all the soils is shown in
Table 5.2. This table shows éhgt, for normally leaded silty
clay, coeffiﬁients of permeébility detérmined from constant
head test are in the range ﬁf 4.01x10" " to 7.36x10" " cm/sec
with dry density and void ratio of the samples in the range
of 90.68 to 113.458 pcf and 0.479 to 0.837 respectively,

Table 5.2 also shows that, coefficients of permeability for
silty samples varies from 1.23x10°° to 1.35x10°¢ cm/sec.

Dry density and void ratio of the silty samples are in thé
range of 87,77 to i,D?.DBS pcf and 0,579 to 0,926 respectively.

Seréjuddih and Ahmed (1967) performed laboratory permeability

test by falling head method on six undisturbed clay samples

of mgdium'plasticity. The samples were collected from an

£

area of-Dhaka by excavation at shallow depth. Coefficient of
permeability of the samples were in the range of 4.0x107° to
3.6x10°% cm/sec with natural dry density of the samples in

the range of abaout 77 to 100 pcf. -.
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Table 5.2 Summary of Permeability Test Results

Hydfgulic. Uoid Water Wet Steady K .
gradient;i ratio contenﬁ density | state .8 .
Soil ‘ — (% N (pct) flow 1618  "em/
: - L _rate sec) -
. ., o - (cm/min)
293.05 .837 | 31.23 119.0 | .0613 | 7.42
368.73 .752 |28.06° | 121.76 | .033  |.4.7
I 452,42 .666 | 24.85 124,84 | .0243 2,83
T s21.77 .582 | 21.71 128.21 | 0172 | 1.54
857. 1 .507 |18.92 131.41 | .012 0. 736
259, 348 .926 - | 34.04 117.64 | 1607 123.2
271.58 .833 | 30.87 120,29 °| .4026 | 78.03
II 342,218 .752 | 27.68 123,23 | .337 51.8
366,43 .663 | 24.64 126.69 | .179 26, 1
442,95 .597 | 21.28 129.87 | 114 13.54 ‘
291, 71 .796 | 29.59 120,63 | .081 14,1
265,428 .72 26,79 123, 2 .0636 9,17
1111 446,05 .645 | 23.37 125.04 | ,0451 5,32
601.518 .568 | 21,11 —~| 126.19 | .0337 2,95
842,75 . .492 18,3 132.56 .| ,0233 1.468
- 300,412 .75 27.8 122.51 | .2289 401
, 313.95 .675 .| 25.0 125.23 | .148 24,98
IV 391,137 .613 22,72 127.64 .120 16.13
476,757 .544 | 20.19 130,56 | .0832 9. 189
639,98 479 [17.74 133.58 | ,0615 5,061

7
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In this research, permeability test was performed on

saturated normally consolidated samples by the application

of back pressure. Undisturbed samples tested by Serajuddin
and Ahmed were'taken from shallow depth. So the samples weré
likely to be preconsolidated. Since, they performed permeabi—
llty test by falling head method the samples uwere likely to
swell durlng test resultlng 1n higher permeability. Also

the samples tested were natural clay and therefore likely to
have different stress history and fabric. A comparison of the
fésuiks 5? the present research with that of Serajuddin and
Ahmed reveals that the permeébiliﬁy values obtained by the
latter to be higher for. nequy similar type of soil. This
deviation in results may be due to differences in test method,
stress history and fabric of the soil.

\

,9.4 Void Ratio-Effective VYertical Pressure Relationship

Void ratio e versus logarithm of effectiue.uértical_
pressure (ap the end. of primary Epnsolidation) plots for the
four soils stud;ed.gre shewn in Fig. 5. 3. From the figure
7 ;t can ?é observed that fof normally consoliddated silty clays

and silts e:log 0 plots are straight lines. Similar observa-
tion was made Ey Raymond (1966) for three normally consoli-

dated clays of medium to high plasticity and by Samarasinghe

et al (1982) for a .normally consolidated sandy clay of medium

"

plast1c1ty. Compr8351blllty parameters, i.e. compression index
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C. and e, uvere determined from e-log ¢ plots, L. is the slope

1
of e-log o plot and e; is the void ratio corresponding to

the effective vertical pressure of 1 tsf. The values of com-

pressibility parameters of the soils studied are presented in Ta-

ble's,3Itshous that C. for the soils ramge betuween 0.223

and 0.28 while e, varies from 0.752 to 0.93 for the four

1

different soils.
Except for the Soil—If, which is a slightly plastic

silt, compréssibility parameter Cc‘i.e compression index,

incpeases with increasing LL and PI-Skemptoﬁ (1953), Raymaond

(1966) and Serajuddin and Ahmed (1967) all showed that for

bléstic clays CC increases with increasing.LL and PI. Similarly,.

for all the soil except So0il-II, the compressibility parameter

e, increases with the increase in LL and PI. R aymond (1966)

demonstrated that value of e, increases with increasing LL

]
and PI for plastic clays. Houwever, for S50il~II, both the
values of CC and e, are higher than the corresponding values
for the other soils euén though both LL and PI for Soil-II
is less.'It, therefore, appears th;t for non-plastic or

_’slightly plastic soils different relationship betueen CC and

e, with LL and PI exists. than for soils with medium to high

plasticity. However, this aspect requires further investigation,

9.5 VYoia Tatio-Permeability Relationship
\ . . p

For each soil, coefficient of. permeability k was deter-

mined from constant head permeability test using Darcy's eQu?tion

i
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r

and also from consolidation test data by using Eg. 5.3 based
on tgy and Eg. 5.4 using tg, uglue.iThe e-log k plots for the
soils are,sﬁohn in Figs. 5.4 and 5.5. In Fig. 5.4, uoid ratio
has been hiotted aéainst coefficient of permeability computed
from constant Head permeability test while Fig. 5.5 shous
plotting -of e Qersus ; determined from consolidation tests,
It:is observed from Figs. 5.4 and 5.5 that coefficient of
permeability of each soil decreases with decfeases with
decreasing void ratio and also that e-log k relationship is
non-linear. Similar relationship had previously been reported
by Raym&nd (1866) for normaliy consolidated clays and by Ahmed

(1977) for undisturbed soft Bangkok clay.

