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Vev Specific volume at critical void ratio.

Ve Specific volume after consolidation.

Vi Local velocity in the y direction; subscript i=1 for velocity at h=0,
subscript i=2 for velocity at h=h.

Vo Linear velocity vector at the center of sphere (1).

v Linear velocity vector at the center of sphere (2).

Va Velocity vector at point A.

Vi Velocity vector at point B.

Vi Velocity at point A in local x direction.

\Z) Velocity at point B in local y direction.

Vi Yelogit?y at the center in the local y direction; subscript i for sphere

and 2.

Vo Velocity vector at O.

Vo Velocity vector at O'.

vr Volume of particle p.

V., Relative linear velocity of the two spheres in the local y
direction.

w; Local velocity in the z direction; subscript i=1 for velocity at h=0,
subscript i=2 for velocity at h=h.

Wy Velocity at point A in local z direction.

W) Velocity at point B in local z direction.

Wi Velocity in the local z direction; subscript i denoting for
sphere 1 and 2.

W, Relative linear velocity of the two spheres in the local z
direction.

x,y,z Distance measured in the local x, y, z directions.
Xi Global co-ordinates of center of sphere (a); subscript i=1,2,3.
Position vector of contact c.

X! Position vector of centroid, particle p.

Xv
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X Velocity of sphere (a); subscript i=1,2,3 in global co-ordinate

directions. .

i Acceleration of sphere (a); subscript i=1,2,3 in global co-ordinate
directions.

X Relative velocity between the contact points Py and Py,.

Yi Global co-ordinates of cetner of sphere (b); subscripi i=1,2,3.

e Velocity of sphere (b); subscript i=1,2,3 in global co-ordinate
directions.

¥ Acceleration of sphere (b); subscript i=1,2,3 in global

co-ordinate directions.
ot Incremental time (tn-tn).
AF, Incremental normal force.

AF;  Incremental tangential force.

An Incremental relative normal displacement.
As Incremental relative tangential displacement.
€q Shear Strain.

€y Volumetric Strain.

€1 Vertical Strain.

€ Strain rate in i direction where i=x,y and z.
I Coefficient of viscosity.

é(n) Angular velocity vector of sphere (a).

é(n) Angular acceleration vector of sphere (a).

éi.i Angular velocity of spehre j in i direction; subscript i=x,y,z and j=1,2.
6, Relative angular velocity of the two spheres in focal i direction,
subscripts i for x, y, z directions.
66 Angular velocity vector at the center of spher (1).
B0y Angular velocity vector at the center of spher (2).
T Coefficient of static friction.
Xvi
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imic  Coefficient of friction between two surfaces at a contact.

Shear stress.

~

Tii Stress in the global i direction, subscript i=x,y,z.
Tij Stress tensor.

Fij Average stress tensor of a macro element.

o—l'J’ Average stress tensor of particle p.

Ocv Angle of internal friction at critical void ratio.

omax  Angle of internal friction at peak strength.

omic  Angle of inter-particle friction.

1 Angle subtended at the center of sphere O by inter sphere height h.
o2 Angle subtended at the center of spher O’ by inter sphere height h.
ou Angle of friction due to frictional resistance.
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CHAPTER 1

THE INFLUENCE OF PORE FLUIDS ON
STRESS-STRAIN BEHAVIOR OF GRANULAR SOILS

1.1 Introduction

It is evident that during the past few decades, the industrial and economic growth
has introduced a large variety as well as a large quantity of chemicals to the world’s
eco-system. Human activities which were unregulated at that time have given rise
to contamination of our precious groundwater system, soil and the environment
as a whole. High concentrations of organic chemicals, pesticides, petrochemical
products, and numerous industrial solvents have been observed in the areas of
chemical and petroleum spills and unregulated landfills. Soil contamination
observed in the vicinities of chemical storage facilities and hazardous material
disposal sites cannot be overlooked.

Contaminant chemicals are either adsorbed by the soil particles or held be-
tween soil particles as miscible or immiscible liquids. With the passage of time the
adsorbed chemicals disperse within the soil matrix causing extensive soil contami-
nation. Percolating surface water and groundwater movements actively participate
in propagating this contamination. Thus the resulting contamination of soil will
not be confined to the immediate locality of the source of pollution, but will be
spread unrestricted, perhaps irreparably.