Variation of coefficient of permeability k (in log
scale) with plasticity index PI is shown in Fig. 5.6. In this
k corresponds to a particular value of void ratio marked with-
in the figure. The value of k used in Fig. 5.6 has been
determined from consolidation test results using equation 5. 3.
Since k-values obtained by Dtherﬁmgﬁhods, such as constaﬁt
head permeabiiity-test or consolidation test using eqn. 5.4
were noé-signiélbantly different, shous similar plot and
therefore is not presented. Fromf ig. 5.6 it.is evident that
log k-PT plbﬁs are approgimately S-shapéd curves., The plottings
also show that for any particular void ratio, coefficient of

‘permeabiliiy for normally consolidated silty clays and silts

decreéseé";ith the incredse-.in plastiﬁity'igdex of the soils.

The log [k(1+eﬂl versus loge plots of the soils investigated
I
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are shown in Figs. 5.7 and 5.8, In Fig. 5.7 k values are
obtained from permeability tests while the k-values in Fig.5.8
are obtained from cunsolidation“test. From the plots of Figs.o.7
and 5;8 it is observed that log D{(l+ez] versus loge plots for
normally consolidated clays and silts are straigh£ lines,
Identical relations were obtained by Raymond (1866) and

Samarmasinghe et al (1982) for ndrmally loaded clays.

From the plots of Figs. 5.7 and 5.8 permeability pérame-

ters n and C were computed.

Parameter n is the slope of log [}(1+ej] versus loge
plot whereas logarithm of parameter C is the vertical intercept
of the same plot. The magnitudes of n and C are tabulated in

Table 5.4. Thds table shows that n and C obtained from permea-
7 7

bility test ranged from 4.8 to 5.0 and 3.2x10° " to 35.48x10°

‘cm/sec. respectively. Values of n and C computed from consoli-
dation test_(loQ t method) varied from 4.72 to 5.18 and 1.94x10_7
to 18.55x10'7 cm/sec respectively. Values of n and C obtained
from consolidation test . ( vt meﬁﬁqé)‘uar;ed from 5.0 to 5.3

7

and 2.818x10° ‘to_28;2x10_? cm/sec. Thus permeability parameter

" C computed from permeability test is higher than that defermined
fram conéolidation test. However, permeability parameter n did

not vary significantly with type of test,

From Table 5.4 it can be inferred that C inpcreases with

decreasing values of LL and PI. Similar behayion was observed

by Raymond (1968) for three normally consolidated clays. (}
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. . Derived . :

legand |Soil LL Pl Feom - n | C,em/sec.
- =7
I t0 |20 log t Method | 4.72 [1.94x% 10-

L vt Method [5.0 |2.818%107

Tl I 13 | s |09t Method 4.8 |1.855x168
V- : Vi Method |5.0 {2.82x10°6
=7
A I 16 | 14 log ¥ Method }5.18 s.n'xm_

cd vt Method 1[5.19 [6.75 x16 7
. ’ t Method |4.76 |1.53x10°6
n P 35 |1 log e 4.76 |1.53 D_

o - vt Methog 2.82x10°6

1
o
[=]

1‘_09 [k llee)})

- B ' 1 1 ) I |
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' Fig, S.8 Relationship between log [k(1+8)] , and loge
\ ik computed from consoclidation EBSt)-
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Table 5.3 Values of Compressibility Parameters of the
Soils Investigated

Ssturated | [omeressibilicy
water. . }
“seil | LL o pr |Cemtent. L
lz(%}tsf 'E ...Cca _e1
i 40 20 31. 23 Q.28 0. 84
II 33 6 | 34,94 " 0,29 0,93
III | 36 14 29.59 0,25 0.798
IV 350 | 11 27.8 |, 0.225 0.752

- Table 5.4 Values of Permeability Parameters of the Soils

Investigated

Permeability parameters

Soil LL {PI {Feom constant

head permea From one dimensional -

| bility test. "~ consolidation test
- - log time ¢ - Square root
' method -~ of time
) : . 7 method
C R C
n (107 %em| n (1Df7cm/ n (1D-7cm/
[sec) sec) sec)

2.818

28,2

6.75

28.2
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The nature of Uarlatlon of C with plastlolty index can be
observed from Fig. 5. 9 which shaus the plDttlﬂgS of log c
_uersus PI. Raymond reports that for a particular type of

e

clay n is_eséentiélly same irreSpeotiue of method of deter-

mination i.e test type but there is a tendency . of increase

A R s it AT gk _ MRy ed o G

in n value for soils with- 1ncrea51ng PI. Raymond tested
threefsoils e.g. Don valley clay, Neuw Liskeard clay and-

Bentonite having PI equal to-?é;'ao and 72 respectively. All

:
!
1
:

the specimens were normally consolidated. Values of n deter-
mined from permeability test for Don wvalley clay, New Li skeard
clay and Bentonite are 4.5, 5.2 and 13.9 respectively. In this
researoh, three normally consolidated clays with PI equal to
20, 14 and 11 and one slightly plastic silt with PI egual to

6 have been studied. Although no definite relation between

n and PI coulo be observed, there is a trend of slight increase
in n with decrease in PI uwhen n ualoes are’ computed from
permeability test. This finding, therefore, somewhat deviates
from the relation observed by Réymonot Thio aspect, therefore,

requires. further investigation,

e 3
-

The theoretioal model tSamarasithe et al, 1982) for
the prediction of permeabil;ty of normally consolidated clays
suggests tnatlfor a paftioular value of n,:a plot of k versus
void ratio funotion e"/(1+e) would result in a straight line
passing thrDUgh the orlgln. In order to obserue thlS relation
ooefflclent oF permeability computed from constant head per-

meability test has been plotted against void ratiec function
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e"/(1+e). Fig. 5.10 shous plottings of k versus e"/(1+¢

for Ehe soils studied. The values of n reported in Fig. 5.10
have been oé?eined from log [k(1+e[].uersus loge plots shown
in Fig. Sﬂé pietted from permeability test data.Fig. 5.8 ane

5.9 show that for normally consolidated silty clays and silts

as well, k versus en/(1+leplot is.% straight line passing o
through the origin. HerRse, fD{ nurma&ly consolidated.silty -
clays and silts coefficient of permeability can be directly
related to yoid ratio function e"/(1+e) by Eq. 2.8 pfoposed

by Samarasinghe et al (1882) uwhich has been experimentally

verified,

5.8 Loefficient of Conselidation - Effective Vertical

Pressure Relationship

For each soil, coefficient of ceneolidatien, Cu has
been determined From'consolidation test using Eg. 5.1 based
on tSD and £g. 5.2 based on tQD‘ CU has also been calculated
from Eq. 2.20. In order to calculate C, from Eg. 2.20, n, C,

CC and e, were-required and the values of n and C were abtained

fram log [k(1+e]] versus loge plot, K being determined from

-
-

l”permeablllty test using Darcy = equatlon. The values of Cn
and e, shown im Table 5.3 were computed from e- -log 0 plot
for each soil, The values of E corresponding to different
effectlue vertical pressure G calculated by u51ng Eg. 2.2D

are presented in Table 5 3. Fig. 5.711 shcws the plotting of
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Table 5.5 Values of Coefficient of Consolidation
' (Calculated”FrDm'Eq;fZ:ZD)

-1 -
|

Coefficient @f cohgqiiaation, C, x 1074 cmz/sec
(tgf) . R
Soil-I Soil-II Sail-III Soil-IYy
0. 25 6,723 115 13,77 41.3
0.5 8. 844 150. 8 18.2 55, 7
) 1.0 11.178 190 23,2 72,68
2.0 13,457 229.6 28, 29 91.08
é.u 15,25 262 32,85 108. 75
8.0 16502 279 35,2 122,36
16.0 15.23 272 e 34,79 | 127.7
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o uerégs log ¢ for Soil-I. Similar plottings for Soil-II,
'§8i1-III and Soil-I are shown in Figs. 5.12, 5.13, and 5.14
respectively, It is euident from the above mentioned figures
that Cu-obtained from consolidation tests increases somewhat
linearly mithllog.a Upfo a value of & of 3 tsf. At higher
g -values thé curves bééoﬁe non-linears At G . greater than :
_abouf 6 to B tsf there is a tendency of decrease in CU value.
Similar nature of EU; log o .relationship was reported by
Gorman et at (1978) and Samarasinghe et al (1982) for normally
consolidated clays. The decré@se in @u'a£ higher effective

stresses is due to decrease DF'ratia'HZ/tSO or-Hz/t at

80 .
higher effective stresses, From ﬁigs. 2.11 to 5,14 it is

also evident that the theoretical curves drawn by utilizing
Egq. 2.20 and the expe;imeﬁtal curﬁes drawn by utilizing
Temgahi;s theory i.e.  Egs. 5.1 and 5.2 have the same shape.
This confirmsithe findings previously reported by Samarasinghe
et al (1982) for a normally consolidated sandy clay. It is
also inferred that Eq. 2;20 can be used to predict the nature.

of C - log o. relationship of normaliy.coﬁsolidated silty

clays and silts available in 8angladesh.

Variation of CU with index property can be observed-
from the pglottings of Fig .. 5.15. In Fig. "5.15 log CU COTEES-
ponding to different effective vertical stresses has been
plotted against the plasticity index PI of the soils studied,

The ualues'o?fCU have been calculated by using Eq. 2.20.

Fig." 5.15 shows that in case of normally loaded silty clays
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and silts CU decreases with the increase in plasticity index.
CU values computed by other methods such as'consolidation test
using Egs. 5.1 and 5.2 show similar relationship with PI and,

therefore, is not presented here.

¥

5.7 Comparison of Coefficient of Permeéability and Coefficient
of Lonsolidation Determined byEDifferent Methods
Coefficient of perméabfiify was comﬁutéd from constant
head permeability test and also from consolidation test using
logt arid vVt plots. Figs. 5.16(a) and 5.16(b) show the plottings
of e versus logk for Soil-I and So0il-II respectively. From
these figures it is evident that at any void ratiov k determined
from constant head permeability test is higher than that
obtained from consolidation test estimatecs by using either
logt or vt plot. If is also evident from these figures that
k computed from consolidation test using vVt plots is higher
than that computed from the same test but using logt plots.
Higher permeability values when determined from consolidation
test using v/t plots is due to that~at any “stress increment

the” ratlo T /t gg is higher than the ratio T /t Similar

50°
results as stated above were obtained in case of S50il-III and

" S0il-IV., A comparison of k;ualues determined by different-
methods for the soils studied is shown in Table 5.6. Permeabi-
lity determination from constant head permeablllty test by .
applylng back pressure involves more controlbed operations
than that from consolidation test utilizing Tecrzaghi's theory.

|
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Table 5.8 Compaf@son of Loefficient of Permeability and Coefficient of

Consolidation Determimed by Different Methods
' ]

1

Coefficient of Permeability Loefficient of consolidation
SOif 3% ﬂ% +

K, /K K /k k /K /e, E, /L /€
Yt’"logt p’ logt p' VvVt : U,/t logt Eq ngt. Eq ‘/t
I 1.34—1.45 1.59-1.67 1.10-1. 21 Te34-T,45 1.43-1.58 1.05-1.12
II 1.39-1,54 1+73-1, 83 1.22-1,29 14 38-1,51 1.54=1.71 . 1.70-1,26
I11 1.25-1,39 ‘1.54-1,82 1.14-1.40 1.25-1.39 1.47-1.83 1.1U-j.45
ﬂf 1.42-1.75 1.75-2,.20 1.16-1,48 1.43-1.,75 1.75-1.8986 1.09-1, 32

]
i

#* ks = coefficient of permeability determined from consolidation'testfusing t method
i.e. t90 value

klo T coefficient of permeability determined from consolidation test using ngt
9% method i.e. tSD val ue

**kﬁm = coefficient of permeability determlned from constant head permeablllty test.
+ CU. = coefficient of CDnSDlldatlDﬂ determlned from consclidation test using
V't t method i.e, tgg value : _
C . = coefficient of consclidation determined_from consolidation test using

Vlogt logt method i.e. gy value

++4+C = coefficient of consolidation determined from Equation 2,20

LB
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Moreover Terzaghi's conedlidatidn theory is based on several
assumptions. Therefore, determination of permeability from
constant head test is more reliable than consolidation test.
However, it has been found that ceefF1c1ent dF permeablllty
determined frOm constant head permeablllty test compares more
closely uwith that calculated from-eonsolldation test results
" using tgD value than that obtained from t50 value. From

Table 5.6 it can be observed that k-value obtained fram
permeability test is 10 to 4% higher than that obtained

from consolidation test using th value while it is 54 to

120 ‘higher in case of using t50 value,

'It,therefore, seems reaseneble for most practicai
purposes -at least, to determine coefficient of permeabiiity
from consolidation test (vt method) which involves relatively
simple operations as compared with constant head permeability

test by application of back preseure.