Prolonged contamination can partially or fully replace the pore fluid of soil
with contaminant chemicals and thereby change the viscous characteristics of pore
fluid. However, researchers in the field of geotechnical engineering do not have a
fundamental understanding of deformation characteristics of soils with chemicals
(pore fluids) of different viscosities. Therefore, a fundamental investigation to
evaluate the influence of pore fluid viscosity on the stress-strain behavior of soil

would be useful to the Geotechnical engineering profession.
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1.2 Soil Structure

The soil matrix consists of solid, liquid and gaseous phases. These three phases
of the soil matrix are not present as a continuum as described in solid mechanics,
but rather as a heterogeneous mixture of all three phases. Although this model
quantifies the amounts of the three phases present in a soil element, it does not
describe the actual soil structure. The solid phase consists of soil particles of solid
material. Common solid particles in soils are fairly inert solids (sands), reactive
non-clay minerals (limestone, metal ores), clay minerals and organic matter.

In geotechnical engineering practice, the structure of a soil is taken to mean
the geometric arrangement of the particles or mineral grains (i.e. soil fabric) as
well as the inter-particle forces. In granular soils, the inter-particle forces are very
small, so both the fabric and the structure of gravels, sands, and to some extent

silts are the same (Holtz and Kovacs, 1981).

Photomicrographs of natural sand and silt particles indicate that particles are
mineral aggregates having different shapes. They could be rounded, sub-rounded,
elongated, or angular depending on the degree of weathering. In granular soils
water has very little effect on the structure since the grains are non porous inert
particles. The surfaces of granular particles being less active exhibit low water
retention and negligible adsorption. They tend to form a *‘single grain structure’
with a loose or dense packing as a result of settling in a soil-fluid suspension or

being deposited by air.
1.3 Shear Strength and Stress-Strain Behavior of Soils

In a dry soil, the shear strength is developed at mineral to mineral contacts. In a
saturated soil a thin layer of fluid exists between two mineral contacts. Therefore,
the shear strength of a saturated soil depends on the properties of the pore fluid
as well as those of the minerals.

When a soil is subjected to a change in stress, the excess load is taken by the
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soil matrix and the pore fluid. At the points of contact, the contact forces may
have normal as well as tangential components. An increase in the normal force
causes particles (or particle clusters in the case of clay soils) to deform while
the tangential component may cause slippage. In the case of clay soils, when a
load is applied on the soil matrix, the clay pérticles and/or particle clusters may
elastically bend or relax previously bent ones. For granular soils, this mechanism
may occur but to a lesser extent. When the applied load causes a sufficiently large
change in effective stress within the soil matrix, slippage and rotation may occur
causing plastic deformation.

The factors influencing the stress-strain behavior and shear strength of granular
materials include the effective stress, frictional and strength properties of the
individual grains, particle shape, and void ratio/relative density. It is recognized
that the soil fabric (structure) also influences soil behavior, although a practical
method of quantifying this factor is not currently available.

For granular soils, the predominant effect contributing to changes in particle
arrangement is the mobilized friction. Therefore, unlike clay soils, at low effective
consolidation stresses, granular soils do not display a unique specific volume-
effective consolidation stress relationship. Hence normalizing of shear strength is
not possible for granular soils.

Attemnpts to normalize the drained stress-strain behavior of granular materials
have been met with limited success. Sladen and Oswell (1989) used the critical
state concept to normalize the undrained behavior of very loose sands in triaxial
compression. Application of critical state concept to the drained stress-strain
behavior of granular materials has been much less successful in achieving a
normalizing relation.

Casagrande (1936) related the angle of friction @y, to Coulomb’s theory.
Beyond the peak strength, ‘cohesionless soils’ show changes in volume during
shearing, and when the residual shear strength is reached shearing will occur at

a constant volume where the corresponding ‘angle of friction’ is denoted by @cy.
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He also observed that the loose sand reaches its maximum strength at the residual
friction angle, ¢, without passing a peak. Roscoe, et al. (1958) proved that
assemblies of particles attain a final single porosity for a given normal pressure
the value of which may depend on particle shape and grading.

Many researchers have observed the significance of volume change on the
behavior of granular material. The peak strength of a soil comprises of three
components: (a) strength mobilized by frictional resistance; (b) strength developed
by energy required to rearrange and reorient soil particles: and (c) strength
developed by energy required to cause expansion or dilatation of the material.
Taylor (1948) attempted to identify separately, the strength components due to
‘friction’ from that due to expansion in the shear box. This idea was later extended
by Bishop (1954) and Rowe (1962, 1971). They attempted to account for the
difference in peak and residual strengths as an effect of volume change behavior.