From Figs. 5.11 tD 3.14 it is evident that, for each
soil at any effectiue vertical stress, Cu calculated from
Eq.,Z.ZD is higher than those compdted from consolidation
,teet inueiuing tSD and tQD' It is also evident that C determined

from COﬂSOlldatan test involving th is hlgher than that

determined from same test but involving t in Eg. 2.20, C

D.
has been calculated by using compressibility parameters C “and
e, and permeablllty parameters n and C ebtalned frem constant

- A
head pepmeablllty test. A comparison of Cu - values determined

by different ﬁethods is shown in Table 5.6. EU - values calculated
| l
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from ﬁﬁ. 2.20 is moré reliable than those computed from
COnsolidgtiDn test involving t50 and.t90 because Eqg. 2.20
is deriued'without assuming that k is constant and that a
linear relationship exists between e and 0, -as assumed in
the Terzaghi the;ry. Houguef, Table 5:5 shows that values of'
C; determined from congolidatidn tést involving t90 do not
. uary:significantly from that determined from £g., 2.20. CU
calculated from Eq. 2.20 is 5 to 46 chigher than that computed
from consolidation test using tgy value while it is 43 to 96}
higher when computed from consolidation test using t50 value.
So for use in any practical pQ;pase, coeffiCient of consoli-
dation can be determined from consolidation test using €gq. 5.2
inuoluing tgy rather than Ffﬁm using £g. 2.20 uwhich involves

S0 many parameters.

9.8 Effect of Uerticai Effective Pressure on Coefficient
of Permeability )

The logé versus log ¢ relations for the four soils |
studied have been plotted in Fig. 5;1%. Permeabiiity values
obtained from constant head permeability test have been used
Jto plot the curves in Fig., 5.17, From this figure it can be
observed fhgt} coefficient of permeability decreases with the
increase in effective vertical pressure . Ouring the process
of consolidation pore volume decreases and the soil particles
are likely té become more oriented inrthe digéﬁtion perpéndi--
cular to the direction of load, so permeability decreases uwith

‘! .
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Fig. 5.17 Variation of coefficient of permeability with -
effective vertical pressure. |
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consolidation under increased consolidation pressure. The

rate of decrease of permeability with the increase in conso-
lidation pressure Has also been studied in terms of an index
C,. which is the_slopeluf log k versus log 0 plot. The values
of L fof Soil-I, Soilf;I, S0il-II1 and Soil-IV at higher
consolidatian pressure (8 to 16 tsf) are approximately 1.2,
1.10; 1.71 and U.88.r85pectiuely. éowever,at lower consoli-
datioﬁ pressure (1 to 4 tsff;ﬂfﬁe respective values of C,

for Soil-I, Seil-II, Seil-III and Soil-IV are approximately
u.637, ‘0,62, 0.644 and 0,69, Therefore, normally consolidated
silty clays and silts are more susceptible to decrease in
perme#bility at higher stress levels than at lower stress
levels., Moreover, at higher stress levels, the values of Ck

of the soils studied did not differ signifigantly but at lower
stress leyels the variation is more or less prominent. However,
no definite t?end in the variation of L, value depending on

the type of soil has been noticed.

5.9 Variation of Rate of Flow with—-Time

During constant head permeability test the flow O through
the sample for different time intervals were recorded. Fig. 5.18
shows Q uérsus t'plots for Soil-I where t is the cumulative
time against which total flow is plotted. Similar plottings
for SDil—IIA S0il-III amd Soil-IV are shown %n Figs. 5.18,
5.20 aﬁd S}é% respectively. Frbm the steep sfope of the initiaL

nonlinear portion of these curves it is evident that just
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after the application of hydraulic pressure the rate of flow
is high. The rate of flouw subsequently decreases with time

and finally attains a steady value after a time depending

upsn the type of soil and to lesser extent on applied hysra-
~ulic pressure., For Soil-I and So0il-II which contain 22 percent
and 13 percent clay respectively, time required to attain
“steady flow.is about 50 to 80 minutes. For 50il-II containing
no ciay this time required is less and is about 15 to 25
minutes., While for Soil-L cantalnlng E% -clay lt is 30 to

45 mlnutes. The. initial high éate of flow and later attaining
a steady value is probably due tq the combined effect of
decrease of Rydraulic gradienf with time, cﬁsnge of fabric of
the soil and migration of soil particles QUriﬁg the flow.

From the foregoing description, if, therefore, seems essential
that in the measurement of soefficient of permeability, the

rate of flow corresponding to steady state should be considered.

5.10 Compression Index-Void Ratio Relationship

Attsmptstbage been made ta rezate compression indeg

JCC with edyilibrium void ratio under different effective
vertical s%resses. The values af C have been obtained from
consolldatlsn ‘test an SOll samples for So0il-I, II, III and
IV, In Fig. 5.22 these C values have been plotted as open
circles agalnst ey in which e, ‘is the equ1llbr1um void ratio
COIrESpOndlng to 1 tsf effectlue uertlcal pressure. On the

basis of regression analysis of these values a correlation
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line éhowﬁ as a.fifm limpe in Fig. 5.22 is drauwn. Samarasinghe
et al (1982) and Raymond (1966) also published data on C. and
e, values for four normally consclidated clays of medium.to
high ptasticity (tL = 27 to 118 and PI = 14 to 72). The data
from Raymond are plqttquas’open triangles and those-from
éamarasinghe as open sguare iﬁ'Figa,S;ZQJ These plottingé

: - |

lie close to the line -drawn on the%basiﬁ_of present test

results, All these data including those obtained for Soil-I°

to IV are reanalysed and a posrelétion line shown in dotted
in Fig.s 2.22 is drawn. The eguation of firm line (for Soils I,

II, III and IV) is as-fDllDws:ﬂ;

1Y

o= 0.36 (eg - 0.19)_ ‘ | 20

The equation of the dotted line for all the soils is as

follows:
cc = 0.39 (e1 - u.¢4) 5.6

The correlation coefficient for the linear plots expressed

by Egs. 5.5 and 5.6 are 0.828 and 0.994 respectively.

In Fig. 5.23 C_ has been plotted against equilibrium
void ratio under 1/4 tsf (es), % tsf (e3) and 2 tsf (82)
effective’ vertical pressure respectively. The relations may

be expressed by the Follouing empirical expressions:
C. = 0.323 (ei - 0.186) / ' 5,7
C_ = 0.33 (ey - 0,11) T o 5.8

C. = 0.40 (e, - 0.10) 5.9
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The correlation coefficients of Equatioms 5.7, 5.8 and 5.9

are respectively 0.927, 0.344 and 0. 918.

Serajuddin and Ahmed (1967) and Kabir (1978) have shouwn
relations between Cd’and initial void ratio eo'for a number

of undisturbed plastic clayé and silts of Bangladesh and

suggested. emplrlcal relations. In Fig. 5.23 empirical rela-
*tions suggested by them have been plotted f fom the curves of
Figs. 5.22 and 5,23 it is evident that at a particular effec-
tive vertical pressure, CC increases with the increase in
equilibrium void ratio and also that for a given equilibrium
void ratio C¢ increases with increasing effective overburden
pressure, [lherefore, Cc is a function of both void ratio and
effective overburden preésure; From Fig. 3.23 it is also
apparent that the effective overburden pressure of the soil
samples tested by Serajuddin and Ahmed was in the range of

|

z to z tsf and of those tested by Kabir was about less than

z to z tsf.

On the basis of Egs. 5.5, 5.7, 5.8 and 5.9, the following
equation expréssing CC as a fupction of void ratio and effec-

tive overburden pressure has been derived.

a2

= (0.044 T+ 0.31) e - 0,04 _ 5.10

Eq. 5.10 has been derived from the results of normally conso-
lldated 51lty clays and silts with liquid llmlt ranglng from
33 to 40 and plast1c1ty index varying between”S ;and 20. A

plot of Eq. 5.10 for G = 1 tsf has been shoun by the chain

line in Fig. 5.22. This equation can be used to estimate l
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compression indax Cc of normally consolidated silty clays
and silts provided the effective overburden pressure O and

void ratio corresponding to that pressure are knouwn.

3.171 Constrained Modulus - Effedtiue Vertical Pressure

Relationship B S

During consolidation test'ﬁhé soil sample was laterally
cdnfined. Attempt.has beenmade to find the relation betueen
constrained modulus D and'g?fectide vertical pressure O.
C-anstrained modulus has beén obtained by‘aiuiding the change
in pressure (p;essure increment . by the resulting vertical
strain i.e. deformation per unit height of sampig which deve-
lOpeé at the end of primary consclidation. The ualués of
constgained modulus for the four soils used in this research

are presented in Table 5.7.

A plot of D versus 0 for each soil is shown in Fig. 5.24.
From this figure it is clear that for each soil D versus g
plot can be represented by a straight line passing throﬁéh
the origin. The equations of such lines with their réSpecfiue
. éérrelgﬁion coéfficients are presented in Table 5.8, Since,
the slopes of these lines do not vary significantly, a dotted
line such as shouwn in Fié. 5.24 may be considered presenting
the average of all these plots determined by regression

analysis. The egquation of this line is

D =14.47 ¢ o : 5.11




Table 5.7 Magnituqes.of Eonstrained Modulus of th8355ils Inués

s
\.
\

|
v

tigated

Deformation,

a5

Average

Constrained modulus,D

repiied | presoure | G0 Raignn (est)
(tsf) (tsf) (tsf)
: So0il Soil
I IT | 111 | IV I i1 | o1mr | 1v
0.25 0.25 - - - - - - - - -
0. 25 4.178 | 5,35 | 4,024 | 3/74- | 0,375 |s.88 | 4.67 6.21 |6.68
0.5 | | - |
0.5 4,472 | 4.438] 4,118 | 3.633 | 0.75  |11.8 | 11.26 |12.147]13.78
1.0- | ’ B
1.0 4.867 | 4.825] 4,176 |-4.272 | 1.50  |21.42 | 21.61 | 23,94 |23.40-
2.0 | 3
‘ 2.0 4.82 | 4.768| 4.419| 3,688 | 3.0 41,5 | 41,93 |45.25 |54, 21
40
4.0 5.104 | 5,036 4.663| 4.284 | 6.0 78.36 | 79.43 | 85,78 |93.35
8.0 |
8.0 4,668 | 5,08 | 4.817| 4.205| 12.0 {171.3|157.0 | 166.0 |180.2

gLl
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Eg. 5.%1 has been derived from the results of normally
consolidated silty clays and silts with liguid limit varying
from 33 to 40 and plasticity index uarying'betwéen 6 and 20,
Correlation coefficient of Eg. 5.11 is 0.99492, Eg. 5.11 may
be used as a simple method for estimation of settlements by
using the expression: . | |

s, = A9 - - . 5,12

t D t o
Here Ao = change in effecfiue vertical pressure
H, = thickness of layefiundergoing settlement
D = 1447 5. |

Table 5.8 Eguations and correlation coefficients of

D vs, T plots

Soil Equation ‘Comrelation t
cogfficient
I D = 13.98 © 0.9988 ¢
II O =‘13.37 g 0.89399
111 D = 14,36 G 0,898
Iy ' \ . D = 16.15 © ) - 0.39991

Details of estimation of settlement in the .center of

a raft fouﬁdation,by using £Eg. 5.12 and-also by using the
fe Lo G + A0
log are presented

t+e g
in Appendix-D. For this purpose a“raft 40 ft wide and 60 ft

cbnuentional method i.e. S =

long supported on Soil-I has been'taken;.The.SBileI is assumed

to be extended upto infinite depth. Settlement has been

L i T

)