Although it has long been recognized that the true angle of friction ¢, is less
than the angle of friction corrected for dilatation, many researchers have attempted
to relate ¢ to the residual friction. When a granular soil reaches the critical state,
the friction angle, o, corresponding to the residual strength will depend on the
strength mobilized by frictional resistance for a given confined pressure. Caquot

(1934) derived the following expression:

| —

tano, = -wtano, (1.1)

while Bishop (1954) presented the empirical relationship:

15 tan ¢,

—_— 1.2
10+ 3tan ¢, (12

SIL Oy =

relating the residual angle of friction, ¢y and the true angle of friction P

1.3.1 Influence of Pore Fluid

In saturated granular soils, the magnitude of elastic and plastic responses to an
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external stress depend on the shape and surface characteristics of the minerals and
the physical properties of the pore fluid. When subjected to an external force, the
increase in load is taken by the pore fluid increasing the prevailing hydrostatic
pressure. This increases the forces acting at mineral to pore fluid contacts. Under
drained conditions, the pore water pressure in excess of the hydrostatic pressure
will dissipate causing an increase in the load taken by the mineral to mineral
contacts. Under undrained conditions, excess pore water pressure will build up to
take the load thus reducing the load taken at mineral to mineral contacts. Although
the shearing mechanism is not clearly identified (Scott, 1963), it is associated with
instantaneous elastic and plastic deformations occurring simultaneously between
particles and/or particle clusters.

Soil moisture also plays an important role in compaction. Proctor (1933)
explained the role of pore fluid in compaction using the difference in friction
angles between the dry and wet samples of the same soil due to viscosity of the
pore fluid. Horn and Deere (1962) stated that as the surface moisture increases,
the frictional resistance that can be developed between surfaces of minerals with
layered lattice (such as micas) decreases, whereas the reverse is true for massive
structured minerals (granular materials such as quartz). However, conventional
drained triaxial tests done on dry and saturated granular soils indicate that with

the introduction of water, the shear strength is reduced (Lee et al., 1967).

1.3.2 Effects of Chemicals

The solid phase of a granular soil is relatively inactive than the combined solid-
fluid phase. Therefore, when a granular soil is contaminated, the contaminant
chemicals will be held in the pore fluid. Since the strength of a saturated granular
soil depends on properties of both the minerals and the pore fluids, the changes in
the physical properties of pore fluid can change the strength characteristics.
Thus any changes in the strength characteristics of a granular soil can be

logically reasoned to be related to the changes in the contact properties at points
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of contact of mineral grains in the presence of a pore fluid. Therefore, to provide a
mechanistic explanation to the changes in strength characteristics due to chemical
contamination, changes in the contact properties have to be studied at particle level.
The constitutive laws for soils cannot be used to study this phenomenon since these
laws are derived based on experimental results to model a macro-element of soil
where soil is treated as a continua rather than a discrete array of individual grains
and pore fluid in contact. Therefore, to study the actual mechanism responsible

for this behavior, it is imperative that a microscopic model be used.

1.4 Microscopic Modeling of Granular Soils

Numerical methods of modeling has been in use in the field of geotechnical engi-
neering for over three decades now. Numerical models can either be macroscopic
or microscopic. The macroscopic models such as the Cam-Clay model and the Cap
model etc., are rationally formulated based on the experimental results obtained
from material codes of behavior. In macroscopic models, the actual mechanisms,
which are not exactly understood, are disguised behind the name of macroscopic
internal variables. The advantage of such formulations is the ability to interpret
experimental data into straight forward mathematical relations which may be used
to predict behavior of soil under similar conditions. In macroscopic models, the
behavior of a macro element is extended using a Finite Element Method to model
the laboratory simulations and field boundary value problems.

On the other hand, the microscopic models such as TRUBAL (Cundall and
Strack, 1984), based on the Distinct Element Method (DEM), study the behavior
of micro-elements such as individual soil grains which consist of a few particles
and their ambient space. The microscopic models provide a better insight into the
fundamental mechanisms responsible for actual soil responses. The disadvantage
of the microscopic models is the difficulty to bring over from the micro level to
the real macro level without many simplifying assumptions. Although the earliest

models were inspired by and used in rock mechanic related studies (Cundall, 1971),
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today there is a drive to develop, improve and use numerical models extensively in
soil mechanics. Though they are not as popular as their macroscopic counterparts
numerous mathematical models have been presented in the last two decades, to
model granular soils. They are being used with large numbers of particles using
super computers so that the simplifying assumptions can be avoided.