L]
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estimated for a depth of 90' below the base of foundation.
90" depth has been divided into 9 layers with layer thickness
of 10 ft. It has been found that for layers in which value

of é? is higher (0.5 to 1.,0) settlement estimation by Eg.5.12
5 .
is approximately 25 .to S5 higher' than that estimated by

i
1
!

using conventional method. However; for layers in which value

of é? is relatively low (D.$ft0‘D.33),,settlémént estimation
frongq. 5.12 is approximately # to 17 higher than that
estimated in conventional méfhod. The total settlement for
90' depth calculated from Eg. 5.12 is 1,28 times greater
than that estimated in conventional method. Similar obser-
uatioﬁs were found for other soils as well, It is therefore
inferred that for higher.ualues of é? i.e at shallow depth
Eg. 5.12 overestimates settlement ngfoundation while for
lowef values of é? i.e at higher depths settlement estimated
5 ,

on the basis of Eg. 5.12 agrees much closely with that esti-

mated in conventional method. -




CHAPTER B

LONOUIUSIONS AND RECOMMENDATIONS

6.1 Conclusions
The important findings and conclusions drawn on various

_aSpEC£S-Df this research mayrbe summarized as follows:

1. Based on permeability tégt'results of three saturated
normally consolidated silty,clay; and éne slightly plastic
silt, liquid 1limit and plastlc limit - of wnich varied from
3D to 40 and 6 to 20 respectluely, it can be concluded that-
the coefficient of permeability (k) of saturated and normally
consolldated silty clays andg silts can be related to its void
ratio by the equation k = C—EE—E—. However, the value of C is

. T+e
not constant and ranged between 2x1D-? and 30x1D'? cm/sec.. for

the soils tested.

2, The magnitude of the parameter C generally increases
with the decrease in liguid-limit and.plasticity index,
magnitude of C also depends upon method of determlnatlon il.e.
type of test. For the soils studled in thlS research, value

af” C computed from permeability;test}isfhigher‘than that

computed from consolidation test.

3. The relationship between void ratio and.logarithm
of coefficient of permeability for saturated and normally
consolldated silty clays and silts is nonllnear and for each

soil coeff1c1ent of permeability decreasedfmlth the decrease
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P

T

in void ratio. It has alsoc been observed that coefficient
of permeability decreases with increasing plasticity index
and liquid limit. These findings are in agreement with those

reported by previous investigators for normally consolidated

L el et e I

clays.

"

4., For saturated normally consolidated silty clays and

N

silts coefficient of permeablllty determined from constant
head permeability test by applylng back pressure is higher
than that obtained from consolidation test. It has been

found fr0m this study that coefflclent of permeablllty

B T TS

computed from consolidation test‘u51ng sguare root of time !
method is closer to that obtéihed from permeability test and,

therefore, can be used for practical purpases.

5. Compressibility parameters CC and &, of normally
consolidated clays generally increase with the increase in

ligquid 1limit and plasticity index of soil,.

6. For saturated normally consolidated silty clays
and silts coef.ficient of consolidation Cuiincreases almost

linearly. with logarithm of effective vertical pressure 0.

“However, value of C,decreases at higher values of effective
vertical piessure. At any particular value of 0, CU decreases
- ! :

with increasing ligquid limit and plasticity index.

7. The magnitude of Cu‘calculated from Eg. 2.20 i.e

c =_2.303 (iC 10g_27+-e1)n G is usually high%r than that

v c z
Yy C . ¢
o

1
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determined from consolidation test by use of time-fitting

" technigues. Magnitude of Cu calculated from Eg. 2.20 agrées
more closely with that determined from consolidation test
using tgD than that using tSU' This suggests that it is more
congeﬁignt to détermine_the value of CQ from consolidation
test using th’thén uéing Eq. 2.20 whicﬁ involves many

parameters, -

8.’Compression index t;:is not a function of void
ratio only as sbggnhin_thé.gmpirical;nﬁlatioms:proposed_by
tHe previous investigators &JVishida}Aﬂgéﬁ; Sowers, 1862;
Serajuddin and Ahmed. 1967; Hough, 1969 Kabir, 1978), It
has been found that, Ec is a function of both void ratio
and effective overburden préSsure. Un the basis of present
study, the following empirical relation has been derived.

Co = (D.044 G + 0.31) e-0.04
In the above relation ¢ is the effective overburden pressure

in tsf.

9. Based on consolidation~test .results of the soils
inuestiqated; iE‘gan.be conclydédpfhat the constrained modulus
. D of saturated narmally consoliaatéd silty clays and silts
can be related to effective vertical pressure G by the
EQuatiDn;D ; 1&;47 GL This equation should be used as a
simple method of estimating settlements by utilizing Eg. 5.12
i.e St—: ;A%-Ht-mhe;e Ag is the change in effectiue vertical
pressure, D = 14.47 & and Hy is the thicknég; of layer Qnderﬁ
going settlement. It has been observed ﬁhat for higher values

|

i
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of A0/G i.e at shallow depths Eg. 5.12 overestimates settle-
ment. However, for lower values of AG/G i.e at higher depths

settlement estimated on the basis of E£gq. 5.12 agrees much

closely with that estimated by Using conventional method.

6.2 Recommendations for Further Study

Several aspects of the work presented in this thesis
require further study. Some of the important areas of further

research may be listed as follouws:

1. In the present research, pérmeability and consoli-
dation behauipr of three siityxélays and one.slightly plastic
-silt have been inuestigatear All thé soils were saturated
and normally consolidated. It would be interesting to know
the changes that take place in structure and fabric of the

soil during loading and permeation. This would clarify the

physical concepts regarding flow and consolidation mechanism.

2., To. observe the effact‘of

stress history on permea-
bility and consolidation charactenistics;the same investi-
gation may be carried out with samples of overconsolidated

soeils hading different overconsolidation ratio.

3. In the present research no definite correlation
between index properties of the soils and the parameters n
and ey haue.been found. Further research, therefore, should

be carried out on these aspects with soils,héuing widely

varying values of liquid limit and plasticity index.
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4, In this investigation, soil samplés were laterally
confined. Consolidation test was performed with a stress
increment ratio of unity and duration of each loading step
was approximately 24 hours. Permeability tests were done
under high hydraulic gradients. In order to observe the
effect of testing conditions this investigation may be
carried out wi£h different stress increment ratios and dura-
tion of loading., Attempts should be made to perform permea-
bility test under low hydraulic gradienté.and to perform
conéplidation test onlisotropgéally consﬁlidated soil samples
because flow through a soil actQélly takes place under lou
hydraulic gradients and soil can deform both laterally and

vertically.

5. Further research may be carried out with undisturbed
soil samples collected from different regions of Bangladesh
to check uwhether the proposed models and empirical relatiaon

can be wused for natural soils as well.
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APPENDIX-A.

PRUCEDURE FOR PREPARING PORUUS STONE )

Because of non-availability of porous stdﬁe of 2"
diameter in the laboratory, attempt was made to prepare
it. At first a mould made of brass with three detachable
parts, a top, Sottom and middle,fmas deéigned. The threer
parés of the 'mould were designed in such a way that the

exact diameter and height. of the poious stone would be 11%"

3|

and 1/2" respectively. A schematic diagram of the mould
4 :‘/- AY

assembly is shown in Fig. ALY,
A

The following steps were followed in making porous stone:

1) About 2600 gms of Sylhet sand was cleaned by wash-
sieving. The washed sample was ovendried for 24 hours at

105-110°C and then colled at room temperature.

2) The sample was then sieved mechanically and only the
portion passing sieve no., 20 and retained on sieve no., 50

was sampled for the purpose.

3) For makipg a single étone'about 55 gms of sand uwas
taken and thoroughly mixed with Araldite H/ 100 (Hardner)
and Araldite A/ 100 (Adhesive}. The total volume of araldite,
hardner plus adﬁesiﬁe, was approximately 10§ by volume of

sand used.

4). The inner wall of the middle part of;fhe mould and

the contact surfaces of the detachable portions were lubricated

properly to ﬁreuent sticking of sand,
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Fig. A.1 Details of mould for making porous stone.’
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5) The middle and bottom parts of the mould were:
assembled and sand mixed with araldite was placed in three
layers, esach layer tamped uniformly all over the surfabe'by

a 3/8“ dia brass rod,

8) The top part of the mould ‘was attacﬁed, pressed

firmly and later released.

7) The whole assembly Més.kept in a2 jack for 4-6 hours.

After that-period, the tah\and bpttDmTparts of the mould

H Y
\n

weré~detached.

8) The stone just formed from sand araldite mix was-
removed from the middle part of the mould. The porous. stone
thus prepared was dried at room temperatufe for another

24 hours to impart hardness,

The porous stones were boiled with water for complete
saturation and then cooled, Falling head permeability tests
were performed for each porbus stone. Coefficient of permea-

bility of the porous stones varied betuween 1.?x10-2 cm/sec

to 1.95x10_2 cm/ sec.
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APPENDIX-B

CON SO LIDATION READINGS

"Table B.1 Conéolidatidn Readings Forisoil—I

IigittZ) Dial Reading (10~ % inch)
Applied pressure (tsf).
1/2 1 -2 4 : 8 16

1/4-—- | 216 904 1551 2183 2840 3464
1/2 225 914 1561 2192 2851 3480
1 240. 940 | 1585 2220 2875 3504
> 272 878 1633 2273 2930 3548
4 320 1008 | 1698 2343 3007 3609
8 - 379 1089 1762 2435 3117 3690
15 442 | 1161 1842 2516 31178 3763
30 574 1288 1980 2640 3303 3863
50 744 1407 2076 2714 3360 3908
120 803 1452 2109 — | 2740 3377 3928
240 . 832 [.1472 2116 2748 3381 3935
480 . 838 1478 2121 2755 3385 3940
1440 ; 844 1485 2130 2761 3390 3944

v
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Table B,2 Consolidation Readings for Soil-II
'{igiﬁtZ) Dial Reading (10™% inch)
"Applied pressure (tsf)
112 1 2 4 8 16
/4 391 1310 1991 2588 3417 4208
1/2 451 | 1360 12081 2786 3535 4320
1 540 1440 ;2186 2915 3662 4445
2 678 1580 2308 3041 3800 4568
4 811 1708 2413 3145 3887 4618
8 928 1796 2498 3204 3935 46 36
15 1019 1829 2530 3238 3962 4645
30 1082 1852 2549 3256 3970 4850
60 1115 1858 2553 3260 3972 4651
120 1117 1860 2556 3262 3975 4652
240 1120 1862 2558 13264 3977 4654
480 1121 |- 1863 2560 3265 3977 4655
. -}-1440 1122 1865 2561 3267 3978 4655
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Table B.3 Consolidation Readings for Soil-III

{:;Tﬁ;t;) D}_al Reading (10-4 .inc:h)
‘ . Applied pressure (tsf)
N SR 1/2 1 L2 4 .: 16
1/4 213 | - 860 | 1450 2038 2618 3212
alz 222 872 \3470 2042 2624 3219
1 244 830 1486 2072 | 2659 3249
2 301 - -366 1551 2158 2748 3340
4 366 1044 | 1633 2559 2863 3448
8 440 1142 1721 2381 2996 3578
15 542 1227 1857 2478 3071 3665
30 698 1334 1923 2540 3127 3713
50 767 1375 1958 2554 3140 3720
120 790 | 1391 1970 2558 3143 | 3724
240 798 | 1395 1975 _ | 2560 . | 3145 3726
480\ | 803 . 1399 1978 2562 3148 3728
-~ T|14s0 . | 811 1405 1983 2564 | 3151 3732




lfable B.4

Consolidation

Readings for Seoil-IV

Time, t
(minute)

Dial Reading (10~% inch)

Applied pressure (tsf)