The success in predicting the observed behavior using a microscopic model
depends on how well the physically observed quantities can be expressed using
fundamental concepts. On the other hand for macroscopic models one would not
encounter this problem since the macroscopic model parameters are obtained from
experimental data. The ultimate goal of both methods however is to produce a
constitutive model for granular material that can account for the changes in the
fabric which occur during deformation.

Although it is often treated as a continuum, soil like most other physical
systems, is discontinuous at some level. It is rewarding to model such continuums
as discrete assemblies of material at microscopic level, because as the microscopic
mechanisms are understood, more knowledge about the macroscopic behavior can
be gained. Being composed of solid particles, pore fluid and air, soil can be
modeled as a discrete granular assembly.

The strength of a granular assembly is the ability of its solid phase to sustain
a load without excessive deformation. At points of contact, the contact forces
have normal and tangential components. An increase in the normal force causes
particles to deform, while the tangential component causes rigid body movement
(translation and rotation). When a load is applied to the soil matrix, particles
may elastically deform or release the previous deformations. When the applied
load causes a sufficiently large change in effective stress within the soil matrix,
translation and rotation occur causing plastic deformations. Microscopic models
simulate these interactions occurring at the contact points. Therefore they provide
a better insight into the fundamental mechanisms responsible for the observed

behavior of a soil.
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However in the field of soil mechanics, microscopic modeling has so far been
used purely for qualitative studies. Exact one on one modeling of the soil fabric,
has not been achieved by the models developed so far. Most of the models that
have been developed, based on DEM and other numerical schemes, use not more
than 4 particle sizes in element test type analysis and up to eight particle sizes
in boundary value analysis (Dobry and Ng, 1989). The total number of particles
used and the shapes also have been limited. As such an exact image, representing
soil fabric in every detail cannot be generated by these models and therefore the
results cannot be directly quantitatively compared with macroscopic models or

experimental results.

1.5 Literature Survey

The shear strength of granular soils depends entirely on mechanical effects.
Therefore, any changes observed in the shear strength should be associated with
changes in contact properties. Any changes in the physical properties of pore fluid
can bring about changes in the pore fluid to mineral contact properties.

Meegoda (1989) carried out direct shear tests on a silt contaminated with
glycerol/water solutions of different proportions to investigate whether pore fluid
viscosity has any influence on shear strength of granular soils. Results of this study
indicated that the residual angle of internal friction decreased with the increase of
coefficient of static viscosity of pore fluid.

Evgin and Das (1992) studied the stress-strain behavior of loose and dense
sands when saturated with water and with oil. Significant changes in the angle
of friction were observed for both sands, when oil was used as the pore fluid.
The volumetric strain versus vertical strain curve was also found to change, with
the change in pore fluid, for both sands. When oil was used as pore fluid, the
volumetric strain was found to be more compressive than it was with water.

These results do consolidate the view that the viscosity of pore fluid is

an important factor governing the shear strength and stress strain behavior of
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granular soils. However, the exact mechanism which causes this strength reduction
associated with the increase in pore fluid viscosity has hitherto not been explained.
Since the strength of a granular soil is governed by the mineral to mineral contacts
and mineral to mineral contacts in the presence of pore fluids, the observed
changes should invariably be associated with these particle contacts. Therefore, it
is imperative that the soil structure be studied at a microscopic level to understand
the actual mechanism behind this macroscopic behavior.

Many attempts have been made by previous researchers to explain macroscopic
behavior of granular assemblies using microscopic models. Microscopic modeling
of granular media has shown that the microscopic friction angle (which is based
on the Mohr-Coulomb failure criteria) is a key factor controlling the macroscopic
behavior. Therefore it is reasonable to believe that it is the lubricating effect at
microscopic level due to the viscosity of the pore fluid that is responsible for the
observed macroscopic behavior.

Mathematical modeling of sand as a granular assembly was introduced by
Mogami (1965). In 1971, the Distinct Element (Discreet Element) method was
introduced by Cundall, mainly to model the behavior of rock elements. Soon after
its introduction, it was being used to model granular assemblies with considerable
success. Numerical codes have been developed to model two dimensional assem-
blies of discs (Cundall, 1978) as well as three dimensional assemblies of spheres
(Strack and Cundall, 1984) using the DEM. Independent to Cundall, Hakuno and
Hirao (1973) conducted a simulfation of a dry granular assembly of circular par-
ticles to study the static deformation of sand.