1/2

2‘

16

1/4

1/2

15
34
60
120
240
480

1440

210
215
242
341
458
560
§42
708
736
740
742

743

746

799
806
828

95%3

1049

1160

1206

1240

1244

1246

1248

1250

t1252

1320
1331
1390
1528

16640

1758

1798
1815
1820

1823

1824

1825

1828

2235

- 2296

2277
2288
2291

2293

2298

2397

L2437

l2540
2626
2728
2780
2802
2817
2820
2822
2823
2824

2826

2900
2959
3028
3136
3234
3282
3307
3313
3315
3318
3320
3321

3323
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APPENDIX-C
DERIVATION OF THE RELATIDNSHIP BETWEEN COEFFICIENT

OF CONSOLIDATIUN AND EFRECTIVE. VERTICAL PRESSURE

For an infinitesimal element of volume dxdydz, the
time—rate-of—bhangerof Vbiume for one-dimensioﬁal flow is
as given by k SE% dxdydz, where h is the total .head at any
point in the ele;ent dxdydz, z is the coordinate of flow

direction and k is coefficient of permeability of the

element dxdydz. The pore vol ume of the element dxdydz is

dxdydz -f—, where e is the void ratio of the element. Since,

e
all changes in volume must be changes in pore volume, a

second expression for the time rate of change volume is g%

(dxdydz 158). Eguating this expression to the first one gives,
2
d“h _ 3 B
k 5-2—2 dxdydz— ’5? (dXdde 1""8)
or K 32h dxdvd, = Sxdydz de
az2 xeycz = 1+e St
2 L.
9h 1 de - '
or K 3,2 1te It : . (c.1)

Unly heads due to hydrostatic BExcess pressure will tend to

cause flow in the case under consideration. Thus h in Eg. C .1

may be replaced by ?E giving
W




135

Kk 32u 1 de
Yl.u-‘ 322 1+e t
Je k{1+e) 82u o
or = = (80’2)
at Y 2 : ,
w dz

time

1

in which, t
Yy = unit weight of water
U = excess pore pressure

z = coordinate of flow direction

For normally consolidated soils whose,e-lug“% plot can

apprbximated by a straight liné, the void ratio can be expressed

as
R g |
e = - C_ log ET + e, (€.3)
in which Cc = compression index
e, = the value of void ratio when the effective
stress is 51
It is convenient to choose G, =-unity, even if the straight

1

line has to be projected backward t& reach this stress.
Substitutihg & = 6 ~0 into Eq. C.3 in which o = total applied
stress to the soil and u = pore water pressure, and differen-

tiating with respect to u,

Je C

(C.4)

_ C
d T 2,303(0-4)




Since the total stress, .0, is

de _ ode du

o9t~ Ju ot
Substituting_%% from Eg. C.5

du _ 2.303 k{1+e);

3t " Y, Cof (O-U)

c
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constant .

(C.5)
. de
and then 5 from Eq.C.4
2 i o
=4 (c.6)
az= v

»

As consolidation prOQrgsses'kand e also vary, Therefore

n

substituting k = Cng and e from Eq. C.3 into Eg., C.6 can

relate these to effective stress. Upon simplification

gu
ot

2,303°C
chc‘

[ C_:1log

(O-U)

(C.7)

re]

32

Eg. C.7 is the governing differential equation of consolida-

tion valid for the range of
approximates a straight line.

0
of g;% on the right hand side

for a Single stress increment.

'C in which the e-log O plot

Terzaghi assumed the multipher
of Eq.C.7 to remain constant

-and termed it the coefficient

of consolidation, CUL It is a measure of the.rate of settlement

of a so0il layer. Thus

Q>
|

Q.
o+

Comparison of Egs, C.7 and C.8

_ 2.303C
D appep——

(C.8)

"shows that in effect

(c.9)
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APPENDIX-D

COMPU TATION OF SETTLEMENT

General Data -

G.L.

biL + permanent LL\ at base = 1.2 tsf
__Soil-l extended upto infinite depth

LL = 40, PI = 20

Yaat 125 psf

C
c

0.28

Computations for values of G:

Bx125+5(125-62.5)
2000

= 0.656 tsf at 5 ft below the base of raft

Bx125 - e TTE
x125+15(125 62'5)=.D,9887.t5f at 15 ft below the base of raft
2000 L -

Bx125+25(125-62.5) _
2000 '

1.28 tsf at 25 ft below the base of raft

Bx125+35(425%62+5) _ 1:59 tsf. at. 35..ftubelow the base of raft
2000

Bx125+45(125-62. |
1 8x125+45(1 2:.5)_ 4.9 tsf at 45 ft belou the base of raft
2000 g ° |

pR

Bx125+55(125-62.5 '
X - ( )= 2.218 tsf at 55 ft below the base of raft
00 :
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8"1‘25+65(125'5‘2’5)= 2.53 tsf at .65 ft below the base of raft
2000

Bx125+75(125-62.5) . 5 g4 tsf at .75 ft below the base of raft
2000 |

8x125+85(125-82.5) _ 5 156 tsf at 85 ft below the base of raft -
2000 - e L

Computatisns of Aaand e,

Values of Acat mid-depth of each layerﬂhaue been calculated
by multiplying the net pressure at the base of raft by the
corresponding influence coefficieﬁt_found from Fadum (1848)

‘chart.

Values €, at mid-depth of each layer have been found from
e-log g plot of Soil-I shown in Fig. 5.3. Values of ACand e

at mid-depth of different layers are tabulated belouw:

over | pen s ene | |
in ft .
; s o.70 0. 87
2 | 15 0.583 0.835
3 25 0.644 0.80
4 s 0.537 0.78
5 .4 0.518 0.76
6 ‘ 88 '0.453 |, 0,745
7 | 65 | - 0,378 7 0.73
8 75 0. 336 0.715 |
g 85 0.28 0.7 !

v

S
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Settlement Computation

Settlements at the mid-depth of each layer (10' thick)

are shoun fHelow in a tabular form:

Layer: sg_ ] ST TE;CV“‘%F) 5y = =2,
: - T o 0 14,47G
a .

1 1.0.68 - glgen 8. 45"

2 0.704 | 4.238" 15 s5.s48n

3 7 1 0.s503 | 3&304" L o 4172

4 . 0.337 2. 38 2.79n
5 0.27 - 1.99n 2,25

5 0,204 ' 1.55" 1.69"

7 0.149 1.17" _ 1.238"  _

8 0.118 g.95" 0.98"

g 6.088 0.723" 0.735"

| Total=21,97" Total=28,153"

%
*
3
i
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