The Distinct Element Method is a numerical procedure for simulating behavior
of a system of discrete, interacting bodies. It is developed based on the assumption
that each individual element abides by the Newton’s Laws of motion and the force-
displacement relationship at points of contact. The interaction of the particles is
viewed as a transient system for a given time increment with states of equilibrium

developing whenever the internal forces are balanced.
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Since its introduction, the microscopic modeling of granular assemblies have
been studied and used in many applications by many researchers. Numerous
models with many similarities, but developed not entirely on these principles have
been published (Ting et al. (1989), Hakuno and Tarumi (1988)). Application of
DEM for microscopic modeling is also very wide spread in the geotechnical field
today. DEM simulations can be categorized in to two groups, as element tests
or boundary value problems. In element test type simulations, boundary eftfects
are eliminated or reduced, to study the constitutive behavior. When a system
is evaluated as a boundary value problem, the entire system is modeled with a
desired number of particles and the particle behavior when subjected to specified
boundary conditions, is studied. This has numerous limitations, because of large
numbers of particles that are needed to model a system. For the same reason 3-D
problems are either avoided or reduced to 2-D cases for ease in computations.

Microscopic models based on the DEM have been used to study the constitutive
behavior of a macro-element (Cundall and Strack, 1979a, 1983). This would also
enable the models to be used as a research tool in developing more representative
constitutive laws for soils. The success achieved in predicting the stress-strain
behavior of a macro element, has enhanced the use of the DEM in modeling
physical experiments.

Cundall and Strack (1979b) used the 2-D DEM model to compare the force
vector plots obtained from the computer program BALL with the corresponding
plots obtained from a photo-elastic analysis. This quantitative analysis has been
possible because the simulation has been carried out for an assembly of photo-
elastic discs and not a natural granular soil. Cundall (1988) compared the results of
a numerical simulation with results of a physical experiment performed on a dense
sphere assembly in 3-D. Petrakis et al. (1989) simulated small and large strain
responses of a sand under dynamic loading using a 2D non-linear DEM model.

Ting et al. (1989) used the computer program DISC, which is a 2-D DEM

source code (Corkum and Ting, 1986) to simulate laboratory 1-D compression
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tests, direct simple shear and triaxial tests, and laboratory simulations of deep and
shallow footings with a granular assembly of discs. These results indicated that the
2-D DEM model could simulate non-linear, stress history-dependent soil behavior
when individual particle rotations are inhibited. This is, in fact, quite logical since
the irregular shaped soil particles would not rotate as much as would an assembly
of discs. They had attempted to use the scaling laws in Geotechnical Centrifuge
modeling to decide on a computationally practical size for the granular assembly.

Ratnaweera and Meegoda (1991a) compared the predicted behavior of a soil
under difterent stress paths using 3-D DEM microscopic model, TRUBAL with the
Bounding Surface macroscopic model, EVALVP (Kaliakin and Herrmann, 1989)
in order to check the ability of TRUBAL to model soil behavior. Since an exact
one to one representation of a macroscopic element of soil, using a microscopic
model was not possible, a conventional drained triaxial test was simulated using
both models and the macroscopic mode!l parameters were adjusted so as to be
compatible with the microscopic model simulations (Table A.1, Figure A.1). This
microscopic model and the macroscopic model were then used to simulate the
stress-strain behavior of a soil in a plane strain triaxial test. The results of the two
models were comparable (Figure A.2). However when the two models with the
same model parameters were used to simulate a constant pressure triaxial test, the
volume change behavior for both models were found to be incompatible (Figure
A.3). This study showed that selection of microscopic model parameters and the
laws of contact between two soil grains play an important role in predicting the
macroscopic behavior of a soil using microscopic models.

Ratnaweera and Meegoda (1991b) modeled the undrained triaxial behavior
by deforming a in 3-D granular assembly along an undrained stress path while
maintaining zero volumetric change.

The past research work in DEM simulations also includes many boundary
value type simulations. Actual physical tests such as bearing capacity tests,

geostatic stresses in bin of particles, stresses in infinite slopes, lateral earth pressure
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tests (Ting et al, 1989) and dynamic loading conditions such as vibration due to
driving of piles (Uemera and Hakuno, 1987) have been simulated qualitatively
with considerable success. Hakuno and Tarumi (1988), and Iwashita and Hakuno
(1988) used the DEM model to predict soil response to seismic loading patterns.
The 2-D DEM model developed by Cundall has been used to model ground surface
settlements during construction of a tunnel (Kiyama et al, 1982) and behavior of
grain particles in a silo (Kiyama and Fujimura, 1983).

Izutsu et al. (1986) conducted a granular assembly simulation taking in to
account the pore water pressure but without including relative displacements.
Hakuno and Tarumi (1988) modeled soil liquefaction as a boundary value problem
using a disc assembly, taking in to account the changes in pore water pressure of
micro pore volumes.

Although applications of DEM to model granular material have taken to a wide
range and is been numerous, these analysis have only been qualitative that one on

one direct simulation of actual physical tests is still an impossibility.

1.6 Objectives

The primary objective of this research is to investigate the influence of pore fluid
viscosity on deformation characteristics of granular soils. A two fold approach is
taken to achieve this objective. First an experimental study was carried out with
silty sand samples and Glycerol/Water solutions with difterent viscosities to study
the effects of pore fluid viscosity on deformation characteristics of granular soils.

The effect of pore fluid viscosity on soil behavior was then studied at a
microscopic level, to provide a mechanistic explanation to this phenomenon. A
microscopic mathematical model, TRUBAL (Cundall and Strack, 1984), based on
Distinct Element Method, was modified to include the effects due to pore fluid
viscosity and was used in a qualitative study to verify the results of the physical
tests. Simulations of drained triaxial tests were carried out for granular assemblies

of spheres with pore fluids of different viscosities.
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CHAPTER 2
METHODOLOGY AND TEST PROGRAM

2.1 Methodology

At low effective consolidation stresses granular soils do not display a unique
relationship between specific volume and effective consolidation stress. Therefore,
shear strength of granular soils cannot be normalized. Although at very high
effective consolidation stresses shear strength of granular soils can be normalized
(Vesic and Clough, 1968), high stresses cannot be used since they would crush
soil particles. As such it will not reflect the frictional component of the shear
strength correctly, because the strength mobilized in crushing particles will also
be included in the shear strength.

The other alternative would be to start all tests with the same initial specific
volume and test at the same effective consolidation pressure. But it is not possible
to prepare all the samples with different pore fluids to have the same initial
specific volume since pore fluids with different viscosities have different drainage
properties.

Since it was not practicaily possible to normalize the results, as an alternative,
variation of the residual shear strength with the critical void ratio was analyzed. As
discussed in the Article 1.3, when a granular soil reaches its critical void ratio, the
frictional resistance of the soil predominates its shear strength. Since the frictional
resistance of soil is evolved at particle contacts, effects of pore fluid composition,
if any, will be indicated by changes in the residual shear strength. The changes in
critical void ratio will also be indicative of effects of pore fluid composition since
it involves particle movements which change the configuration of the soil matrix.

Soil samples with four different pore fluid viscosities were used in this study.
Samples were prepared by mixing the prepared pore fluid with the dry soil instead
of leaching out prepared samples with the selected pore fluids. This process was

adopted mainly to ensure that the pore fluid was distributed uniformly within the
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soil sample. An added advantage of this process was the short sample preparation

time compared with the leaching process.

2.2 Material

2.2.1 Soil

For the entire test program the same soil, a silty sand was used. To classify and
identify the soil, a particle size distribution test, and Atterberg limit tests were
carried out. The sample was tested for specific gravity conforming to the ASTM
D854. The specific gravity was found to be 2.71.

Wet sieving of the soil revealed that more than 50% of the soil retained on
No. 200 sieve (0.075 mm) making it a coarse grained soil. To obtain the particle
size distribution for the total range of grain sizes, results of the wet sieve analysis
and a hydrometer analysis for the part passing No. 200 sieve, were combined.

The distribution curve obtained (Figure 2.1) showed that the soil is a uniformly
graded soil, 100% of it passing No. 40 sieve (0.42mm).

Portion of the soil passing through No. 40 sieve (0.42 mm) was used for the
Atterberg limit tests. The Unified Soil Classification system indicated that this
soil although fine enough, (48% passing No. 200 sieve and 100% passing No.
40 sieve) is granular. The plastic limit could not be established since it was not
possible to be rolled to a thickness of three millimeters. Crumbling started at about
5 mm thickness. When the liquid limit test was carried out, the soil flowed easily
and did not stick to the bowl. Even at the lowest possible water content, the soil
slipped on the surface of the cup and the grove closed after about 5 blows. From

these test results the soil was concluded to be a silty sand.

2.2.2 Pore Fluid

The only two fluids that were used in combination, as pore fluid for the soil
samples were water and glycerol. The water was deionized and deaired. Glycerol

was selected as the contaminant because it is completely miscible in water and has
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